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Branching ratios in the N + CH3 reaction: Formation of the methylene 
amidogen (H2 CN) radical 

G. Marston,8) F. L. Nesbitt,b) and L. J. Stief 
Code 691, Astrochemistry Branch Laboratory for Extraterrestrial Physics, NASA/Goddard Space Flight 
Center, Greenbelt, Maryland 20771 

(Received 11 April 1989; accepted 30 May 1989) 

The branching ratios for the reaction N + CH3 ..... Products, have been determined in a 
discharge-flow system coupled with mass-spectrometric detection of both reactants and 
products. The major products are H2 CN + H, with about 10% of the reaction proceeding to 
give HCN + H2. Experiments carried out on the reaction of N atoms with the deuterated 
methyl radical showed that the branching ratio for formation of D2 CN + D is about 0.9 and 
for DCN + D2 formation about 0.1 independent of T from 200 to 363 K. The results are 
consistent with the energetics and orbital symmetry properties of the reactant and product 
molecules. Implications for the atmosphere of Titan are discussed. 

INTRODUCTION 

The reaction ofN atoms with methyl radicals is believed 
to be a major source of HCN in the upper atmosphere of 
Titan, I and has recently been suggested as one of the pro
cesses which lead to HCN formation in O-rich circumstellar 
clouds.2 The reaction is also thought to play an important 
role in the generation of NOx species in combustion pro
cesses,3 and in the reaction between active nitrogen and hy
drocarbons.4 

The kinetics of the reaction have recently been studied 
in this laboratory; the reaction is fast [k l (298 K) 

= 8.5 X 10 - 11 cm3 s - I 5] and has a temperature depen
dence which may be non-Arrhenius.6 In order to fully un
derstand the processes mentioned above it is necessary not 
only to know the kinetics of the overall reaction but also the 
relative importance of the various product channels. There 
are three thermodynamically accessible channels 

N + CH3 ..... HCN + H2, 

t:.H = - 490 kJ mol-I, 

N + CH3 ..... HCN + 2H, 

t:.H = - 54 kJ mol-I, 

N + CH3 ..... H2CN + H, 

t:.H = - 153 kJ mol-I. 

(la) 

(lb) 

(lc) 

Although other channels exist (e.g., abstraction to give 
NH + CH2 ) they are endothermic. There have been no di
rect studies to determine the products of reaction (1). The 
most frequently assumed products are HCN + 2H. 1-3 How
ever, Safrany4 has suggested that channel (lc) is the most 
important branch of the reaction. His proposal was based on 
analogy with the 0 + CH3 reaction and the results of active 
nitrogen/hydrocarbon experiments. The object of the pres
ent work was to determine directly the branching ratios for 
channels (ta), (lb) and (lc). 

a) NAS/NRC Postdoctoral Research Associate. 
b) Research Associate, Chemistry Department, Catholic University of 

America, Washington, D.C. 20017 

EXPERIMENTAL 

The apparatus used in this work was a discharge-flow 
mass spectrometer system and has been described in detail 
elsewhere.7

•
8 The flow tube was built from 3 cm diameter 

uncoated Pyrex and was ca. 60 cm long. Reagents were add
ed through one of three inlets at the back of the flow tube or 
through a movable injector. The detection system consisted 
of a collision-free sampling arrangement coupled to a qua
drupole mass spectrometer which was operated at low elec
tron energies ( < 20 eV) to minimize fragmentation. Reac
tion vessel temperatures were controlled by circulating 
heating or cooling fluids through a jacket surrounding the 
flow tube. Experiments were carried out at approximately 1 
Torr total pressure with a linear flow velocity between 1500-
3200 cm s - I, depending on temperature. Gas flows were 
measured and controlled by electronic flow meters (ASM 
International, N.V.) 

Nitrogen atoms were generated by passing N2 (1 %-
10% in He) through a microwave discharge (70 W, 2450 
MHz). Absolute concentrations were determined using the 
N + NO titration reaction as has been described elsewhere.6 

Methyl radicals were generated and calibrated using the 
titration reactions5 

(2) 

F atoms were produced by passing CF4 (-0.1 % in He) 
through a microwave discharge (70 W, 2450 MHz). For 
some experiments the deuterated methyl radical was used. 
CD) was generated using the F + CD4 reaction and abso
lute concentrations were estimated in the same way as for 
CH). 

Deuterium atoms were formed by passing D2 through a 
microwave discharge (70 W, 2450 MHz). A number of 
methods were used to calibrate the detection system for D 
atoms. In the first method the change in signal from D2 at 
m/e = 4 (electron energy = 18 eV) was used to calculate 
the loss in D2 on turning on the microwave discharge. The 
D-atom concentration is equal to twice the loss in D2 . Signal 
at m/ e = 2 (electron energy = 18 e V) was then plotted as a 
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function of the D-atom concentration. Using this method 
the signal at m/ e = 2 is directly related to the concentration 
of D atoms at the sampling pinhole. 

