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ABSTRACT 

The chemistry of CzN+ has been explored in a selected-ion flow tube (SIFT) apparatus in 
which C2N+ was derived by electron impact from cyanogen. Two forms of C2Nf were 
identified which have distinctly different chemical reactivities. One form appears to be the 
CCN+ isomer, which reacts selectively with H,, D,, CO,, Xe, and 0,. The less reactive form 
is thought to be the CNC+ isomer. Reactions of both forms are also investigated with N,, 

CO, HCN, C,N,, N,O, H,O, D,O, CH,, CH,CN, C,H,, OCS, CH,OH, C,H,, H,S, NH,, 
CS,, and NO. Rate constants and product distributions are reported at 296 k 2 K. The results 
exhibit a wide range in reactivity and chemistry. They provide new insight into the reactions 
of CzN+ in interstellar gas clouds and additional evidence for the formation of the CNC+ 
isomer in the important interstellar reaction of C+ with HCN. 

INTRODUCTION 

The CzN+ ion has attracted attention for its role in the chemistry of dense 
interstellar clouds [1,2] where it is believed to be formed from carbon cations 
and hydrogen cyanide according to 

C++HCN+C,N++H (1) 

This reaction now has been investigated in the laboratory with a range of 
techniques. Our own measurements using the SIFT technique [3] established 
that the reaction is rapid at 300 K, k = 3.5 x lop9 cm3 molecule-r s-l, in 
agreement with earlier ICR and flowing afterglow measurements [4,5]. 

* Dedicated to Eldon E. Ferguson in honour of his contributions in ionic physics and 
chemistry. Diethard K. Bohme and Harold I. Schiff have benefitted both personally and 

professionally from their association with Dr. Ferguson. 
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Recent measurements with the variable-temperature SIFT technique have 
shown that the specific rate for this reaction has a slight negative tempera- 
ture dependence proceeding with an efficiency of more than 60% in the 
temperature range from 205 to 540 K [6]. 

Haese and Woods [7] were the first to question the structure of the CZN+ 
ion produced in reaction (1). The structures CCNf and CNC+ were pro- 
posed as possibilities and ab initio calculations were reported for the heats 
of formation of the two isomers and the barrier for isomerization between 
them [7]. The results of these calculations, together with available ap- 
pearance potential measurements, indicated to Haese and Woods that 
reaction (1) may selectively produce the CNC+ isomer, but no direct 
experimental data were available at the time to support this prediction. 

The theoretical prediction of two structural isomers of C,Nf has found 
support from several experimental studies of C2N+ ion formation by elec- 
tron impact on C,N,, CH,CN, CH,NC, and HC,N [8,9]. These have 
identified two states of C,N+ with different enthalpies of formation, viz. 
387.2 + 3.6 and 412.5 k 3.6 kcal mol-‘. These two states are likely to 
correspond to the CNC+ and CCN+ isomer, respectively. The experimental 
energy difference of 25.3 kcal mol-r is considerably lower than the earlier 
prediction of 48.7 kcal mol-’ for the isomerization energy [7], but quite 
consistent with the later, higher level calculations by Yoshimine and Kraemer, 
which led to values for the isomerization energy as low as 28.1 kcal mol-r 

WI* 
The chemical reactivity of C,N+ has now also been explored in several 

laboratory studies and for several different sources of C2N+. The reactivity 
of C2N+ ions produced chemically by reaction (1) has been probed in an 
earlier SIFT study in our own laboratory [ll]. There has also been an ICR 
study of the reactivity of C2N+ at near thermal energies in which the CZN+ 
was produced by electron impact on C,N, at close to the appearance energy 
[12]. The C,N+ in these latter experiments was thought to be the higher 
energy CCN+ isomer, in part because of a few apparent differences in 
product distributions between the ICR results and the earlier SIFT results 

[111- 
In the meantime, there has also been a report of a crossed ion 

beam-molecular beam study of reaction (1) at relative energies between 0.62 
and 1.57 eV [13]. The kinetic energy release observed in these experiments 
indicated a large exothermicity for this reaction which is consistent only 
with the production of the more stable CNC+ isomer. 

In the SIFT experiments reported here, a mixture of two states of C2N+ is 
produced by electron ionization of cyanogen at electron energies well above 
the appearance energies of both isomers. Two components of C,N+ are 
identified on the basis of distinctly different reactivities with a number of 
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specific gases. Considerations of the thermochemistry of some of the ob- 
served reactions of the more reactive component are consistent with its 
identification as the CCNf isomer so that the less reactive component could 
be identified as the CNC+ isomer. The reactivity of both components is 
investigated with a variety of gases and vapours chosen primarily because of 
their presence in interstellar clouds. Together with our earlier SIFT results 
for the reactivity of C2N+ generated by reaction (l), the results reported 
here provide further evidence for the production of the CNC+ isomer in 
reaction (1). They also provide new insight into the state of the C2N+ 
employed in the ICR measurements reported previously [12]. 

EXPERIMENTAL 

The measurements were performed with the selected-ion flow tube (SIFT) 
apparatus in the ion chemistry laboratory [14,15]. The C2Nf ion was 
generated in an axial electron impact ionizer [16] from cyanogen at electron 
energies in the range 50-55 eV. When C2N+ was injected upstream, the 
major impurity ions observed downstream were CH,N+ and CHO+, which 
arise from reactions with the water vapour impurity in the helium buffer gas. 
Lesser impurity ions present were C2NO+, which may arise from the 
reaction of the high-energy form of C2N+ with oxygen impurity, H30+ 
which is produced from CHOf and water vapour, and C+ which results 
from collisional dissociation of the C*N+. The C,N+ ions were injected into 
helium buffer gas at laboratory energies of ca. lo-50 V. The total pressure 
in the reaction region was in the range 0.32-0.35 torr and the ambient 
temperature was 296 f 2 K. The reactant gases and vapours, as well as the 
helium buffer gas, were generally of high purity, with a minimum purity of 
99.5 mol.%. Hydrogen cyanide was prepared according to the procedure 
described by Glemser [17]. 

