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R e a c t i o n s of C 0 2 • C 0 2 + ions with C O , N 2 0 , C H 4 , H 2 0 , 0 2 , C O S , C 2 H 2 , C 2 H 4 , C 3 H 6 , N H 3 , 
C H 3 N H 0 , a n d N O h a v e been studied using a drift t u b e m a s s spectrometer w i t h selected ion 
inject ion. I n most cases, the m a j o r reaction channel is charge transfer. Molecular displacement 
(switching) occurs also in several cases. I n general , t h e m e a s u r e d rate coefficients agree w i t h those 
ca lculated f r o m L a n g e v i n or A D O theory . T w o e x c e p t i o n s are the reactions w i t h m e t h y l a m i n e 
a n d nitric ox ide where the rate coefficients are smaller b y t w o orders of m a g n i t u d e . 

Introduction 

Some time ago we described a drift chamber mass 
spectrometer technique for the investigation of 
reactions of cluster ions with neutral molecules [1], 
This apparatus has now been employed to explore 
reactions of CO2 dimer ions with a number of small 
neutral molecules, and the results are reported 
here. Several of these reactions were studied 
previously by Sieck [2]. who used a quite different 
technique, so that data are available for comparison. 
Sieck has also pointed out the significance of 
CO2 • CC>2+ reactions in electrical discharges [3], in 
the radiation chemistry of CO2 [4]. and in the lower 
ionospheres of the planets Mars and Venus [5]. We 
have studied CO2 • C02+ reactions primarily to 
learn more about the fundamental behavior of this 
cluster ion. 

Experimental 

The apparatus has been described in detail 
previously [1, 6]. N2+ ions, produced by electron 
impact from nitrogen, are mass selected and then 
injected into a 16 mm deep reaction chamber 
filled with CO2. Nearly thermal C02+ ions are 
produced from N24" by charge transfer in the 
vicinity of the injection point. CO2 • C02+ are 
formed subsequently by third body attachment. 
A weak electric field (10V/cm) drives these ions 
and any product ions resulting from reactions with 
added gases toward the rear plate of the reaction 
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chamber, where they are sampled for mass spectro-
metric analysis. The secondary electron multiplier 
used previously as an ion detector was replaced by 
a channeltron followed by pulse counting circuity. 
The residence times of C02+ and CO2 • CC>2+ ions 
in the reaction chamber were determined as de-
scribed previously [1, 6] by means of a pulsed ion 
beam-gating technique. 

Carbon dioxide was freed from impurity oxygen 
by subjecting a small steel cylinder to cooling with 
liquid nitrogen and pumping volatile gases off. 
A complete elimination of water vapor impurity 
proved difficult, but its concentration was reduced 
sufficiently by passing CO2 over phosphorus 
pentoxide. In addition, it was necessary to heat the 
inlet lines overnight to prevent an accumulation of 
residual water on the interior surfaces of the system. 
A dry ice cooled trap was also used as a precaution; 
the effect was minor, however, since the partial 
pressure of water vapor generally was much lower 
than the H2O equilibrium vapor pressure at 195 K. 
The CO2 flow and the chamber pressure were 
controlled by a servo leak valve. Research grade 
reactant gases were used without purification. They 
were mixed individually with excess CO2 in a large 
glass vessel. From this reservoir the mixture was 
added to the CO? flow before it entered the reaction 
chamber. The partial pressure of reactant in the 
chamber was determined from the ratio of the two 
flow rates, the mixing ratio and the total chamber 
pressure. Flow rates were measured with Hastings-
mass flow meters, all pressures were determined with 
diaphragm capacitance manometers. The total 
experimental and analysis error of these measure-
ments amounts to about 20° L. 
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Results and Discussion 

a) Formation of CO-z dimer Ions 

Normalized intensities of CO-2̂  and its association 
product CO2 • CÜ2+ are shown in Fig. 1 as a function 
of CO2 pressure. The decrease in intensity with 
increasing pressure is caused by reactions with 
water vapor leading to a variety of CC>2-water 
cluster ions. The summed intensities of all these 
ions constitute about 95% of the total intensity as 
shown by the dashed line in Figure 1. Thus, C(>2+ 

is the predominant primary ion. About 3% of the 
total ion intensity is due to C>2+ and CO2 • O24", the 
remaining 2% consist of various impurity ions. 
C>2+ and its association product CO2 • C>2+ probably 
arises from 0 + ions formed as a byproduct in the 
initial N2+-C02 charge transfer process. The 
reaction 0+ + CO2 -> C>2+ + CO is so rapid [7] that 
0+ ions would not be observed at pressures of 0.2 torr 
or greater. 

The determination of C02+ residence times in the 
reaction chamber gave T44 = 2.0 • 10 - 4 p (sec) in 
the pressure range 0 . 2 < p < 0 . 4 torr. The corre-
sponding reduced mobility is //o(C02+) = 1.04 cm2/ 
V sec. We have not found a literature value for the 
mobility of mass identified C0 2

+ at low electric 
fields with which our result might be compared. 
Saporoschenko [8] has determined mobilities of 

C 0 2 P R E S S U R E ( T 0 R R 1 

F i g . 1. F o r m a t i o n o f C O 2 d i m e r i o n s a s a f u n c t i o n o f C O 2 

p r e s s u r e . T h e d e c r e a s e o f C O o • CC>2+ i n t e n s i t y w i t h rising 
p r e s s u r e is d u e t o r e a c t i o n w i t h H 2 O i m p u r i t y . T h e s u m o f 
C 0 2 + , C O 2 • CO24" a n d p r o d u c t s f r o m their r e a c t i o n s is 
s h o w n b y t h e d a s h e d l ine . 