The second method was identical to the first, but N02 
was added through the sliding injector. 0 atoms were de
stroyed in the reaction 

(3) 

and consequently could not recombine on the flow tube 
walls. By comparison with the reaction of H atoms with 
NOZ , 9 reaction (3) is expected to be very fast. In this case the 
D-atom signal was related to the D-atom concentration at 
the position of the sliding injector. In the absence of wall 
losses, both methods would give the same result. In fact there 
was a significant loss of D atoms on the wall. By varying the 
injector position a rate constant for the destruction of D 
atoms on the flow tube walls of about 20 s - I was deduced. 

In order to ensure accurate determinations of D-atom 
concentrations, a third method was used to provide a check 
on the other two. The gas flows were the same as for the 
second method but the D-atom concentration was deter
mined by measuring the change in N02 signal at m/e = 46 
(electron energy = 18 eV) when the discharge was turned 
on. Under the low D-atom concentrations prevalent in our 
system the change in [NOz ] is equal to the D-atom concen
tration. 10 In principle, the second and third methods should 
give identical results, as was found to be the case and is illus
trated in Fig. 1. The minimum detectable level of D atoms 
was 5 X 1010 cm - 3 at a signal-to-noise ratio of 1 and a 40 s 
integration time. 

Calibrations for the molecular species HCN, H2, and 
D z were obtained by monitoring the signal at the appropri
ate mass as known flows of the reagents were admitted to the 
flow tube. 

During most of the experiments, Nand F atoms were 
added at the back of the flow tube, while CH4 (or CD 4 ) was 
introduced through the movable injector. Details of experi
ments carried out under different conditions will be given at 
the appropriate place in the text. 

4 • 

3 
'? / 
E • 0 

'" '0 

-- 2 
'" 

/ 
0 • <l 

/ 

2 3 4 

FIG. I. Plot showing correlation between D-atom measurements obtained 
from measuring ~D2 (in presence of N02 ) and ~N02' 

Nitrogen dioxide was obtained from Matheson at a stat
ed purity of 99.5%. The gas was mixed with excess oxygen 
and stored overnight prior to use in order to convert impuri
ty NO to NOz. The N02 was then trapped in a cold finger, 
the oxygen was pumped offand the pure N02 was diluted in 
helium ready for use. CD4 (isotopic purity = 99%, MSD 
isotopes), D2 (isotopic purity = 99.5%, MSD isotopes), 
and Hz (stated purity = 99.999%, Matheson) were used 
after dilution in helium without further purification. HCN 
(Matheson) was obtained as an 8.1 % mixture in helium. It 
was used directly or after further dilution in helium. Sources 
for He, N z , NO, CH4 , and CF4 are given in Ref. 5 along with 
reagent purities and methods used for further purification. 

RESULTS 

Before presenting the specific results obtained in this 
study, a short discussion will be given describing the particu
lar difficulties encountered in measuring branching ratios 
for the N + CH3 reaction. 

When measuring the branching ratio of a reaction, the 
most direct method is to measure the concentration of prod
uct formed for a given loss of reactant. The ratio of these two 
quantities then gives the fraction of reaction leading to that 
particular product. Unfortunately, such a direct approach is 
not always feasible as is illustrated by the title reaction 

N + CH3 -HCN + H2, 

N + CH3 -HCN + 2H, 

N + CH3 -H2CN + H. 

(la) 

(lb) 

(lc) 

Measuring changes in reactant concentration is relatively 
straightforward, but the products are either reactive or can 
be generated by secondary processes (or both). HCN is not 
formed directly in channel (lc) but likely fates for the 
H2 CN radical are 

N + H2CN-NH + HCN (4) 

or 

(5) 

where Hw indicates that the H atom is bound to the wall of 
the flow tube. As a result HCN yields give little information 
about the branching ratios. 

Similarly, H atoms generated in channels ( 1 b) and ( lc) 
can recombine on the reaction vessel walls to give H2, thus 
frustrating efforts to measure the fraction of reaction form
ing this molecular species. H atoms provide difficulties be
cause they are reactive, being destroyed on the flow tube 
walls, and they are generated by reaction between NH [a 
product of reaction (4)] and N atoms 

N+NH-N2+H. (6) 

Furthermore, mass-spectrometric sensitivity at m/ e = 1 is 
poor and consequently, H atoms are difficult to detect. 

Finally, the radical Hz CN is reactive I I and there are no 
known calibration procedures available for the species. 

Because of these difficulties it was often necessary to use 
less direct methods to determine the branching ratios. Infor
mation from rates off ormation of products, numerical simu-
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lations, and isotopic substitution were all used to determine 
the relative importance of the channels of reaction (1). 