RESULTS AND DISCUSSION 

In the course of the survey of the reactions reported in this study, it 
became evident with several reactants that the C,N+ ions derived from 
C,N, had two components of different reactivity. This was especially the 
case with hydrogen, deuterium, carbon dioxide, oxygen, and xenon for 
which there was one component of C2Nf which was very reactive and 
another component which was essentially unreactive. With some gases, both 
components were reactive but they had different reactivities. In still other 
cases, both components were equally reactive or equally unreactive. The 
data obtained with two components present with different reactivities were 
analysed according to the methods described by Glosik et al. [18]. About 
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25% of the C2N+ ions generated from cyanogen at the electron energies 
employed in this study was found to be in the more reactive state. Results 
obtained for the reactions of this state are summarized in Table 1. 

TABLE 1 

Rate constants (in units of 10m9 cm3 molecule-’ s-l ) and product distributions for selected 
reactions of the more reactive component of C2N+, presumably CCN+, measured with the 
SIFT technique at 296 k 2 K a 

Neutral 
reactant 

N, 
I.32 

co 
HCN 
co2 

C2N2 

N,O 

H2O 

CH, 
CH,CN 

Xe 
0, 
C2H2 

ocs 
CH,OH 
C2I-b 

H2S 

NH, 
(32 

NO 

Products 

C,N: 
CH2N+ +C 
C2H2N+ 
C3NO+ 
C, HN; 
C2NO+ + CO 
C30+ +NO 
CJ’J: 

C,NO+(CN,+)+N,(CO) 
NO+ + C,N, 
CHO+ + CHN 
C,NO+ + H, 
CH2N+ +CO 
products 
C,H; +C,N, 
C2N2H+ +C,H, 
Xe+ + C,N 
C,NO+ +0 
C,H+ + CHN 
CH,N+ + C, 
C2NO+ +CS 
products 
products 
products 
products 
products 
NO+ + C,N 

Branching 
ratio b 

1.0 
0.95 
0.05 
1.0 
1.0 
0.8 
0.2 
1.0 
0.9 
0.1 
0.5 
0.3 
0.2 

0.9 
0.1 
1.0 
1.0 
0.8 
0.2 
1.0 

1.0 

k = 
=P 

I 0.0001 
0.3 

I 0.0005 
0.29 
1.0 

0.15 
0.53 

1.0 

0.35 
3.1 

0.03 
0.3 
1.0 

0.95 
2.1 
1.0 
1.2 
1.8 
0.92 
0.62 

kc d 

0.77 
1.5 

0.85 
3.5 
0.84 

1.1 
0.93 

2.6 

1.1 
4.1 

0.87 
0.71 
1.1 

1.3 
2.2 
1.2 
1.5 
2.3 
1.3 
0.79 

a The C2Nt ions were derived from C,N, by electron impact at ca. 50 eV. 
b Primary product ions which contribute 5% or more. The product distributions have been 
rounded off to the nearest 5% and are estimated to be accurate to + 30%. See text for details 
about products not specified. 
’ The apparent bimolecular rate constant is given in each case. All measurements were made 
in helium buffer gas at at total pressure of ca. 0.34 torr and a number density of 1.1 X lOi 
atoms cmm3. The accuracy is estimated to be _t 50%. 
d Collision rate constants are derived from the combined variational transition state 
theory-classical trajectory study of Su and Chesnavich [29]. 
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TABLE 2 

Summary of rate constants (in units of 10m9 cm3 molecule-’ s-‘) and product distributions 

for reactions of the less reactive component of CZN+, presumably CNC+, measured with the 
SIFT technique at 296+2 K a 

Neutral 
reactant 

Products Branching k,, ’ 
ratio b 

kc d 

N2 
H2 

co 

HCN 

co2 

C2N2 

N2O 

H2O 

CH, 

CH,CN 
Xe 

0, 
C,H, 

ocs 
CH,OH 

C2H4 

H2S 

NH3 

cs2 

NO 

C2N: 1.0 

C3NO+ 
C, HN; 

1.0 
1.0 

GN: 
C,NO+(CN:)+N,(CO) 
NO+ + C,N, 
CHO+ + CHN 
CH2N+ + CO 
C,H: +CHN 

C3H2N+ +H, 
CH2N+ +C,H, 
C,H; +C,N, 

1.0 
0.9 
0.1 
0.7 
0.3 
0.7 
0.2 
0.1 
1 

C3H+ + CHN 0.8 

CH2N+ +C, 0.2 
C,NS+ + CO 1 

CH; +C,HNO 0.3 

CZH3O+(CHNO+)+CHN(C2H3) 0.3 
CH30+(HNO+)+C,HN(C3H3) 0.1 
C2H2N+ +CH,O 0.1 
C3H2N+ + H,O 0.1 
C;?NO+(C,H,N+)+CH,(O) 0.1 
C,H; +CHN 0.5 
C2H2N+ +C,H, 0.25 
C4H2N+ +H, 0.15 
C,H: +C,N 0.1 
CHS + + CHN 0.95 
C2NS+ +H, 0.05 
CH2N++CHN 1 
C,NS+ + CS 1.0 
NO+ + C,N 1.0 

I 0.0001 
I 0.0001 
I 0.0005 

0.29 
I 0.00003 

0.15 
0.53 

0.17 

0.0039 

3.1 
2 0.0005 
I 0.0001 

1.0 

0.95 
2.1 

1.0 

1.2 

1.8 2.3 
0.92 1.3 
0.62 0.79 

0.77 
1.5 
0.85 
3.5 
0.84 
1.1 

0.93 

2.6 

1.1 

4.1 
0.87 
0.71 
1.1 

1.3 
2.2 

1.2 

1.5 

a The C2N+ ions were derived from C,N, by electron impact at ca. 50 eV. Oxygen was 
added upstream to scavenge the more reactive component of C2N+. 
b Primary product ions which contribute 5% or more to the total product ions. Product 
distributions have been rounded off to the nearest 5%. 
’ The apparent bimolecular rate constant is given in each case. All measurements were made 
in helium buffer gas at a total pressure of ca. 0.34 torr and a number density of 1.1 x 1016 
atoms cmp3. The accuracy is estimated to be k 30%. 
d Collision rate constants are derived with the combined variational transition state 
theory-classical trajectory study of Su and Chesnavich [29]. 
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The observed selective reactivity of the more reactive component was 
exploited by deliberately adding an appropriate reactive gas upstream of the 
reaction region to remove or scavenge the more reactive component. In most 
experiments, oxygen was chosen as the scavenger gas, but hydrogen and 
deuterium were also used occasionally. Table 2 summarizes the rate con- 
stants and product distributions determined for reactions of C2N+ ions after 
scavenging the more reactive state with oxygen (unless indicated otherwise). 
Rate constants and product distributions under these conditions were de- 
rived in the usual manner [15,19]. 