CO24" at reduced field strengths Ejp > 50 V/cm torr. 
By extrapolation to low fields he derived Juo(C02+) 
= 1.13 cm2/V sec. Low field mobilities for several 
other ions in CO2 are known, e.g. /io(02~r) = 
1.35 cm2/V sec [8, 9] and fi0 (C03~) = f .27 cm2/V sec 
[9, 10]. Compared with these values, the mobility of 
C0 2

+ is much lower. This behavior is expected, 
since for an ion moving in its parent gas resonant 
charge transfer would dominate the collisional 
interaction. Knowing the CO2"1" ion residence time, 
we derive from the decrease of C02~ ion intensity 
with pressure the rate coefficient for the reaction 

c o 2
+ + c o 2 -> c o 2 • co 2 + + C0 2 . (1) 

The averaged value obtained using all data points, 
&i = 2.8- 10~28 cm6/molecule sec is in good agree-
ment with previous determinations [2, 11]. The 
data indicate a trend, however, which we interpret 
to derive from the parallel reaction 

C0 2
+ + H 2 0 (2) 

HC02+, H20+, neutral products. 
When this reaction is included one must write for 

the decrease of C02+ ion intensity 

/44 = 0.95 exp[— (ki «M2 + k-2 n{) T44] 
= 0.95 exp [— ki wm2(1 + a/p2) T44] , (A) 

where and ni are the number densities of C02 

and H 2 0 , respectively, and a = k^nijki y2 with 
y = 3.25- 1016 particles/cm3 arising from the con-
version of number density to pressure. The above 
equation suggests a linear increase of the effective 
rate coefficient with 1 \p2 and, as Fig. 2 shows this 
relation is indeed observed. The true rate coefficient 
k, is obtained by extrapolation to the ordinate: 
ki = 2.1 • 10 - 2 8 cm6/molec sec. This result is pre-
ferred over that noted above. 

One now calculates that the conversion of CO2"1" 
to CO2 • CO24" is essentially complete within one 
tenth of the total C0 2

+ drift path in the reaction 
chamber at pressures greater than 0.81 torr. At 
greater pressures, CO2 • C02+ may be treated as a 
primary ion. The residence time of CO2 • C02+ in 
the reaction chamber was determined as rss = 
1.75 • 10 - 4 p (sec) in the pressure range 0.85 <p 
< 2.2 torr. The corresponding reduced mobility is 
^0(002 • C02+) = 1.19 cm2/V sec and this value is 
in good agreement with the estimate of ^0 = 1-22 
cm3/V sec obtained by Smith et al. [12] by means 
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of a scaling procedure using the known mobility of 
C03". 

The behavior of CO2 • 002"*" ion intensity as a 
function of pressure is determined by its formation 
via reaction (1) and by its loss due to reaction 

C02 • C02+ + H 2 0 -> products. (3) 

A general mathematical treatment of the processes 
taking place in the reaction chamber and formulae 
for the intensities of product ions emerging from 
the exit aperture of the chamber have been given 
previously [1], In the present application one finds 

x — (1 -f ajp2) 
• ( e x p [— Id (1 + ajp2) %M2 T44] ( B ) 

— e x p [ — k\ % m 2 A T 4 4 ] ) , 

with A = 3̂711 ̂ 44/^1 Wm2/̂ 44 • The ratio of mobilities 
^44/^88 = 0.874 is obtained from the measurements 
of residence times. The solid lines in Fig. 1 are 
calculated with the value a = 0.021 derived from 
Fig. 2 and k3ni — 3.6 • 103 sec -1. The rate coeffi-
cient k3 has been determined in a separate experi-
ment which will be described later. 

In the study of reactions of CO2 • C02+ ions the 
chamber pressure wTas held constant at about 
0.85 torr. This choice of pressure was a compromise 
between minimizing the loss of dimer ions due to 
reactions with water impurity and a conversion of 
CO24" ions to CO2 • CO24" at as small a distance from 
the injection aperture as was possible. 

R E C I P R O C A L P R E S S U R E S Q U A R E D 

F i g . 2 . P l o t o f e x p e r i m e n t a l r a t e coe f f ic ient k i for t h e 
( X V - C O 2 a s s o c i a t i o n r e a c t i o n v e r s u s t h e s q u a r e o f 
r e c i p r o c a l p r e s s u r e . E x t r a p o l a t i o n t o t h e o r d i n a t e g i v e s 
t h e t r u e t e r m o l e c u l a r r a t e c o e f f i c i e n t . 

b) Evaluation of Data for C02 • C02+ Reactions 

At pressure of about 0.85 torr, the effect of 
reaction (2) is almost negligible and A fm 1 so that 
Eq. (B) simplifies to one exponential term. The 
addition of a neutral reactant with density TIR 
causes the CO2 • C02+ to decrease according to 

I (88) 0.95 exp [ - (k3 m + kR nK) r8 8] 
= io (88) = exp (— k n n u T8s) • (C) 

Here, 10(88) is the dimer ion intensity in the 
absence of a reactant and the rate coefficient 
for the reaction, can be obtained directly from the 
exponential decay of /(88) with increasing in 
the usual manner. The treatment of product ion 
intensities is somewhat more involved because on 
one hand more than one product channel exists in 
several reactions and, on the other hand, the product 
ions frequently enter into secondary reactions 
leading to new products. Equations describing the 
product ion intensities thus depend on the details 
of the reaction mechanisms by which the products 
are assumed to arise. Examples for equations 
describing product ion intensities for a variety of 
mechanisms are contained in previous papers [1,6, 
13]. To conserve space, we shall not list detailed 
formulae for the various reaction mechanisms. 
Equations are derived stepwise by integration of the 
kinetic equations for the ion densities as a function 
of drift distance in the reaction chamber, taking 
into account that each ion moves with its own 
speed. Rate coefficients in the integrated equations 
are thus weighted with the ratios of ion mobilities. 
Since experimental values for mobilities are avail-
able only for a few ions, we assume that the 
mobilities are inversely proportional to the root of 
the reduced mass of the collision pair ion-C02. The 
known mobilities for CO2 • CO24" and 02+ in CO2 
are taken as reference values. This assumption 
corresponds to classical mobility theory and has 
been used also by others [12]. The rate coefficients 
appearing in the equations for product ion intensities 
and the branching ratios for reactions yielding more 
than one product were treated as parameters. These 
were determined by seeking the best fit of the 
calculated ion intensities to the experimental data. 
It should be noted that the total product ion 
intensity may exceed the initial intensity of CO2 
dimer ions because the extent of the CO2 • C02+ 

- H2O reaction is increasingly suppressed as the 
density WR of added reactant is raised. 