Study at 298 K 

Although absolute yields ofHCN can tell us little about 
the branching ratios of reaction (1), the rate of formation of 
the molecule can provide information. Rate constants ob
tained from the formation of products actually reveal infor
mation about the decay of reactants. Signal due to HCN at 
m/e = 27 was monitored as a function of contact time and 
the expression 

In = 't { 
[HCN] '" - [HCN] } k 

[HCN]", f 
(7) 

was used to obtain pseudo-first-order rate constants for the 
formation of HCN. In Eq. (7), [HCN] is the HCN concen
tration at time t, [HCN] '" is the HCN concentration at 
t = 00 and k;' is the pseudo-first-order rate constant for for
mation of HCN. These rate constants were found to be de
pendent on the N-atom concentration, and a plot of k;' vs. 
[N]o is displayed in Fig. 2. The slope of the line is 
(5.2 ± 1.8) X 10 - 11 cm3 s - I and it is concluded that there is 
a species which is destroyed by N with a rate constant of 
5.2X 10- 11 cm3 s -1, and which generates HCN as one of its 
primary products. 

The N + CH3 reaction has a rate constane,6 of 
8.5 X 10 - 11 cm3 s -1, a value significantly higher than that 
obtained from Fig. 2. The implication is that HCN is not 
being formed directly via reaction ( 1 ) . Another possibility is 
that H2 CN is being generated in reaction (lc) and that this 
radical then reacts with N atoms to give HCN. Using low 
electron energies (-12 eV) to avoid interference from 
ground state and vibrationally excited6 N2, signal was de
tected at m/ e = 28 in the presence of both Nand CH3 • 

When CH3 was replaced by CD3 , product signal was ob
served at m/ e = 30; for these experiments higher electron 
energies ( 18 e V) could be used as there were no interference 

~'" -. 

800 

600 

J 400 

200 /.: 

2 

• 
• ./. /.. 

e ••• 
/' 

4 6 8 10 

FIG. 2. Plot of kco" vs. INlo obtained from HeN formation rates. kco" is 
the pseudo-first-order rate constant corrected for axial diffusion as de
scribed in Refs. 5 and 6. 

problems at this mass. Furthermore, the signals at m/ e = 28 
and m/ e = 30 exhibited similar temporal behavior: initially 
they increased with time before reaching a maximum and 
then falling off. These profiles are consistent with a reactive 
species being formed by theN + CH3 orN + CD3 reactions 
followed by its subsequent destruction. 

It is concluded that the signals at m/ e = 28 and 
m/e = 30 are due to H2 CN, and D2 CN, respectively. Using 
the parts of the time profiles where the radical decreased 
with time, pseudo-first-order rate constants for the decay of 
the species were measured as a function of [N] o' These data 
will be presented elsewhere. 11 For the time being we should 
note that the apparent bimolecular rate constant obtained in 
this way is (4.9 ± 1.1) X 10 - II cm3 s - I. Within experimen
tal error this value is identical to that obtained from the 
formation of HCN, and the obvious conclusion is that most, 
if not all, of the HCN is generated in the reaction 

(4) 

Measurements of the HCN yield were also carried out. 
Under conditions of excess N and long contact times 
[HCN] was monitored as a function of [CH3 ]0' A plot of 
[HCN] vs [CH3]0 yielded a slope of 0.90 ± 0.15 (95% 
confidence). It appears therefore that the dominant channel 
in the reaction of N atoms with H2 CN is that leading to 
NH + HCN as products. 

Further evidence was obtained by watching the change 
in N-atom concentration on reaction with CH3 • These ex
periments were performed by monitoring the N-atom signal 
at m/e = 14 (electron energy = 16 eV) and comparing the 
change with the initial CH3 concentration. The experiments 

, revealed that under conditions of excess N and long contact 
times, about 2.5 N atoms were destroyed for every CH3 radi
cal. The following mechanism is consistent with these results 

N + CH3 -+H2CN + H, 

N + H2CN-+NH + HCN, 

N + NH-+N2 + H. 

(1c) 

(4) 

(6) 

That the efficiency for destruction of N atoms is 2.5 rather 
than 3 may be due to heterogeneous losses of reactive species, 
or, as will be discussed later, the fact that channels (la) or 
( 1 b) make a small contribution to the total rate. 

The experiments described in the previous paragraphs 
give strong support to the idea that the major channel for 
reaction (1) is that leading to H2 CN + H. However, the 
possibility that the two remaining channels playa minor role 
cannot be excluded. Experiments were carried out to try and 
assess the importance of channels (1 a) and (1 b) . 