Both Tables 1 and 2 include all the primary product ions which were 
observed to contribute 5% or more to the total products. The reactants are 
listed in order of decreasing ionization energy of the neutral substrate. All 
rate constants are reported as effectively bimolecular. Unless indicated 
otherwise, the measurements were made at a total pressure of 0.34 torr and a 
helium number density of 1.1 X 1016 atoms cmw3. 

No measurable reaction was observed between CzN+ and nitrogen in the 
absence or presence of scavenger gas, k I 1 X lo-l3 cm3 molecule-i s-i, 
although traces of an ion with a mass equal to that of the adduct ion C,Nl 
were observed to be formed. C*NO+, which was present when oxygen was 
added upstream, was found to be equally unreactive. 

Previous ICR measurements also indicated no reaction between C2N+ 
and nitrogen, k I 1 X 10-l' cm3 molecule-’ s-l [12]. 

Reactive and non-reactive components of C,N+ were evident with H, 
and D,. With hydrogen, the reactive component was observed to produce 
CH,N+ and some C2H2Nf rapidly, k = (3 f 1) x lo-” cm3 molecule-’ 
s- ‘. Experiments with D,, which avoided complications introduced by an 
initial signal at m/z = 28, provided a branching ratio of 16 to 1. For the rate 
constants of the non-reactions of C2NO+, 0:) and the non-reactive compo- 
nent of C2N+, we can report upper limits of 1 X lo-l3 cm3 moleculeK1 s-l. 

The diverse reactivity towards hydrogen exhibited by the two forms of 
C2N+ can be understood in terms of the presence of CCN+ and CNCf 
isomers. The available thermochemical information for these two isomers, 
and for the possible isomers of the CH2N+ ion which is produced, indicate 
that only the higher energy CCNf isomer can form CH2N+ and that this 
latter ion must be the lowest-energy CH2N+ isomer, viz. nitrogen-proto- 
nated HCN, as indicated in the reaction 

CCN+ + H, + HCNH+ + C (2) 



129 

This implies that the reactive component of the C,N+ generated in this 
study is CCN+ and that the non-reactive component is CNC+. The reaction 
is likely to proceed by H-H bond insertion followed by a 1,2 H-atom shift 
and proton transfer as indicated in the reaction 

CCN++H 2 + [CH;-CN] + [a+ -- HCN] + c + HCNH+ (3) 

A small fraction of the adduct ion seems to be stabilized by collision with 
the helium buffer gas and appears as a minor channel. 

co 

A small but definite decay was observed for the C2Nf ion when CO was 
added into the reaction region. The apparent bimolecular rate constant was 
k I 5 x lo-l3 cm3 molecule-’ s-l. The adduct ion C,NO+ was observed to 
be formed both in the presence and absence of 0,. However, the decay in 
the C2N+ signal was too shallow to allow the determination of a reliable 
absolute rate constant for the reaction of either form of the C,N+. No 
adducts or decays were observed for the &NO+ and 0: ions. We can 
report here an upper limit of 1 X lo-l3 cm3 molecule-’ s-l for the specific 
rates of the non-reactions of these latter two ions. 

The C,NO+ ion derived from CO addition was not detected in the ICR 
measurements and an upper limit of only 1.0 X lo-” cm3 molecule-’ s-l 
was reported for the specific reaction rate [12]. The small apparent bimolec- 
ular rate constant for the addition reaction observed in our SIFT experi- 
ments is suggestive of the formation of a weakly bound adduct of the type 
C2N+. CO in which only electrostatic forces contribute to the bonding. 

HCN 

No difference was observed in the C2N+ decay and the nature of the 
products with and without oxygen. Both forms of C,N+ appeared to add 
one molecule of HCN according to 

C,N+ + HCN + C,HN; (4) 

The measured apparent bimolecular rate constant was 2.9 X lOPi cm3 
molecule-1 s-l, which corresponds to about 10% of the collisional rate 
constant. Further sequential additions of HCN were observed with forma- 
tion up to C2N+ -(HCN),. The C,NO+ produced in the presence of oxygen 
was found to be unreactive towards HCN, k I 2 x 10-l* cm3 moleculeP1 

-1 s . 

The rate constant obtained for reaction (4) agrees with the value of 
3.1 X lOPi cm3 moleculeP1 s-* determined previously in a flowing after- 
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glow study in which the products were not identified [20]. The previous ICR 
study at much lower pressures [12] showed no reaction, k I 3 x lo-l1 cm3 
molecule-’ s-l, as would be expected if reaction (4) proceeds in a termolec- 
ular fashion. The high apparent bimolecular rate constant is suggestive of 
chemical bonding in the formation of the adduct, as would be the case, for 
example, if the addition proceeds by C-H bond insertion to form 
NC-CH+-CN (with CCN+) or :C=N-CH+-CN (with CNC+) [21]. Loss of 
a proton from the latter two ions should generate the neutral carbenes 
:C(CN), and :C(NC:)CN, respectively. 

co2 

Two components of CzN+ were clearly evident from the measurements of 
the C,N+ decay with added carbon dioxide. Representative data are shown 
in Fig. 1. One component was totally unreactive, k I 3 X lo-l4 cm3 mole- 
cule -’ s-l. In sharp contrast, the reactive component produced products at 
near the collision rate, k = 1.0 X 1O-9 cm3 moleculeP1 s-l. These results can 
be understood again in terms of two isomers of C2Nf. Available thermo- 
chemical information indicates that only the CCNf isomer can produce 
C30+. This again implies that the reactive component is CCN+ and the 
unreactive component is CNC+. The observed reactions with the reactive 
C2N+ species were 

CCN+ + CO~~~C2NO+ + CO Pa) 

%C30+ + NO (5b) 

The C,NO+ and C,O+ were both unreactive towards CO,, k I lo-l2 cm3 
molecule-’ s-l. The mechanism for channel (5b) is intriguing since it must 
involve the cleavage of the C-N bond in C2N+. One plausible route involves 
an intermediate intramolecular reaction of the type shown in (6) in which 
the CCNO+ isomer is formed initially by O-atom abstraction. 