A. B. Rakshit and P. Warneck • Reactions of C 0 2 • C 0 2
+ Ions with Neutral Molecules 1413 

c) Individual CO2 • C02+ Reactions 
Table 1 summarizes product distributions and 

rate coefficients for the various CO2 dimer reactions 
studied. Results inferred for several related reac-
tions required to explain the observed secondary 

products are compiled in Table 2. The individual 
results will be described in more detail below. 
Values for rate coefficients are given in units of 
cm3, molecules, and sec with powers of ten indicated 
in parentheses. 

Table 1. Product distribution a n d rate coefficients for reactions of CO2 • CC>2+ ions. 

React ion R e a c t a n t Ionization Product distribution ( % ) K E X P
B & A D O b Previous 

N o . p o t e n t i a l a d a t a c 

4 C O 1 4 . 0 C 0 2 • C O + (100) 2 .8 7.1 2 . 2 
5 n 2 o 1 2 . 8 9 N 2 0 + ( > 90), C 0 2 • N 2 0 + ( < 1 0 ) 7 . 5 7 .4 6 .7 
6 c h 4 1 2 . 7 0 C H 3 C O + (5), C H 4 + (95) or 

( C 0 2 ) 2 H + (90), C 0 2 • C H 4 + ( 5 ) ^ 
5 .8 10 .3 3 . 8 

3 h 2 o 1 2 . 6 0 probably H 2 0 + , C 0 2 • H o O + 16 18 .3 
7 S 0 2 1 2 . 3 4 S 0 2 + ( > 3 0 ) , C 0 2 • S 0 2 + ( > 70) 13 12 .6 
8 o2 1 2 . 0 6 0 2 + (85), C 0 2 • 0 2 + (15) 1.8 6 . 0 1 . 5 
9 C O S 11 .17 C O S + ( > 90), C 0 2 • C O S + ( > 10) 11 10 .4 

10 c 2 h 2 1 1 . 4 0 C 2 H 2 + ( > 77) . C 0 2 • C2 HO+ ( < 23) 7 . 0 9 . 5 4 . 3 
11 c 2 h 4 1 0 . 4 5 C 2 H 4 + (100) 13 .5 1 0 . 5 
12 C3H6 9 . 7 4 C 3 H 6 + (52, C 3 H 5 + (40), C3H4+ (8) 2 0 . 5 10.8 
13 n h 3 10 .17 N H 3 + ( > 50), C 0 2 • N H 3 t ( < 50) 6 . 0 17.1 
14 C H 3 N H 2 8 .97 N H 3 + (48) , N H 4 + (9), C H 3 N H 3 + (43) 0 . 0 1 7 14 .2 
15 N O 9 . 2 5 — 0.01 6 . 5 

a F r o m the compilation of R e f . [33] (in eV) . 
b I n units of 1 0 - 1 0 c m 3 / m o l e c u l e sec. 

c W . L . Sieck, Ref . [2]. 
d Includes secondary products. 

Table 2 . Miscellaneous reactions occurring in conjunction with reactions of C O 2 • CC>2+ ions. 

N o . React ion d̂educed a &ADO a 

co2 • C02+ + C02 2.1 - 28) 
Products b 2.1 - 9) 2.1 ( - 9) 
CO • CO+ + C02 3 .3 - 10) 7 .3 ( — 10) 
(C02)2 • co+ + co2 6 . 5 - 30) — 

n 2 o + • c o 2 + c o 2 ~ 7 - 30) — 

N 2 0 • N 2 0 + + c o 2 ~ 7 - 27) — 

co2 • o2+ + co2 1.2 - 29) — 

(C02)2 • o2+ + co2 - 30) — 

(COS)2+ + co2 ~ 3 - 10) 1 .0 ( - 10) 
(COS)2+ + co2 ~ 5 - 27) — 

COo • COS+ + COo <2 - 30) — 

c o 2 • c 2 h 2 + + c o 2 < 4 - 30) — 

Products b 1.4 - 9) 1.2 ( - 9) 
(C2H2)2+ + c o 2 1.6 - 26) 
(C2H2)2+ + CO2 0 . 3 - 1 ( - 9 ) 9 .8 ( - 10) 
(C 2 H 2 )3 + + CO2 7 .6 - 27) — 

C 4 H 3 + • C2H2 + co2 1.5 - 26) — 

C4H24- • C2H2 + C02 2 . 3 - 26) — 

C3H5+ + CH3 1 .4 - 10) 1.3 ( - 9) 
(C2h4)2+ + c o 2 6 . 3 - 26) — 

(C 3 H 6 ) 2 + + c o 2 4 . 4 - 26) — 

Products b 2.1 - 9) 1.3 ( - 9) 
C6HH+ + C02 6 . 4 - 26) 
Products b 2.1 - 9) 1 .3 ( - 9) 
Products b 1 .6 - 9) 1 .3 ( - 9) 
( C 3 H 6 ) 3 + + c o 2 1.1 - 26) 
c o 2 • nh 3 + + c o 2 <2 - 29) — 

n h 4 + + n h 2 1.3 - 9) 2 .2 ( - 9) 
Products b 8 . 5 - 10) 1.8 ( - 9) 

1 
2 

16 
17 
1 9 
20 
2 5 
26 
28 
2 9 
3 0 
31 
3 2 
3 2 a 
3 3 
3 4 
3 5 
3 6 
3 7 - 3 8 
3 9 
4 0 a 
4 0 
4 1 a 
41 
4 2 
4 3 
4 4 
4 5 
4 6 