Information from the yield of H2 formation is confused 
by the molecule being formed in the heterogeneous recombi
nation of H atoms. However, the reaction 

H + CI2-+HCl + Cl (8a) 

is very rapid l2 (kg (298 K) = 2.2X 10- 11 cm3 s -I) and Cl2 
can be used to "scavenge" H atoms. For these experiments N 
atoms and CH3 radicals were admitted at the back of the 
flow tube by adding CH4 , discharged N 2 and discharged 
CF4 through the fixed side arms. The concentration of N 
atoms was - 1.5 X 1013 cm - 3, thus ensuring complete con-
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version of CH3 to products in a short time. A few centi
meters downstream molecular chlorine ([ C12] = 2 X 1013 
cm - 3) was added through the sliding injector. The position 
of the injector was such that the N + CH3 reaction was ef
fectively complete on addition of C12, thus avoiding compli
cations from secondary reactions ofCl2. However, the injec
tor was sufficiently close to the reaction zone that only a 
small fraction of H atoms could recombine on the walls. 
[H2] was monitored as a function of [CH3 ]0' the experi
ments also being repeated for the deuterated radical. The 
results are plotted in Fig. 3; the slopes of the lines are both 
about 0.1, no isotope effect being observed. The simplest ex
planation of the results is that the channel 

N + CHr-+HCN + H2 (la) 

accounts for 10% of the total reaction, although the possibil
ity that H2 is generated by heterogeneous reaction ofH2 CN 
can not be excluded. 

Determining the extent to which channel (1 b) occurs is 
difficult as ultimately both (lb) and (lc) generate two H 
atoms for every CH3 radical destroyed, either directly 

N + CH3-+HCN + 2H 

or indirectly via the sequence of reactions 

N + CH3-+H2CN + H, 

N + H2CN -+NH + HCN, 

N + NH-+N2 + H, 

overall 

3N + CH3-+N2 + HCN + 2H. 

(lb) 

(lc) 

(4) 

(6) 

(8b) 

The difficulties can be partially overcome if secondary reac
tions are suppressed by using only small concentrations ofN 
atoms. Discrimination between the two channels can then be 
achieved but the results must be interpreted using numerical 
simulations. At first sight HCN would appear to be the ea
siest product to monitor as it is stable and so does not un
dergo further reaction. However, destruction of H2 CN on 
the walls seems likely to generate HCN and frustrate the 
interpretation of the results. The mass-spectrometer sensi-

1.5 

1.2 

0.9 

0.6 

0.3 

3 6 9 ~ 

[CX3I/1011 cm-3 

FIG. 3. Plot to determine yield of X 2 from the N + CX, reaction, where 

X = H(_) and X = D(e). 

TABLE I. Reactions used to model formation of D and D2CN. Second or
der rate constants in units of cm3 s - I, first-order rate constants in units of 
s - I. Values given to 2 significant figures. 

Reaction 

F+ CD.-+DF 
+ CD, 

N +CD,-+DCN 

+D2 
N +CD,-+DCN 

+2D 
N + CD, -+D2 CN 

+D 
N + D2 CN-+ND 

+DCN 
CD, + CD, -+ C2 D6 
D+ CD, -+CD. 
N+ND-+N2+D 
D2 CN-+ wall 
D-+wall 

k(200) k(298) k(363) Ref. 

2.0XIO- 11 S.OXIO- II 6.9XIO- 11 13,14 

6.4XI0- 12 8.SXIO- 12 1.4XIO- 11 Thiswork 

o 4.3XI0- 12 0 Fitted 

S.8XIO- 11 7.2XIO- 11 1.3 X 10-10 Fitted 

3.9XIO- 11 4.4XIO- 11 6.6XIO- 11 II 
S.OXIO- 11 S.OXIO- 11 S.OXIO- 11 IS"·b 
2.6XIO- 11 2.6XIO- 11 2.6XIO- 11 IS"·b 
1.6X 10- 1 1.9X 10- 10 2.1 X 10- 10 IS" 
180 240 120 II 
20 20 100 This work 

"Rate constants assumed equal to those for the undeuterated species. 
bWhen the T dependence was unknown, rate constants at 298 K were used 
at all temperatures. 

tivity at m/e = 1 is poor and so the formation of D atoms 
from the reaction N + CD3 was investigated. 

Signal at m/e = 2 was monitored as a function of [N]o 
([N]o < [CD3 ]0) for a fixed contact time and CD3 concen
tration. The model listed in Table I and rate constant values 
taken from the literaturell

•
13-15 were then used to obtain the 

value of k 1bD which gave the best agreement with experi
ment. The goodness of fit was assessed by the magnitude of 
S(D) 

S(D) = I{ [Dl.,; - [Dlc,;}2 (9) 
I [D]e,; 

where [D]e,; are the experimental D-atom concentrations 
and [Dlc,; are the calculated values. The best fit was ob
tained with 5% of the reaction going to DCN + 2D 
[a1bD (298 K) = 0.05] and 85% of the reaction giving 
D2CN + D [alcD (298 K) = 0.85]. An estimate of the er
rors can be obtained from the expression 16 

0;, = 2.a;(Ja/J [Dl.,Y, (l0) 
; 

where (7a is the error in the branching ratio a, (7; are the 
errors in the D-atom concentrations, [D]e,; and 
(Ja/ J [D] e,;) are the sensitivity coefficients describing the 
dependence of a on changes in the D-atom concentrations, 
[D ]e,;. The errors, (7;, can be estimated in the usual way. The 
sensitivity coefficients were obtained by changing the D
atom concentrations in the model one by one and observing 
the changes in a. The error in a 'cD (298 K) obtained in this 
way is about 30%, the uncertainty including statistical er
rors at the 95% confidence level and a 10% systematic error 
resulting from the D-atom calibration. Figure 4 shows the 
experimental plot of [D] vs [N] 0 compared with the best-fit 
curve. 