:CCN+ + O=C=O + [ :C=C+-N=O + :CO] + [OC: + :C=C+-N=O] 
+ OzC=C=C+. + ‘N=O (6) 

The previous ICR study indicated no reaction with CO,, k I 1 X lo-" 
cm3 molecule- * s- ’ [12]. In view of our SIFT results, this non-reactivity 
implies that the C2N+ ion generated in the ICR study was predominantly 
the CNC+ isomer. 

We have previously reported the observation of a rapid addition reaction 
of C2Nf with C,N, with an apparent bimolecular rate constant of 1.5 X lo-" 
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IO4 - 
@NO+ 

co2 FLOW/lmolecules.sec-‘xi0’7~ 

Fig. 1. Observations of the reactivity of two components of C,N+ towards carbon dioxide 
added into the reaction region of the SIFT apparatus in which C2N+ is initially established 
as the dominant ion. The buffer gas is helium. P = 0.34 torr, B = 6.7~10~ cm s-l, L = 46 
cm, and T = 296 K. The CzN+ is derived from cyanogen at 52 eV. The broken curve 
represents the contribution of the reactive component of C2N+ to the decay of CzN+. 

cm3 molecule-1 s-* ’ m helium buffer gas at 0.33 torr [22]. The C2N+ in these 
earlier experiments was generated from cyanogen at 45 eV. A similar result 
was obtained in the study reported here with electron ionization energies up 
to 10 eV higher. Addition of oxygen upstream did not alter the decay of the 
CzN+ signal. The product C,N+ - C2N2 ion, however, appeared to react 
with the oxygen to establish C2NO+ by the reaction 

C,N; + 0, + C2NO+ + (C,N,O) (7) 
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The neutral product was not identified but may be the cyanate N = C-O-C 
= N or isocyanate N = C-N=C=O. The C*NO+ did not react further with 
cyanogen, k I 2 X lo-i2 cm3 molecule-i s-l. 

The high rates of association with the non-polar cyanogen molecule 
observed with the two components of C2N+ suggest the formation of stable 
adduct ions such as +C(CN)3 (from CCN+) and ‘C(N=C:)(CN), which 
could result from C-C bond insertion. 

Both forms of C2Nf reacted with nitrous oxide. The addition of oxygen 
upstream did not appear to alter the slope of the observed C,N+ decay or 
the distribution of the two major product ions. The reactions which were 
occurring appeared to be 

C2N+ + N20%C2NO+ + N, @a> 

-%NO+ + C,N, (8b) 

The product ion at m/z = 54 was taken to be C2NO+ rather than CN:, 
which is also allowed stoichiometrically. The mechanism for O-atom ab- 
straction seems more likely than N, abstraction to form CNZ and CO, 
particularly in view of the occurrence of nitride ion abstraction to produce 
C,N, and NO+. There were no observable secondary reactions with N,O for 
the N,O additions employed, k I 2 x lo-l2 cm3 molecule-’ s-l. 

H,O, D,O 

Two states appeared to contribute to the observed decay of C2N+ with 
the addition of water vapour into the reaction region. A rate constant of 
1.0 X 10m9 cm3 molecule-’ s-l was determined for the reaction of the more 
reactive component from the initial curvature in the semi-logarithmic decay. 
The rate constant for the less reactive component was determined from the 
final slope in the semi-logarithmic decay and from the decay observed when 
oxygen or deuterium was added as the scavenger gas upstream. It was found 
to be 1.1 X lo-” and 8.2 X lo-" cm3 molecule-’ s-l for H,O and D,O, 
respectively. 

Experiments with H,O and D,O as the reactants, with and without the 
addition of oxygen scavenger gas upstream, indicated the major products of 
the less reactive component to be CHOf (CDO+) and CH,N+ (CD,N+). 
The ions C,HN+ and C,H2N+ were identified as minor products with 
branching ratios of less than 5%. The C,NO+ ion was shown to be produced 
exclusively by the more reactive component in experiments with and without 
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deuterium as a scavenger gas. An analysis of the products in the absence of 
scavenger gas, at low additions of H,O at which the reaction of the more 
reactive component should dominate, indicated the product distribution 

CCN+ + H,OxCHO+ + CHN (9a) 

=C,NO+ + H, (9b) 

=\CH2N+ + CO (9c) 

The product distribution reported for the ICR experiments is different 
[12]. It does not match the distribution observed in the SIFT experiments for 
either component of C2N+. CHO+ was observed to be the main product ion 

(75%) but C,HN+ was observed to contribute 25% to the product spectrum, 
while CH2Nt was not reported as a product, nor was C*NO+. The ICR rate 
constant of 3.4 X 10-'" cm3 molecule-’ s-l is closer to that determined in 

the SIFT experiments for the lower energy component. 
The CHO+ and CH2N+ are likely to arise from O-H bond insertion 

without and with subsequent intramolecular proton transfer before sep- 
aration of the products. 