C 0 2 + + 2 C 0 2 

C 0 2 + + H 2 0 
C 0 2 • C O + + C O 
C 0 2 • C O + + 2 C 0 2 

N 2 0 + + 2 C 0 2 

N 2 0 + + N 2 0 + C 0 2 

0 2 + + 2 C 0 2 

C 0 2 • 0 2 + + 2 C 0 2 

C 0 2 • C O S + + C O S 
C O S + + C O S + c o 2 

C O S + + 2 C 0 2 

C 2 H 2 + + 2 C 0 2 

C 2 H 2 + + C 2 H 2 

C 2 H 2 + C2H2- + co2 
c o 2 • c 2 h 2 + + c 2 h 2 

( C 2 H 2 ) 2 + + c 2 h 2 + c o 2 

C4H3 
C4Ü2 
C2Ü4 
C2Ü4 
C3H6 
C3H6 
C3H5 
C3H5 
C3H4 
(C3He)2 
n h 3 

c 2 h 2 + c o 2 

COs 

N H 3 -
co2 • 

+ c 2 h 2 

+ C2Ü4 
+ C2H4 
+ C 3 H 6 

+ C 3 H 6 

+ C3H6 
+ c 3 H 6 

+ C3H6 
+ c 3 h 6 + c o 2 

2 C 0 2 

co2 
co2 

co2 

+ n h 3 

n h 3 + + n h 3 

a I n units of c m 3 / m o l e c sec for bimolecular reactions, c m 6 / m o l e c 2 sec for termolecular reactions, powers of ten given in 
parentheses. 

b See text . 
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Carbon M o n o x i d e (LP. 14.0 eV) 

The behavior of reactant and product ion inten-
sities as a function of CO partial pressure is shown 
in Figure 3. The only primary product ion is 
C02~ • CO. Charge transfer would be endoergic, 
since the ionisation energy of CO exceeds that of 
CO2. The rate coefficient found for the reaction 
£4 = 2.8 (— 10) is in good agreement with the recent 
value 2.2 ( — 10) obtained by Sieck [2], Assuming 
that C02+ • CO enters the subsequent reactions 

C02+ • CO + CO CO • CO+ + C02 , (16) 

C 0 2 + • C O + 2 C 0 2 ^ ( C 0 2 ) 2 + C O + C 0 2 (17) 

we calculate the solid lines in Fig. 3 with &i6 = 
3.3 (—10) and &i7 = 6.5 (—30). Sieck [2] reported 
for these reactions the rate coefficients: 2.0 (— 10) 
and 1.4 (—31), respectively. Reaction (17) thus 
seems to be more efficient than was thought 
previously. 

N i t r o u s Oxide (I.P. 12.89 eV) 

Very small amounts of N2O introduced to the 
reaction chamber caused the CO2 dimer ion 
intensity to decay rapidly. Essentially equivalent 
intensities of N 2 0 + were produced indicating that 
at least 90% of the reaction occurs by charge 
transfer. The rate coefficient as obtained from the 
initial slope is &s = 8.2 (— 10). This value requires 
a downward correction owing to H2O and O2 

1.0 2.0 

CO P A R T I A L P R E S S U R E ( 1 0 ~ 3 T O R R ) 

F i g . 3 . D e c a y o f C O 2 d i m e r i o n i n t e n s i t y a n d rise o f 
p r o d u c t ion i n t e n s i t i e s d u e t o r e a c t i o n C O o • CC>2~ w i t h C O 

S o l i d l ines c a l c u l a t e d a s d e s c r i b e d in t h e t e x t . 

impurities contained in the N2O as explained 
further below. The corrected rate coefficient is 
&5 = 7.5 (—10). This is in agreement with Sieck's 
result [2] of 6.7 (— 10) at similar CO2 pressures and 
also with average dipole orientation (ADO) theory 
[14] which predicts 7.4 (—10). At higher N 2 0 
partial pressures the mass 88 ion intensity ap-
proaches an almost constant value and the N 2 0 + 

intensity decreases. These data were not very 
reproducible and depended on the extent to which 
water impurity was present. Typical results are 
shown in Fig. 4. At least three reactions must be 
considered to explain the decay of N 2 0 + intensity 
with rising N 20 partial pressure. 

N 2 0 + + H 2 0 

N 2 0 + + 2 C 0 2 

N 2 O + + N 2 O + c o 2 

H2O+ + N2O, (18) 
N 2 0 + • C 0 2 + C 0 2 , ( 1 9 ) 

N 2 0 • N 2 0 + + C 0 2 . ( 2 0 ) 

The first of these is required to account for the 
sizable increase of the intensities of water cluster 
ions. The other two reactions give products having 
the same mass as the C02 • C0 2

+ ion and these 
must be responsible for the behavior of mass 88 ion 
intensity at higher N 2 0 pressures. Both N 2 0 + • C02 

and N 2 0 • N 2 0 + will also undergo reactions with 
H 2 0. We have assumed rate coefficients for these 
reactions and reaction (18) of 1.6 (— 9), equal to 
that for the reaction C02 • C02

+ + H 2 0 (see 
below). Irrespective of their nature, the water 
product ions from these reactions and H 2 0 + from 
reaction (18) will enter into the chain of reactions 
giving the observed array of H 2 0 cluster ions. 
Since the individual reaction steps are not known 
we have, for simplicity, summed all H 2 0 ion 
intensities. The amount of water vapor present in 
the absence of N 2 0 was found to be below that 
needed to account for all of the observed water ion 
intensity, therefore, it appears that an additional 
small amount of H 2 0 is carried into the chamber 
together with the N20. The sum of the ion inten-
sities of 0 2

+ , CO2 • 0 2
+ and H 2 0 • 0 2

T also rose 
with increasing N2O pressure, so that some oxygen 
impurity seemed to be carried in as well. The 
intensities of oxygen related ions were added to 
those of the water related ions and the sum is shown 
in Fig. 4 by the triangles. The oxygen ions con-
stitute about 10% of the total impurity ion inten-
sity. If the rate coefficient for t h e r e a e t i o n ^ O - -f- O2 
is estimated to be a factor of ten smaller than that 
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N2O PARTIAL PRESSURE DO"3TORR) 

F i g . 4 . B e h a v i o r of m a s s 4 4 a n d 8 8 ion intensities as a 
f u n c t i o n of N 2 0 partial pressure. Triangles g ive the s u m 
o f intensities of water cluster ions a n d o x y g e n related ions. 
Sol id lines were calculated as described in the t e x t . 