From the evidence just described, the following branch
ing ratios are obtained or reaction (1 D ) : 

N + CD3 -+ DCN + D2, a laD (298 K) = 0.10 ± 0.02, 
(laD) 

J. Chern. Phys., Vol. 91, No.6, 15 September 1989 
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FIG. 4. Plot of [Dl vs [Nlo. Experimental points (e). Computer fit (-), 
a'bD (298 K) = 0.05. [CD,lo = 1.7 X 1012 cm - '. 

N + CD3 -+DCN + 2D, a 1bD (298 K) = 0.05~ggg, 
(lbD) 

N + CD3 -+D2CN + D, alcD (298 K) = 0.85~gf;' 
(lcD) 

Our experiments show that the fraction of reaction (1 ) 
leading to HCN + H2 is about 10% and the fraction leading 
to H2 CN + H is large. These conclusions are consistent 
with those determined for reaction (ID), there apparently 
being no isotope effect. Therefore, it is assumed that the 
branching ratios for reaction (1) are the same as those 
quoted above for reaction (ID). The results at 298 K are 
summarized in Table II. 

Having thus determined the branching ratios at room 
temperature it was possible to calibrate for the D2 CN radi
cal. D2 CN was generated with known initial concentrations 
of CD4 and the atomic species F and N. The signal at 
m/ e = 30 was recorded at its maximum value and the con
centration of D2 CN was then calculated using the model 
listed in Table I. Figure 5 displays a plot of signal at 
m/e = 30 vs [D2CN]. The minimum detectable level of 
D2CN is estimated to be 5 X 109 cm - 3 at a signal-to-noise 
ratio of 1 and 10 s integration time. From this calibration 
curve signals from D2 CN at other temperatures can be con-

TABLE II. Branching ratios for reactions ( 1) and (1 D) at 298 K. 

Channel a(298 K) Method 

(la) HCN + H2 0.10 ± 0.Q2 [H21 vs [CH31 in presence ofCl2 • 

(laD) DCN + D2 0.1O±0.O2 [D21 vs [CD31 in presence of C12• 

(lb) HCN +2H -0 Rate of formation of HCN/Rate of 
decay of H2 CN 

(lbD) DeN + 2D 0.05:g5~ Computer simulation of D-atom 
formation 

(lc) H2CN +H -1 Rate of formation of HCN/Rate of 
decay of H2 CN 

(lcD) D2CN +D 0.85 :gf; Computer simulation of D-atom 
formation 

4000 

/" 
• 

3000 

2000 

1000 

0.4 0.8 1.2 1.6 2.0 

FIG. 5. Calibration for D2 CN at 298 K. 

verted to concentrations and then compared with model cal
culations. Although in principle this calibration could also 
be carried out for signal at m/ e = 28 from H2 CN, in practice 
it was not feasible. Because of interference from excited N 2 it 
was necessary to work at low electron energies, considerably 
reducing the amount of signal observed, and consequently 
the precision of the measurements. Therefore, calibrations 
were not performed for H2 CN. 

Study at 200 K 

Experiments were carried out to determine the yield of 
D2 formed in the reaction N + CD3 • Just as for the room 
temperature study the measurements were done in the pres
ence of C12 , to avoid interference caused by D-atom recom
bination. The result obtained was that approximately 10% 
of the reaction proceeded to give DCN + D2, just as ob
served at 298 K. 

Having determined the branching ratios for reaction 
( 1) at room temperature and obtained a calibration for 
D2CN, it was possible to determine the branching ratios (at 
least for the deuterated reaction) at 200 K, more or less 
directly. Using the calibration curve displayed in Fig. 5, 
D2CN concentrations were calculated from observed signals 
at m/ e = 30 when N atoms and CD3 were present together 
in the flow tube. The change in sensitivity of the detection 
system on lowering the temperature to 200 K was accounted 
for by observing the signal obtained from a known concen
tration of NO added to the flow tube. Concentrations of 
D2CN were then calculated using numerical integration for 
various values of the branching ratios, given the known ini
tial conditions. The value for the branching ratios which 
gave the best fit with the data was determined by minimizing 
S(D2CN) in the expression 

{ 
[D2CN] . - [D2CN] .}2 S(D

2
CN) = ~ e,l C,I , 

I [D2CN]e,i 
(l1 ) 

where [D2 CN]e,i are the D2CN concentrations estimated 
from the calibration and [D2 CNL,i are those predicted by 
the simulation. The best fit was obtained with about 90% of 
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FIG. 6. Determination of branching ratio at 200 K. Plot of ([02 CN) from 
model) vs ([ O2 CN) from calibration). 

the reaction going to D2 CN + D and none going to 
DCN + 2D. Figure 6 shows a plot of [D2 CN]e vs. 
[D2CN]e, using the best fit parameters. The correlation be
tween the two quantities is reasonable (r = 0.71), and the 
slope of the line is unity within experimental error. The ex
perimental errors arising from this analysis are expected to 
be fairly large and our estimates for the branching ratios of 
reaction (1D) are listed in Table III. By analogy with the 
results at room temperature it is proposed that these branch
ing ratios are the same for the reaction of N atoms with the 
undeuterated methyl radical. Support for this conclusion 
comes from the fact that H2 CN is relatively easily detected 
at 200 K. 