Curvature in the C2N+ decay was also observed with the addition of 
methane and again indicated the presence of two components of different 
reactivity. Small additions led to a rapid rise in ions at m/z = 27, 52, and 
28. The 27 ion was identified as C,H,f rather than HCNf because of its 
further reaction with CH, to form C,Hl. The 52 ion must be C3H2N+ and 

28 may be CH2N+ or C,HT. Production of C,Hi was ruled out with CD,. 
Further production of these ions appeared to occur also at higher additions 
of methane where the decay of C2N+ followed a rate constant of 3.9 x lo-l2 
cm3 molecule-l s-l. Analysis of the initial strong curvature in the early 
decay yielded a rate constant of 3.5 X 10-'" cm3 molecule-1 s-l for the 
reaction of the more reactive component. In the experiments in which 
oxygen was added, the 0; was observed to react with methane in the known 
fashion to produce CH,O: [23], while C2NO+ appeared unreactive towards 
methane, k I 1 X lo-l3 cm3 molecule-’ s-l. An upper limit of 1 X lo-l1 
cm3 molecule- ’ s- ’ was obtained in the ICR experiments for the rate 
constant of the reaction of C2N+ with methane. Again, this result is more 
consistent with the presence of the lower energy CNC+ isomer in the ICR 
experiments. 

Formation of the C,Hl and CH2Nf products can be understood in 
terms of C-H bond insertion without and with subsequent intramolecular 
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proton transfer before separation of the products. Abstraction of methylene 
from methane could lead to the formation of the C3H2Nf, which could be 
either N = C-C+=CH2 (formed from CCN+) or :C=N-C+=CH, (formed 
from CNC+). 

CH,CN 

No difference was observed in the decay of C2N+ in the presence or 
absence of oxygen scavenger gas. The predominant product observed was 
C,H3+, which was distinguished from HCN+ through experiments with 
CD&N. A second product was C2N2H+ but it was minor. The two 
observed reaction channels are 

CzN+ + CH,CN -+ C,H; + C,N, (loa) 

--) C,N,H+ + C,H, (lob) 

In the presence of oxygen, the latter channel contributed less than 5% to the 
total products. When the oxygen was shut off, this contribution increased to 
approximately 10%. Apparently more of the CCN+ isomer produces the 
C2N2H” product. The latter may arise by proton transfer from C,Hc 
within the collision complex before the products completely separate. 

Both the ions C2NO+ and Ol, formed when 0, was added upstream, 

reacted further with CH,CN. The product ions were uncertain, but some 
adduct ions were observed to be formed. The known secondary proton 
transfer reactions with C,HT and C2N2H+ and the addition reaction of the 
resulting CH,CNH+ with CH,CN were also observed. 

Xe 

With Xe as the reactant, two components of C2Nf were again evident. 
The reactive component was observed to produce Xe+ by the charge transfer 
reaction 

CCN+ + Xe + Xe+ + C,N (11) 

Analysis of the initial decay of C,N+ provided a rate constant of 3 + 2 X 

lo-" cm3 molecule-’ s-i for this reaction. For the unreactive component, 
we can report an upper limit to the rate constant of 5 X lo-l3 cm3 mole- 
cule-‘s-i. 

Addition of oxygen to the helium buffer gas in which C,N+ was estab- 
lished as the predominant ion indicated two components of C2N+ with 
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Fig. 2. Observations of the reactivity of two components of C,N+ towards oxygen added into 
the reaction region of the SIFT apparatus in which C2N+ is initially established as the 
dominant ion. The buffer gas is helium. P = 0.35 torr, 6 = 6.5 X lo3 cm s- ‘, L = 46 cm, and 
T = 295 K. The CzN+ is derived from cyanogen at 54 eV. The broken curve represents the 
contribution of the reactive component of C2N+ to the decay of C2N+. The residual 
chemistry initiated by C+ leads to CO+ and O+ and then 0:. 

distinctly different reactivities. About 75% of the CzN+ was unreactive 
towards oxygen, k I 1.4 x lo-l3 cm3 molecule-’ s-‘. The remaining 25% 
responded to the oxygen in the manner indicated by 

CCN+ + 0, + C,NO+ + 0 (12) 
Results are shown in Fig. 2. Analysis of the initial decay of the C2N+ ion 
provided a rate constant of (3 + 1) X lo-” cm3 molecule-’ s-l for the 
reactive component which should be the CCN+ isomer. 
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C,NO+ was observed to be quite unreactive towards oxygen, k I 1 
X lOpi cm3 molecule-’ S-‘. 

A rapid reaction was observed with acetylene both in the absence and 
presence of oxygen, k = 1.0 X lop9 cm3 molecule-’ s-t. The predominant 
product ion was C,H+, which reacted further with acetylene to produce 
C,Hl and C,HT [14]. Some formation of CH*N+ was also evident. The 
measured product distribution in the presence of oxygen is indicated in the 
reaction 

C2N+ + C2HZ%C3H+ + HCN (13a) 

%CH2N+ + C, (I3b) 

It did not alter si~ifi~antly when the oxygen was removed. Traces (up to 
5%) of HCN+ also appeared to be produced. The 0: ion formed in the 
presence of oxygen was observed to react with acetylene while the C,NO+ 
ion was unreactive, k I2 X lo-” cm3 molecule-’ s-l. 

The ICR measurements of the reaction of C,N+ with acetylene also led to 
a rate constant of 1.0 x 10e9 cm3 moleculee’ s-’ but a different product 
distribution 1121. 80~ of the reaction was reported to lead to C3H+ while the 
remaining 20% was attributed to formation of HC,N’. In our SIFT experi- 
ments, the formation of the ion at m/z = 63 was shown by the product 
analysis to be due entirely to the secondary reaction between C3Ht and 
C,H,. The assignment of HC,N+ was reported to be confirmed in the ICR 
experiments with measurements involving C,D,. Such confirmation would 
only be possible if account were taken of the C,D: ion formed from C,D’ 

and C,D,. 
The two channels of reaction (13) are related by proton transfer. The 

reaction is likely to be initiated by C-H bond insertion which can lead to 
the formation of C,H+ and CHN. The transfer of a proton before these 
products completely separate will produce CH,N+ and the C, molecule. 

ocs 

Again, a rapid reaction was observed both in the absence and presence of 
O,, k = 9.5 X 10p10 cm3 molecule-’ s-t. The product ion spectrum in the 
absence of oxygen contained mainly C2NSf (80%) and C,NO’ (20%) with 
minor amounts of OCS+ ( zz 3%). Production of C,NO+ is difficult to detect 
in the presence of oxygen because of its relatively large initial signal but no 
&NO+ appeared to be produced under these conditions. Experiments in 
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hydrogen buffer gas showed no production of C2NO+. These results indi- 
cate that the predominant reaction with the CNC+ isomer is S-atom abstrac- 
tion, while that with the CCN+ isomer is O-atom abstraction. 