for the reaction N 2 0 + + H 20, the 0 2 impurity 
partial pressure will about equal that of water 
vapor. On this premise, we have tried to model the 
behavior of ion intensities. The solid lines in Fig. 4 
were calculated using &19 = 7.5 ( — 30), k20 = 7.5 
(—27) and a ratio of water vapor plus oxygen to 
N 2 0 partial pressure of 0.075. A particularly good 
fit is not obtained, but the main features of the 
behavior of the ion intensity are reproduced. I t 
should be noted that the rate coefficient &19 shapes 
the N 2 0 + and mass 88 ion intensities at N 2 0 
partial pressures below 4 • 10~4 torr, but has little 
influence on the mass 88 intensity at higher N 2 0 
pressures. In this pressure domain, the ion inten-
sities are affected mainly by &19. The value of k2o 
needed to reproduce the data is fairly high, but 
there is little latitude for a better fit of the data 
using a much smaller value. This finding points 
towards interesting differences in the effectivity of 
third body association between N 2 0 + and C02

+ in 
carbon dioxide. Both ions and, of course, their 
neutral parent molecules are isoelectronic and are 
generally assumed to behave rather similarly. And 
yet the third body association of N20+ with C02 is 
by at least an order of magnitude slower than that 
of C0 2

+ with C02 , whereas the association of N 2 0 

with N 2 0 in C02 seems to proceed ten times faster. 
Note, however, that for the association of N 2 0 + 

with N 2 0 in nitrous oxide a rate coefficient of 
4.8 ( — 28) has been reported [15]; it is difficult to 
understand why replacing N 2 0 by C02 as the third 
body should increase the rate of N 2 0 • N20~ for-
mation by an order of magnitude. Independent 
experiments are thus needed to resolve this problem. 

M e t h a n e (I.P. 12.70 eV) 

Results for the reaction of C02 dimer ions with 
methane are shown in Figure 5. The rate coefficient 
for this reaction is determined as ke = 5.8 (— 10), 
whereas Sieck [2] reported 3.8 (—10). The major 
product is (C02)2H+. Minor products are C02 • CÜ4+. 
The last ion was identified previously by Sieck [2], 
He reported a branching ratio CH3C0+/(C02)2H+ 

= 0.33 independent of pressure in the range 
0 .4 -0 .9 torr. We find a ratio 0.06 at 0.85 torr. The 
formation of CH3ÜO+ as a product ion from reac-
tion (6) clearly involves a major rearrangement of 
the intermediate reaction complex, but the present 
data give us clues to the details of the CH3ÜO+ for-
mation mechanism. The solid lines in Fig. 5 were 
calculated assuming that the three observed 
products derive directly from reaction (6) with the 
probabilities 0.9 for (C02)2H+ and 0.05 each for 
C02 • CH4+ and CH3CO+. 

The intensities of (C02)2H+ and CO2 • CH4+ may 
be explained equally well by an alternative mecha-
nism, in which charge transfer rather than hydrogen 

CH4 PARTIAL PRESSURE DO"4TORR) 

F i g . 5 . R e a c t a n t a n d p r o d u c t ion intensities for the reaction 
of C O 2 d i m e r ions with m e t h a n e . Solid lines were calculated 
as described in the t e x t . 
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abstraction provides the dominant channel of 
reaction (6): 

C0 2 • C02+ + CH4 CH4+ 4- 2 C0 2 , (6a) 
CH4+ + C02 -> (C0 2 -CH 4 +)* , (21) 
(C02 • CH4+)* -> CO2H+ + CH3 , (22) 
(C02 • CH4+)* + C02 -> C02 • CH4+ + C 0 2 , (23) 
C02H+ + 2 C02 -> (C02)2H+ + C0 2 . (24) 

In this mechanism the formation of CO2 • CH4
+ 

occurs by collisional stabilization of the inter-
mediate reaction complex (C02 • CH4

+)* rather 
than via the displacement channel in reaction (6). 

The reaction sequence (21) and (22) leading to 
the intermediate product C0 2 H + has been inves-
tigated by Harrison and Blair [16] by means of 
pulsed source mass spectrometry and a rate 
coefficient k21-22 =1 -2 ( — 9) was obtained. The 
reaction is so rapid that CH4 ions would not be 
observed in our experiments. On the other hand, a 
signal at mass number 45, corresponding to CO2H4" 
has been observed with about 1 % of t he total ion 
intensity. This magnitude is calculated to be 
consistent with the outlined mechanism provided 
the rate coefficient for the association reaction (24) 
is &24 ä! 1 (— 28). Unless this rate coefficient is 
demonstrated to be much smaller we are inclined to 
believe that this second mechanism applies. 

W a t e r V a p o r (I.P. 12.6 eV) 
From the exponential decrease of CO2 dimer ion 

intensity with increasing H 2 0 flow we determine 
the rate coefficient associated with reaction (3) as 
&3=1.6(—9). This value may represent a lower 
limit because of the possibility that after preparing 
the H 2 0 /C0 2 mixture losses of water occurred on 
the walls of the mixing vessel or the inlet line leading 
to the reaction chamber. The products expected 
from this reaction are either H20+ or CO2 • H 2 0 + , 
or both. A signal at mass number 18 was not 
detected. The M 62 signal already present from the 
water impurity did also not rise significantly when 
the H2O concentration was increased. The most 
prominent increase occurred at M 37 corresponding 
to the ion H 30+ • H2O. This ion certainly is a 
secondary product. The route to its formation 
cannot be deduced from this experiment. 

The rate coefficient £3 can be used to calculate 
the density of impurity water vapor from the 
quantity k3n\ = 3.6 • 103 derived earlier from 

Figure 1. One finds n\ = 2.2 • 1012 cm - 3 correspond-
ing to a vapor pressure of about 7 • 10 - 5 torr. The 
rate coefficient for the reaction C02+ with water 
vapor is then determined from the value for 
a = kzriilkiy2 which was obtained from the slope 
of the straight line in Fig. 2 as a = 0.021. The 
result is k2 = 2.1 ( — 9), a value in good agreement 
with the recent determination by Karpas, Anicich 
and Huntress [17] who employed the ion cyclotron 
resonance technique and found k2 = 2.8 ( — 9). 
ADO theory predicts k2 = 2.3 ( - 9 ) . 