In principle, the experiments performed at room tem
perature on the rate off ormation ofHCN could be repeated 
at this temperature. However, the difference between kl 
(200 K)6 and k4 (200 K) II is smaller than at room tempera
ture, while the statistical errors associated with these mea
surements are actually larger. Given the difficulty of mea
suring rate constants by the formation of products, it seems 
likely that measurements of the rate of formation of HCN 
would be unable to distinguish between the two possible 
sources of the molecule. Consequently, these experiments 
were not carried out. 

TABLE III. Branching ratios for reaction (t)" and (to) at T= 200 K. 

Channel a(200 K) Method 

(laD) DCN + O2 0.11 ± 0.03 [02 ) vs. [CD,) in presence Cl2 

(lbD) DCN + 2D <0.4 Comparison between numerical 
simulation of O2 CN formation 
and calibration of O2 CN at 298 K 

(lcD) D2 CN + 0 0.89::-gfo' Same as for (lbD) 

"By analogy with study at 298 K, these branching ratios are adopted for 
reaction (1) also. This assumption is supported by the fact that H2 CN is 
easily detected at this temperature. 

Attempts were made to repeat the room temperature 
experiments on D-atom formation at this lower tempera
ture. However, the results were somewhat inconsistent and 
suggested that virtually none of reaction (1D) yielded 
D2CN. These observations are completely at odds with the 
fact that D2 CN was easily detected. One possible explana
tion is that destruction ofD2 CN on the walls of the flow tube 
resulted in the formation of D atoms. In fact there is some 
evidence to suggest that the loss mechanism for H2 CN on 
the walls at 200 K differs from that at 298 K. Measurement 
of the overall yield of HCN from the N + CH3 reaction at 
200 K gave a value of about 0.7, as opposed to a number 
much closer to 1 at 298 K. It is difficult to see how this 
measurement could give a value of anything other than 1 if 
only gas phase reactions are considered. It may be that the 
discrepancy is a result of an unusual wall-loss mechanism. In 
view of these problems, the D-atom experiments at 200 K are 
ignored. 

Study at 363 K 

The experiments described in the previous section to 
determine the yields of D2 and D2 CN from the N + CD3 

reaction were repeated at 363 K. Virtually identical results 
were obtained and our results are summarized in Table IV. 
Although no calibration for H2 CN was performed, signal 
from the radical at m/ e = 28 was readily detected support
ing the assumption that these branching ratios are also appli
cable to the reaction ofN atoms with the undeuterated meth
yl radical. 

It was impossible to carry out experiments on the forma
tion of D atoms, as at this temperature the wall loss of D 
atoms was sufficiently large to prevent even a calibration for 
D being obtained. F atoms were also found to be destroyed 
on the wall with a rate constant of about 30 s - I. This hetero
geneous loss process would complicate the analysis of results 
from the formation of HCN: consequently, no such experi
ments were performed. 

Study at 423 K 

Just as at the other temperatures the yield of D2 from 
the N + CD3 reaction in the presence of C12 was found to be 
about 10%. Because of a huge wall loss for F atoms at this 
temperature (k-140 s - I) it was impossible to measure ac
curate initial CD3 concentrations in the region close to the 

TABLE IV. Branching ratios for the reactions ( 1 )" and ( 10) at T = 363 K. 

Channel a(363 K) Method 

(laD) DCN + O2 0.12 ± 0.04 [02 ) vs. [CD,) in presence of Cl2 

(tbD) DCN + 20 <0.5 Comparison between computer 
model and calibration of 
D2 CN at 298 K 

(lcD) D2 CN + 0 O.88::-g~; Same as for (lbD) 

"By analogy with study at 298 K, these branching ratios are adopted for 
reaction ( 1 ) also. This assumption is supported by the fact that H2 CN was 
easily detected at this temperature. 
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TABLE V. Branching ratios for the reactions ( 1 ) and ( 10) at T = 423 K· . 