The C2NS+ and &NO+ ions did not react further with OCS, k I 2 x 
lo-‘* cm3 molecule-’ s-l, while the 0; was observed to react with OCS by 
charge transfer. 

CH,OH 

C2N+ was observed to react rapidly with methanol, k = 2.1 X lop9 cm3 
molecule - ’ s - ‘, both in the absence and presence of oxygen. Many product 
ions appeared to be formed with CH: (NH+) and CH,CO+ (CHNO+) 
being dominant. The product analysis was complicated by the large number 
of products and their secondary reactions and the reaction of 0; with 
methanol. The m/z = 15 product ion was observed to react further with 
methanol to form the adduct and so could be identified as CH; rather than 
NH+, which would be expected to proton transfer. Other product ions 
observed were CH,O+ (HNO+), C2H2N+, C3H2N+ and C,NO+ (C3H4N+), 
and some CH40+ (H,NO+) when the oxygen was removed. The products in 
parentheses are allowed by stoichiometry, but are all unlikely in view of the 
expected mechanisms of the reactions as well as the relative stability of the 
concomitant neutral products. 

Reasonable mechanisms can be envisaged for all six of the observed 
products. CH30+ will result from hydride ion transfer and C2NO+ from 
oxygen atom transfer. Formation of CH,’ may occur from C-O bond 
insertion. The concomitant neutral product is likely to be the carbene 
:C(CN)OH in the case of CCN+ and :C(NC)OH in the case of CNC+. O-H 
bond insertion with intramolecular proton transfer can explain the C,H,N+ 
product ion. C-H bond insertion provides pathways towards formation of 
C2H30+ and C,H,N+. 

Four primary products were identified for the reaction of C,N+ with 
ethylene, viz. C,HT, C2H2N+, CqH2Nf, and C,HT. The product distribu- 
tion and primary ion decay were not significantly influenced by the presence 
of oxygen or deuterium scavenger gas. Table 2 provides the product distribu- 
tion determined in the presence of scavenger gas for the reaction with the 
lower-energy CNCf isomer. It is based on analyses of the type shown in Fig. 
3. The reactivity of the C,Hl product ion which is evident from Fig. 3 
suggests that about 70% of this ion is the propargyl cation. This isomer is 
known to react rapidly with C,H, to produce C,HS+ and C,H,f [24]. 
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Fig. 3. Fractional abundance of the product ions observed for the reaction of C,N+ with 
ethylene as a function of the addition of ethylene. Deuterium has been added upstream to 
scavenge the higher-energy component. Helium buffer gas. P = 0.40 torr, fi = 6.5 X lo3 cm 

S -*, L = 46 cm, and T = 296 K. The plot is useful for the analysis of products. For example, 
the intercepts at zero flow provide a measure of the branching ratios of the primary products 

(see ref. 19). 

Secondary ions with masses corresponding to both of these ions were 
observed. The non-reactive fraction of the C,H; shown in Fig. 3 can be 
attributed to the cyclopropenium isomer which is known not to react rapidly 
with ethylene [24]. 

The formation of C2H2N+ and C4H2Nf seems to involve H, abstraction 
and H, elimination, respectively, while the isomers of C,HT are achieved 
presumably through C-H bond insertion with and without cyclization. 
Charge transfer makes only a minor contribution to the overall reaction. 

The major secondary ion appeared at m/z = 41, which is presumably 
C,H: and not C2H3N+. The former ion is likely to be produced by the 
secondary reactions 

C2H2N+ + C,H, + C,H,+ + HCN 04a) 

C‘,H,N+ + C,H, + C,Hf + HC,N 04b) 

C,H,f is known to produce C,Hf and C,H,f with ethylene [25]. The latter 
ion was also observed as a secondary product. The reaction of C4H2N+ may 
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also contribute to the formation of the ion at m/z = 65 as indicated in the 
reaction 

C,H2N+ + C,H, + C,H; + HCN (15) 

The major tertiary product ion was observed at m/z = 69, which is likely to 
be C,Hl formed by the known association reaction of C,Hc with ethylene 

WI- 
The same four primary product ions were reported for the ICR measure- 

ments [12] and the agreement between the rate constants obtained in the 
ICR and SIFT studies is within experimental error. However, the two main 
product channels reported in the ICR studies are inverted in relative 
importance to that obtained in the SIFT measurements. 

H*S 

Upstream addition of oxygen did not noticeably influence the decay of 
C2N+ observed with the addition of hydrogen sulphide downstream. The 
reaction was rapid with and without scavenger gas, k = 1.2 X low9 cm3 
molecule-l s-l. With added oxygen, HCSf was the predominant product 
ion and C,NS+ a significant minor product. The former product ion may be 
achieved by S-H bond insertion, while the latter will result from S-atom 
abstraction. There was evidence for some (I 5%) production of H2S+ and 
CH2N+ but the H2Sf could be accounted for by the charge transfer with 
the 0: initially present under these conditions. No further reactions were 
observed with HCS+, C*NS+, and C2NO+, k i 2 x lo-r2 cm3 molecule-’ 

-I. Removal of oxygen appeared to enhance the relative production of 
&NS+, CH2N+, and H,S+. 

Only one slope was associated with the decay observed for the reaction of 
C,N+ with ammonia. The addition of oxygen did not influence this decay, 
which was fitted with an average rate constant of 1.8 x 1O-9 cm3 molecule-1 
S -l. The major product ion with and without oxygen was CH2N+, which 
reacted further with ammonia to produce NH:. The ions NH: and HN,f 
were also observed in the product spectrum but with a minor contribution to 
the total products (I 10%). They were observed with and without oxygen 
and both of them reacted further with ammonia to produce NH:. In the 
presence of oxgen, the known charge transfer reaction with 0: contributes 
to the formation of NH: so that the contribution of charge transfer to the 
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reaction of CNC” could not be established with high confidence. The 
formation of CH,N+ and HN: according to the reactions 

C,N+ + NH, --+ CH2N+ + CHN (164 

-+ f-IN,+ + C,H, Wb) 

is exothermic for both isomers. C2NO+ was observed to react with am- 
monia. The products could not be identified unequivocally, but CH,N+ and 
CHNO are the most likely. 