S u l f u r D i o x i d e (I.P. 12.34 eV) 
Detailed results for this rapid reaction were 

reported elsewhere [18]. Both charge transfer and 
molecular displacement products were found. The 
data are entered in Table 1 for comparison with the 
other reactions. 

O x y g e n (I.P. 12.06 eV) 
Normalized ion intensities observed upon the 

addition of oxygen to the reaction chamber are 
displayed in Figure 6. The rate coefficient for the 
reaction, obtained from the exponential decay of 
CO2 • C0 2

+ ion intensity as a function of 0 2 partial 
pressure is &g = 1.85 (— 10). This may be compared 
with a value of 1.5 (—10) reported by Sieck [2]. 
The reaction appears to proceed both by charge 
transfer and by molecular displacement, but the 
formation of CO2 • 02+ by third body association 
from 0 2

+ must also be included: 

C02 • C0 2
+ + 0 2 X 02+ + 2 C02 

X C02 • 0 2
+ + C02 , (8) 

02+ + 2 C02 -> C02 • 0 2
+ + C02 . (25) 

Adams et al. [19] reported k25 = 2.3 ( — 29) from 
flowing afterglow experiments at 200 K for Helium 
as carrier gas, whereas Sieck [2] gives 4.6 (—30) at 
300 K for CO2 as the third body. If one assumes 
that 02+ is the only product from reaction (8), a rate 
coefficient of &25 = 1.4 (— 29) is required to approxi-
mately represent the 0 2

+ ion intensities in Figure 6. 
On the other hand, if Sieck's value for k25 is employ-
ed the 0 2

+ ion intensity is well represented with 
^ ^ 8 = 0.6. 

The observation of 0 2
+ in C02 free from oxygen 

provides an opportunity for an independent deter-
mination of £25 • Figure 7 shows intensities for 02+ 

and CO2 • 02~ obtained as a function of CO2 
pressure in the absence of additional reactants. The 
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02 PARTIAL PRESSURE (10"3 TORR) 

Fig. 6. R e a c t a n t a n d product ion intensities for the reaction 
of CO2 dimer ions with oxygen . Solid lines were calculated 
as described in the text . T h e dashed line gives the calculated 
CO2 • 0 2 + ion intensity for the case that this ion does not 
undergo a subsequent reaction with H 2 0 impurity. 
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Fig. 7. Behavior of ion intensities a t mass 32 (open circles) 
and mass 76 (filled circles) as a function of CO2 pressure 
in the reaction chamber . Solid lines were calculated with a 
rate coefficient for C>2+-C02 association ^25 = 1 .2 ( — 29) . 
D a s h e d lines result f r o m a similar calculation with ^25 = 5 
( — 30) as given b y Sieck [2]. 

data points show a greater scatter owing to the 
fairly low ion intensities, but the conversion of 
to CO2 • C>2+ with increasing pressure is well 
documented. If we assume that O24" is formed near 
the entrance orifice to the reaction chamber (due to 
the process 0 + + CO2) and assign a residence time 
for 02+ ions 732= 1.54 • 1 0 p sec consistent with 
their known reduced mobility [9] of /uo= 1-35 cm2/ 
V sec, we find that the data in Fig. 7 are well 
represented with £25= 1-2 (—29). This is indicated 
by the solid lines. For comparison, the dashed lines 

were calculated on the basis k25 = 5 (—30). We 
have used our value, £25= 1.2 ( — 29), to calculate 
0 2

+ , C02 • C>2+ and other ion intensities as a function 
of O2 partial pressure in Figure 6. These are shown 
by the solid lines. The required channel probability 
for O24" formation in reaction (8) is 0.85. The 
observed C02 • C>2+ ion intensity turns out to be 
lower than calculated, if this ion were unreactive. 
Since (C02)202

+ , 0 2 • H 2 0+ and C02 • 0 2 • H 2 0+ 
occur as product ions wre have considered the 
additional reactions 

C02 • 02+ + 2 C02 (C02)202+ + C02 , (26) 
C 0 2 - 0 2 + + H 2 0 -> 0 2 • H 20+ + C02 , (27) 

and assume that C0 2 • 0 2 • Ü2Ü+ is subsequently 
formed from 0 2 • H 2 0 + by molecular association 
with CO2. A rate coefficient of 2 (—9) was assumed 
for reaction (27). To account for the observed 
amount of (C02)202

+ from reaction (26) requires a 
rate coefficient of (—30). The intensity of 
0 2 • H 2 0 + calculated with reaction (27) is still lower 
than that observed, indicating other sources for 
0 2 • H 2 0 + . Such sources are most likely reactions 
of C02 • H 2 0+ and (C02)2 • H 2 0+ with oxygen. 

C a r b o n y l S u l f i d e (I.P. 11.17 eV) 
The results obtained for this reactant are shown 

in Figure 8. From the decay of the CO2 * C0 2
+ ion 

intensity we obtain & g = l . l ( — 9). The major 
product ion is COS+, so that charge transfer is the 
dominant process. The solid lines in Fig. 8 were 
calculated on the basis of the reaction scheme 

C02 • C02+ + COS COS+ + 2 C02 (90%), 
X C02 • COS+ + C02 (10%), (9) 

C0 2 -C0S+ + C0S ^ (COS)2++ C0 2 , (28) 

COS+ + COS + C0 2 (COS)2+ + C0 2 (29) 

with the rate coefficients &28 = 3 (—10) and &29 = 
6.5 (—27). We cannot exclude that a portion or 
even all of the CO2 • COS+ ion intensity derives from 
the association reaction 

COS+ + 2 C0 2 C0 2 • COS+ + C02 . (30) 

If COS+ were the sole reaction product from reac-
tion (9), rate coefficients of &30 = 2 ( — 30) and 
Jc28 = 5 (—10) would be required to reproduce the 
CO2 • COS+ ion intensity. The major route of 
(COS)2

+ ion formation in this case is still reaction 
(29) with &29 = 3.6 ( — 27). The same value was 
obtained also at 0.3 torr. The high rate coefficient 
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Fig. 8. R e a c t a n t a n d product ion intensities for the 
reaction of CO2 dimer ions with carbonyl sulfide. Solid lines 
were calculated as described in the text . 

for reaction (29) is not surprising in view of the 
dipole forces dominating the interaction of any ion 
with COS. This case reaction is thus different from 
the association of N20+ with N2O discussed above, 
where dipole forces are of minor significance. 