Channel a(423 K) Method 

(laD) OCN + O2 0.10 ± 0.03 [021 vs. [CO)I in presence ofCl2 

• No further quantitative studies were carried out. However, both H2CN 
and 02CN were readily detected at this temperature. 

detection system. As a result it was not possible to use the 
calibration for Oz CN obtained at room temperature to esti
mate the branching ratios of reaction (10) at 423 K. At
tempts to carry out other quantitative experiments were 
abandoned for the same reasons they were at 363 K. How
ever, the radicals Hz CN and Oz CN were detected at this 
temperature and in the absence of further evidence, we as
sume that the branching ratios are the same at 423 K as at the 
other temperatures. Table Y summarizes the results ob
tained at T = 423 K. 

Structure of the H2 CN radical 

Up until now it has been assumed that the signal detect
ed at m/ e = 28 is due to Hz CN (both H atoms bonded to the 
C atom) rather than cis- or trans-HCNH. One of the draw
backs of mass spectrometric detection is that the technique 
gives no structural information and so it is not possible to 
show directly which isomer is being detected. However, 
H 2CN seems the more likely of the three isomers to be gener
ated in the N + CH3 reaction. Consideration of the geome
try of the reacting species suggests that H2~N will be ~o~ed 
most readily' H CN can result from a Simple substItutIon 

, 2 d . 
reaction, whereas the HCNH isomers can only be forme via 
an addition-rearrangement-elimination mechanism. Fur
thermore, ab initio calculations 17 have shown that H2CN lies 
lower in energy than the other two isomers and so on ther
modynamic grounds is the expected product. 

In principle, some information about the structure of 
the radical can be obtained from the ionization potential 
(IP) of the species detected at m/ e = 28. By following the 
appearance potential for the species generated in rea~tion 
(1) at m/e = 28, an IP of (9.6 ± 1.0) eY was determmed. 
The same result was obtained when the N + CD3 system 
was studied and the IP of the species at m/ e = 30 was mea
sured. Determinations of the IPs ofHCN and NO were used 
to calibrate the spectrometer. Unfortunately the IPs of the 
various CHl N isomers are nO.t known. We attempte~ to get 
some information by companng our measured IP With the 
values obtained by applying Hess' law to the reactions 

CH3N3 + e--+CH2N+ + N2 + H + 2e, 

and 

CH2N + N2 + H--+ CH3N3' 

/jJJ\3' 

giving 

CH2N + e--+CH2N+ + 2e, 

/jJJ14 = 6.H12 + 6.H\3' 

(12) 

(13) 

(14) 

Heats off ormation ofH\3, CH3 N3, 19 and CH2 N17 have been 
measured or calculated and the HCNH+ ion has been 
shown to lie 3.1 e y lO lower in energy than Hl CN + . How
ever, the identity ofCHlN+ in reaction (12) is not known 
and we were unable to determine which isomer ofCHl N was 
present in our system. A cycle based on the known heat of 
formation of CH3NH221 and the reaction 

CH3NH2 + e--+CH2N+ + H2 + H + 2e, (15) 

/jJJIS = 15.2 ey22 

suffered from this difficulty also. If it is assumed that 
H2CN+ is generated in reactions (12) and (15) and that 
H2CN is generated in reaction (Rl) a consistent picture is 
arrived at. However, assuming that HCNH + and trans- (or 
cis-) HCNH are the respective products of those processes 
also provides a reasonable description of the energetics. Con
sequently our IP measurement does not allow the unambigu
ous identification of the CH2 N isomer generated in reaction 
( 1). However, on the basis of the available thermodynamic 
and mechanistic information we expect that the isomer is 
H 2CN. 

DISCUSSION 

Our results show that that at room temperature the re
action of N atoms with CH3 proceeds to give Hl CN + H as 
the main channel with a small fraction of the reaction giving 
HCN + H2. No isotope effect is observed when CH3 is re
placed by CD3 and based on quantitative studies of the deu
terated radical and qualitative studies of the undeuterated 
radical, the branching ratios appear to be independent of 
temperature. A number of questions must be asked. First, 
what are the reasons for the observed branching ratios? How 
do these results compare with those obtained for related re
actions? How do the observations fit in with our knowledge 
of the dependence of the overall reaction rate on tempera
ture? Finally, how do the results affect processes in which 
the N + CH3 reaction is believed to play an important role? 
These questions will now be addressed in tum. 

The reactants, N(4Su ) and CH3(A n can react adia
batically on either a triplet or a quintet surface. The products 
HCN ( I ~ +) + H2 ( I ~ + ) can only give rise to a singlet sur-

g 2 
face, while the products HCNe~+) +2H( Sg) and 
H 2CN(B2) + H(Sg) can form either a triplet or a singlet 
surface. Considering only conservation of spin assumes that 
the reaction proceeds via a transition state with no symmetry 
elements. Extending the analysis to a transition state of Cs 

symmetry shows that the reaction can proceed adiabatically 
on a 3A " surface to give either HCN + 2H or H2CN + H, 
but that HCN + H2 gives rise only to a IA ' surface which 
does not correlate with reactants. Both spin and orbital sym
metry arguments give the same result; HCN + H2 can only 
be generated after a forbidden surface crossing and so is ex
pected to be formed inefficiently, as observed. 