The predominant channel observed with carbon disulphide was S-atom 
abstraction to produce C,NS’, The presence of oxygen did not influence the 
specific reaction rate, k = 9.2 X 10-l’ cm3 molecule-’ s-t. There was evi- 
dence for some charge transfer with the reactive component as CS: was 
observed to increase in the absence of oxygen. In the presence of oxygen, the 
increase in the CS: ion was less and could be accounted for by charge 
transfer to the 0: ion initially present under these conditions. No reactions 
were observed with the ions C,NO+ and C,NS+, k I 1 x lo-‘i cm3 mole- 
cule-’ s-t. 

NO 

Charge transfer was the only significant channel observed for the reaction 
of C2N+ with nitric oxide. The specific reaction rate was 6.2 x lO_” cm3 
molecule-’ s-l and it was found to be independent of the presence of the 
scavenger gas. The experiments in the absence of oxygen allowed an upper 
limit of 1% to be set on the production of C,NO+ from either isomer of 
C,N+. The C,NO+ formed upstream in the presence of oxygen was unreac- 
tive towards NO, k I 2 X lo-l2 cm3 molecule-’ s-i. 

CONCLUSIONS 

The observed reactions of C,N + derived from cyanogen by electron 
impact show an interesting range in reactivity. The experimental evidence 
for two components of C,N’ of different reactivity is unambiguous. One 
component reacts exclusively with H,, D,, CO,, Xe, and 0,. This reactive 
component can be identified as the CCN’ isomer on the basis of the 
enthalpies of formation available for the CCN’ and CNC+ isomers and the 
observation of the reaction with H,, which produces CH2N’. The reaction 
with H, is exothermic only with the higher-energy CCN‘t;somer and only t.o 
produce the lowest-energy isomer of CH,N’, viz. protonated at the N end. 
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The C2N+ established with the addition of O,, H,, or D, scavenger gas 
upstream in the flow tube shows a reactivity consonant with that expected 

for the lower-energy CNC+ isomer. The measured rate constants and 
product distributions are consistent with the results of our earlier SIFT 
experiments in which C,N+ was produced chemically by reaction (1) and 
reacted with H,, H,O, CH,, CH,CN, C,H,, H,S, and NH, [ll]. Reaction 
(1) has been shown by the recent crossed-beam study to lead to the more 
stable CNCf isomer at low relative energies [13]. The available enthalpies of 
formation indicate that the production of the higher energy CCN+ isomer 
by reaction (1) is endothermic by 2 + 4 kcal mol-‘. Of the six reactions 
investigated in the earlier SIFT studies, the reactions with H,, H,O, and 
CH, are most sensitive to the isomeric identity of C,N+. It is evident from 
the measured rate constants for these three reactions that the C2N+ pro- 
duced chemically by reaction (1) is the same as the fraction of the C2N+ 
generated from cyanogen by electron impact, which was identified as the 
lower energy CNC+ isomer. 

The reactivities observed for the lower-energy component are also rea- 
sonably consistent with the reactivities reported in the recent ICR study in 
which C,N+ was derived from cyanogen by electron impact at 19.5 eV, 
although these had been tentatively ascribed to the higher-energy isomer 
[12]. The measured reactions which are common to the earlier ICR and the 
present SIFT studies are those with N,, CO, HCN, CO,, C,N,, H,O, CH,, 
C,H,, C,H,, and NH,. Of these, only the reactions with CO,, H,O, and 
CH, were observed in the SIFT study to be sensitive to the identity of the 
C,N+. All three were found to be rapid with CCN+ and slower or non-ob- 
servable with CNC+. The ICR experiments showed no reaction with CH, 
and CO,, k I 1 X lOPi’ cm3 molecule-1 s-l, and a reaction with H,O with 
a rate constant consistent with that obtained in the SIFT study for CNC+. 
The CNC+ isomer also was seen in the SIFT study to react slowly with 
methane with a rate constant below the measurable limit indicated in the 
ICR study, 3.9 x lo-l2 vs. 1 X 10-l’ cm3 moleculeW1 s-i, and not at all 
with CO,, k < 3 X lo-l4 cm3 molecule-’ s-l. These results provide a 
convincing case for the production of the CNC+ isomer in the ICR experi- 
ments rather than the CCN+ isomer as had been suggested earlier [12]. 
There are some differences in the product distributions observed in the ICR 
and SIFT experiments for the reactions with NH,, H,O, C,H,, and C,H,, 
which were addressed in the discussion of results but these can be consid- 
ered, for the most part, to be minor. Furthermore, there is agreement 
between the ICR and SIFT results in the rate constants obtained for the 
reactions with N,, CO, C,H,, C,H,, and NH,. There is also agreement for 
the reactions with HCN and C,N,, which were observed to proceed rapidly 
by association at the pressures of the SIFT experiments and not observed at 
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all at the low pressures of the ICR experiments, as would be expected if the 
association occurs in a termolecular fashion. 

Many of the observed reaction channels are in accord with a carbenoid 
character for the two isomers of C2N+ as was the case for the reaction 
channels identified recently in an extensive study of the chemistry of the 
carbene cation :C,H+ [14]. In fact, there is a remarkable correspondence 
between the results obtained for the reactions of CZN+ and C,H+. The 
carbene character of the two isomers of C2N+ is evident from the Lewis 
formulas 

:N=C-C+: e + :N=C=C: 

:C=N_c+: t) :C=N+=C: 

Co-ordination with a non-bonded electron pair on oxygen in N,O and 
CH,OH for the reactions of CNC+ and also CO,, H,O, O,, and OCS for 
the reactions of CCNf can account for the product ion C,NO+ observed 
with these reagents. Similarly, co-ordination with a non-bonded electron 
pair on sulphur in OCS, H,S, and CS, can account for the product ion 
C,NS+. 