A c e t y l e n e (I.P. 11.40 eV) 
Results for this reactant are shown in Figure 9. 

The rate coefficient found, &io = 7.0 (— 10), is again 
somewhat higher than that reported previously by 
Sieck [2], 4.3 (— 10). More significantly, our product 
distribution is also different. Specifically, CO2 • C2H2"1" 
is found here to be a product, whereas Sieck reports 
its absence, concluding that charge transfer con-
stitutes the only product channel. His conclusion 
will be correct if C02 • C2H2

+ is formed entirely 
by association of C2H2+ with C0 2 . Consider the 
reaction sequence: 

~ C 2 H 2
+ + 2 C 0 2 , 

C02 • C 2 H 2
+ + C02 , (10) 

C02 • C 2 H 2 ++ C02 , (31) 
products, (32) 

(C 2 H 2 ) 2 ++C0 2 . (33) 

CO2 • CO24" -j- C2 H2 

C 2 H 2 + + 2 C 0 2 

C 2 H 2 + -(- C 2 H 2 

c o 2 • C 2 H 2
+ + C 2 H 2 

Two limiting cases may be distinguished depending 
on whether C02 • C2H2~ is formed mainly via 
reaction (10b) or via reaction (31). In the first case 
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Fig. 9. Reactant and product ion intensities for the reaction 
of CO2 dimer ions with acetylene. Lower part shows the 
direct products, upper part the secondary products . Solid 
lines were calculated as explained in the text . 

whenC02 • C2H2
+ derives solely from reaction (10b), 

the data in Fig. 9 are well reproduced with &iob/&io 
= 0.23. £32=1.4 ( - 9 ) and £33= 1.0 ( - 9 ) , taking 
^88/^26 = 0.746. The corresponding channel prob-
ability for charge transfer is 0.77. This value clearly 
provides a lower limit. In the second case we assume 
that the probability for charge transfer is unity and 
all of the C02 • C2H2+ ion intensity derives from 
reaction (31). In this case, the data in Fig. 9 can 
again be reproduced well, if one takes £31 = 4 ( — 30), 
k32 = 1.6 ( - 9) and k33 = 3 ( — 10). The value for k3i 
lies in the range of values found for other association 
reactions with CO2, but it is an upper limit. The 
value for k33 in this case is surprisingly low. 

Practically all known rate coefficients for reactions 
with acetylene are close to the Langevin limit [20]. 
The Langevin value for reaction (33) is 9.8 (— 10) 
and the rate coefficient k33 = 1.0 (—9) derived from 
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case I is in agreement with it. For this reason it 
appears reasonable to assign the greater portion of 
CO2 • C2H2+ formation to reaction channel (10b). 

In both the limiting cases for CO2 • C2Ü2+ forma-
tion the follow-on product of reaction (33), (C2H2)2~ 
constitutes a minor portion of total (C2H2)2+ 

produced. In case 1 it provides about 3%, in case 2 
it provides 20% of total (C2H2)2

+. Most of the 
(C2H2)2+ is formed in reaction (32). This reaction 
is known to proceed by three channels [20] 

C2Ü2+ + C2H2 X (C2H2)2+ , 
X C 4 H 3

+ + H , (32) 
—> C4H2+ H2 . 

In the low pressure environment of mass spectro-
meter ion sources and ion cyclotron resonance 
technique the probability for (C2H2)2+ formation is 
low [21, 22], less than 5%; the branching ratio for 
the channels b and c is £32c/&32b = 0.50 ± 0-04 for 
C2Ü2+ ions produced either by low energy electron 
impact or photoionisation [20—22]. The present 
data are best fitted with &32a/&32 = 0.32, &32b/&32 
= 0.43 and £320/^32 = 0.25; the corresponding 
branching ratio, &32C/&32b = 0.58 somewhat higher 
than the average value given above. I t has been 
shown [23] that this ratio decreases when the 
electron impact energy is increased from 12 to 
16 eV because the C2H2+ ions acquire internal 
excitation energy. The present high value for the 
branching ratio indicates that the C2Ü2+ involved 
are not internally excited. If they acquire excess 
energy in the charge transfer process from CO2 • CO24" 
they quickly loose it in the high pressure CO2 
environment. I t is probable that reaction (32 a) 
occurs by termolecular association. The correspond-
ing rate coefficient &32a = &32a/̂ M = 1 -6 ( — 26). 
Similar high values occur also for association 
reactions of ethylene and propylene ions discussed 
further below. 

As shown in Fig. 9, all three products from 
reaction (32) undergo further reactions leading to 
higher condensation products appearing at mass 
numbers 78, 77 and 76. If we assign for these 
products the reaction paths 

(C2H2)2+ + C2H2 + CO2 (C2H2)3
+ + CO2 , (34) 

C4H3+ + C2H2 + C02 - » C4H3+ • C2H2 + C0 2 , (35) 

C4H2
+ + C2H2 + C02 -> C 4H 2

+ • C2H2 + C0 2 , (36) 

we obtain the rate coefficients given in Table 2. 