The triplet-singlet crossing is forbidden by the (ap
proximate) intercombination selection rule.23 However, 
spin-orbit coupling may lend some allowedness to this for
mally forbidden transition. Calculations based on the Lan
dau-Zener formulaz4 can, in principle, provide a measure of 
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the extent of the curve crossing. However, even for diatomic 
systems this method is not exace3 and for more complex 
interactions drastic approximations are required. What can 
be done is to determine whether such a mechanism is sym
metry allowed. In the absence of any symmetry elements, 
spin-orbit coupling must give rise to a state of species A 1 and 
is always allowed. In Cs symmetry the triplet spin function 
resolves into A I + 2A ", so the 3 A " state gives rise to states of 
overall symmetry species es A " + 2esA I, where the super
script es identifies the species as being derived from both spin 
and orbital parts. Surface crossing can occur because the 3 A " 
species acquires some A I character as a result of spin-orbit 
coupling. 

The reason why channel ( lc) is preferred to ( 1 b) seems 
to be linked to the energetics of the reaction system. The 
products H2 CN + H lie approximately 100 kJ mol- 1 lower 
in energy than HCN + 2H, favoring the former. Also, chan
nel (1 b) is only slightly exothermic which is not consistent 
with large rate constant measured for the overall reaction. 6 

Furthermore, a steric effect may be in operation. We might 
expect that a hydrogen atom is most easily expelled from 
CH3 when the outgoing H atom, the carbon atom and the 
incoming N atom are in an approximately linear configura
tion. This arrangement can be achieved if the incoming N 
atom attacks the carbon atom between the other two hydro
gen atoms. Expulsion of 2 H atoms is likely to be most prob
able when N-CH2 is planar. However, attaining this config
uration is made difficult by the presence of the third H atom, 
and so reaction to give HCN + 2H is unfavorable. One 
would expect that at higher temperatures channel (1b) 
would become more important. Unfortunately our results 
are not sufficiently sensitive to test this hypothesis. Experi
ments performed at higher temperatures and with greater 
discrimination between channels will be required to do so. 

Our experiments have provided results which are qual
itatively in agreement with those expected on the basis of the 
energetics and orbital symmetry properties of the reactants 
and products. However, this agreement cannot be taken as 
proof that these factors are controlling the distribution of 
products, as is illustrated by the 0 + CH3 reaction. The re
action between 0 atoms and methyl radicals is one of the few 
reactions which is closely related to reaction (1) and which 
has been extensively studied.25 The process can give rise to 
products analogous to those possible for N + CH3 : 

0+ CHr+HCO + H2, 

11H= -358kJmol- 1
, 

0+ CH3 -+HCO + 2H, 

t::.H = + 78 kJ mol- 1 

0+ CH3 -+H2CO + H, 

I1H = - 287 kJ mol- 1. 

(16a) 

(16b) 

(16c) 

Niki et al. 26 have estimated that more than 85% of reaction 
( 16) proceeds to give H2 CO + H, a result which corre
sponds to our observations on N + CH3 • However, in the 
case of reaction (16) all of the products are spin allowed 
(and symmetry allowed assuming the reaction proceeds 
with Cs symmetry), and thermodynamically, channel ( 16a) 

is favored. The implication of these observations is that 
product formation is determined by the dynamics of the mo
lecular collisions, one H atom being easier to remove than 
one H2 molecule. Clearly such an effect may be at work in 
the N + CH3 reaction also. We are unable to distinguish 
between this factor and the symmetry/ energetics reasoning. 

One of the reasons for carrying out this study was the 
hope that it might shed some light on the temperature depen
dence observed for the N + CH3 reaction.6 The Arrhenius 
plot for this reaction appears to be non-linear, with the ap
parent activation energy increasing with temperature. A 
possible explanation of this behavior is that the T depen
dence is a result of the presence of two reactive channels with 
different individual temperature dependences. This study 
shows the branching ratios to be temperature independent, 
although the experiments are not very sensitive to small 
changes in the branching ratios. The two channel model, 
therefore, can not explain the T dependence of reaction ( 1 ) . 

This study represents the first direct measurement of the 
branching ratios of the N + CH3 reaction. The most impor
tant result is that the methylene amidogen radical is genera
ted in the major channel of the reaction, confirming the sug
gestion of Safrany4 which was based on results from active 
nitrogen/hydrocarbon experiments. Although first detected 
in the gas phase many years ago by optical absorption,27 little 
is known about H2 CN. That the radical is formed so effi
ciently in reaction (1) must complicate models used to de
scribe Titan's atmosphere, 1 NO", formation, 3 and HCN for
mation in circumstellar clouds.2 For example, although 
Yung et af. recognized that reaction (1) could generate 
H 2CN, in their model of Titan's atmosphere they assumed 
the reaction gave HCN + 2H. The model must now include 
steps for the formation and destruction of the H2 CN species. 
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