Insertion can account for several of the product channels observed with 
the molecules containing C-H, N-H, O-H, or S-H bonds, in particular the 
channels leading to the formation of CHN or CH2N+. Also, it appears that 
the formation of the adducts observed with H,, HCN, and C,N, may 
involve sigma-bond insertion. Nitride ion transfer occurs with N,O, as was 
the case with C,H+ [14]. It is interesting to note in this case that different 
isomers of C,N, can be expected to be formed from the two different 
isomers of C,N+, viz. :CCN+ is likely to produce N-C-EN, while :CN+C: 
is likely to produce :C=N-GN. The C,H,N+ product ion observed with 
methane and methanol appears to involve the addition of methylene to the 
C,N+. The two different isomers of C,N+ can lead to two different isomers 
of C3H2N+, viz. :CCN+ can lead to H2C=Cf-C%N and :CN+C: can lead 
to :C=N-C+=CH,. 

The observed charge transfer reaction with Xe+ places the recombination 
energy of CCN+ above or just slightly below the ionization energy of Xe, 
IP(Xe) = 12.130 eV. The latter possibility arises because of the low reaction 
efficiency observed for charge transfer reaction, k/k, = 0.03, which may 
mean that the charge transfer reaction is slightly endothermic. The CCN+ 
reacts by oxygen-atom transfer with the molecules CO,, N,O, H,O, O,, and 
CH,OH but the structure of the product ion C,NO+ is uncertain. Both 
CCNO+ and OCCN+ are possible and both are resonance stabilized 

CCC+-N=O t) :C=C=N_O+ 

O=C=C=N+ t, O=C+-eN 
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Molecular orbital calculations have indicated that the OCCN+ isomer has 
an enthalpy of formation of 278 + 10 kcal mol-i and is more stable than the 
CCNO+ isomer by 130 kcal mol-i [27]. The absolute value for the enthalpy 
of formation is consistent with the experimental observations. The oxygen- 
atom abstraction reaction observed with OCS places an upper limit of 314 
kcal mol-’ to the enthalpy of formation of the C*NO+ produced in this 
reaction, while the failure to observe oxygen-atom transfer with CO implies 
a lower limit of 215 kcal mol-‘. The CNC+ isomer also produces C,NO+ 
but only with N,O and CH,OH. The structure of this ion should be 
CNCO+ and so is different from the structure of the C2NOf produced from 
the CCN+ isomer. The observation of the oxygen-atom abstraction reaction 
of CNC+ with CH,OH provides an upper limit to the enthalpy of formation 
for CNCO+ of 357 kcal mol-‘. The molecular orbital calculations have 
indicated an enthalpy of formation of approximately 290 kcal mol-’ [27]. 

The C,NO+ ion derived from the reaction of CCN+ with O,, presumably 
the OCCN+ isomer, was found to be quite unreactive. It was observed to 
react rapidly to form bimolecular products only with ammonia. 

C,N+ is produced in interstellar gas clouds by the reaction of C+ with 
HCN. It now seems certain from laboratory measurements that the CNCf 
isomer is the exclusive product when these reactants are in their ground 
states. Since CNC+ is unreactive towards H, and CO, which are the main 
molecular gases in these clouds, it becomes available for reactions with the 
minor gaseous constituents. The results reported here provide insight into 
some likely consequences. We have suggested previously that the reaction of 
C+ with HCN does not constitute a major loss process with HCN since 
many of the reactions of C,N’ appear to recycle the HCN consumed in its 
formation, as is illustrated in the reaction sequence [ll] 

C++HCN+CNC++H (I7a) 

CNC+ + HX + CX+ + CHN (17b) 

Reactions of type (17b) have now been observed with H,O, H,S, NH,, 
C,H,, CH,, C,H,, and CH,OH. We should note here, however, that the 
structure of neutral product CHN is uncertain. Reactions of type (17b) may 
well lead to the formation of CNH rather than HCN, in which case they 
would provide a means for the isomerization of HCN. Reaction channels 
other than (17b), and the related channel involving intramolecular proton 
transfer, do represent loss processes for HCN, as does the reaction of CNC+ 
with HCN itself if it proceeds by radiative association. 

The reactions of type (17b) lead to C-X bond formation in analogy with 
the counterpart reactions involving C+. Thus C-O, C-S, and C-N bond 
formation occur with H,O, H,S, and NH,, respectively, while C-C bond 
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formation occurs with C,H,, CH,, CzH4, and probably CH,OH. Neutrali- 
zation of the CX+ ions formed in these reactions will lead to the formation 
of CO, CS, CHN, C,, C,H,, C,H,, and C,H,O. Various isomers are 
possible for CHN, C,H,, C,H,, and C,H,O. For example, H-X insertion 
followed by elimination of CHN and neutralization of C-X+ (where X = 
NH,, CH,, CHCH,) may lead to :CNH, :C=CH,, :C=C=CH,, and 
c-:C,H,. Together with the formation of :CO, :CS, and :C=C=C:, this 
chemistry is directed towards the synthesis of carbenes in interstellar gas 
clouds [28]. 

Some other specific reactions of CNC+ are also of interest with regard to 
the growth of molecules in interstellar clouds. The very rapid reaction with 
CH,CN is a direct source for cyanogen, or possibly isocyanogen :C=N-C=N. 
If the rapid association reactions with HCN and C,N, occur radiatively in 
intersellar gas clouds, they may provide routes toward : C( CN) 2 and ‘C( CN) 3. 
Reactions with OCS, H,S, and CS, may lead to CNCS when C,NS+ is 
neutralized by charge transfer. The methylene abstraction reaction with 
methane which is proposed to lead to :C=N-C+=CH, would be a source of 
isocyano-acetylene. This molecule may also be formed in the neutralization 
of the C3H2N+ ion produced from methanol. The reaction of CNC+ with 
methanol is also a possible source of :C(NC:)OH since C,HNO is formed 
directly along with CHT . Finally, the reaction with ethylene which produces 
C,H,N+ and the two isomers of C,Hl is a possible source for 
:C(N=C:)CCH, :C=C=CH,, and the cyclic carbene :C,H,. 
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