E t h y l e n e (I.P. 10.45 eV) 
Experimental data for the reaction with ethylene 

are shown in Figure 10. The reaction is rapid with 
& n = 1 . 3 5 (—6)- An association product with CO2 
is not observed in this reaction anp C2H4

+ is the 
only primary product ion. The C2HU ion undergoes 
a further reaction with ethylene, the products being 
the dimer ion (C2H4)2

+ and C3H5+. Both products 
were observed previously [22, 24] at low pressures 
in mass spectrometer ion sources but with different 
abundances. C3H5-1- is the major product in low 
pressure experiments. I t results from the bi-
molecular encounter of C2HU with C2Ü4 together 
with smaller amounts of C4H7+ [20—22] which is 
not observed here. (C2Ü4)2+ is formed by third body 
association (even at low pressures [22]). A small 
portion of the ethylene dimer ions react further 
giving rise to trimeric (C2H4)3

+ ions. For simplicity, 
their intensity is combined with that of (C2H4)2+ 

in Figure 10. The solid lines shown were calculated 
on the basis of the reaction scheme 

C2H4+ + C2H4 (C2H4)2+* , (37) 
(C2H4)2+* ^ C 3 H 5 + + CH 3 , (38) 
(C2H4)2+* + C02 (C2H4)2+ + C0 2 , (39) 

where £37 = 1.8 • 10~9, /usslfi^s = 0.81 and the prob-
abilities for C3H5+ formation and (C2H4)2+ stabiliza-

C 2 H I PARTIAL PRESSURE DO"4TORR) 

F i g . 10 . R e a c t a n t a n d product ion intensities for the 
react ion o f C O 2 d i m e r ions with ethylene . Sol id lines were 
ca lculated as expla ined in the t e x t . 
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tion are 0.077 and 0.923, respectively. Stabilized 
ethylene dimer formation occurs with a rate corre-
sponding to a termolecular rate coefficient of 6 (—26) 
which is in reasonable agreement with the value 
derived previously by one of us [22], 1.6 (—25). If 
one assumes that reaction (39) proceeds with the 
Langevin collision rate, 8.1 (— 10), one can calculate 
the unimolecular rate coefficient for the break-up 
of (C2H4)2+ to yield C3H5

+ as fc38= 1.9 ( - 6 ) s~i. I t 
is clear that with increasing pressure this reaction 
channel will be more and more suppressed. 

P r o p y l e n e (I.P. 9.74 eV) 
Results for propylene as a reactant are shown in 

Figure 11. Only charge transfer and dissociative 
charge transfer products are observed, namely 
C3H6+ (52%), C3H5+ (40%), and C3H4+ (8%). The 
rate coefficient, &i2 = 2.0 ( — 9) has about twice the 
Langevin value. If this result is correct it would 
indicate that charge transfer occurs by a long-range 
process. The primary products react further with 
propylene giving rise to a considerable number of 
secondary products. Rate coefficients for these 
reactions were obtained from the variation of 
C3H6+, C3H5+ and C3H4+ ion intensities as a function 
of propylene pressure as o = 2.1 (—9), &4i = 2.1 
(—9), &42 = 1.6 ( — 9). From the product ion 
distribution at 1 • 10~4 torr of propylene and the 
calculated product ion intensities from each of the 
three secondary reactions wre derive the approxi-
mate channel probabilities as follows: 

C3H6+ -j- C3H6 

C3H5+ + C3H6 

C3H4+ -j- C3H6 

C6Hi2+ 

C4H7"1" -f C2Ü5 
C4Hg+ 4- C2H4 

C5H9- 4- CH3 

C6ÜH+ 
D5H8+ + CH3 

C4H8+ 4" C2H2 

(57%), 
( H % ) , 
(19%), 
(13%), (40) 

(83%), (41) 
(17%), 

(100%). (42) 

The dominant products C6Hn+ and C6HI2+ will be 
formed by third body association involving C0 2 . 
The corresponding termolecular rate coefficients 
have values similar to those found for ion association 
in ethylene (see Table 2). An association product of 
CeH4

+ with propylene was not detected. The 
product distribution for reaction (40) among the 
channels b, c and d, is approximately 25, 45 and 
30 percent, respectively. The ion C3H7+, observed 
in many previous investigations [25—28] of this 
reaction has not been detected here. The probabilities 
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F i g . 11 . R e a c t a n t a n d product ion intensities for the 
react ion o f C O 2 d i m e r ions with propylene , (a) P r i m a r y 
p r o d u c t s f r o m t h e reaction, (b) a n d (c) secondary a n d 
tert iary products . Sol id lines were calculated as explained 
in t h e t e x t . D a s h e d lines indicate o b s e r v e d behavior . 

for channels (40 c) and (40 d) are in approximaet 
agreement with those found previously under con-
ditions of low pressure in photoionisation mass 
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spectrometry [26] and by ICR technique [27], but 
our probability for channel (40 b) is by a factor of 
two higher. 

When the partial pressure of propylene is increas-
ed, higher condensation products appear in low 
yield at mass numbers 97, 99 and 126. The last one 
of these corresponds to the trimeric ion (C3He)3+. 
If the reaction for its formation is third body 
assisted association of CeHi2+ with propylene, a rate 
coefficient of £43 = 8.2 ( — 26) will be required to 
yield the observed ion intensity. 

A m m o n i a (I.P. 10.17 eV) 
Experimental results for the reaction of CO2 

dimer ions with ammonia are shown in Figure 12. 
The rate coefficient is k13 = 6.0 ( - 10). Both NH3+ 
and CO2 • NH34- appear as initial products and if 
these are assigned to result from the reaction 

C 0 2 • C 0 2
+ + N H 3 N H 3 + + 2 C 0 2 , ( 1 3 ) 

X c o 2 • NH3+ + c o 2 

each of the products will be formed with a channel 
probability of approximately 50%. As in the case 
of acetylene it is possible, however, that charge 

NH3 PARTIAL P R E S S U R E HO"4TORR) 

Fig . 12. R e a c t a n t a n d p r o d u c t ion intensities for t h e reac-
t ion of C O 2 d i m e r ions w i t h a m m o n i a . Sol id lines were 
calculated as e x p l a i n e d in the t e x t . 

transfer via channel (13 a) is dominant and that 
CO2 • NH 3

+ is formed subsequently by third body 
association of NÜ3+ with CO2 

NH3+ + 2 C02 C0 2 • NH3+ + C0 2 • (44) 

In this case a rate coefficient £44 = 2 ( — 29) is 
required to yield the observed C0 2 • NÜ3+ ion 
intensity. This value provides an upper limit. From 
the behaviour of NÜ3+ and CO2 • NÜ3+ ion inten-
sities shown in Fig. 12 it is apparent that both ions 
undergo subsequent reactions 

NH3+ + NH 3 -> NH4+ + N H 2 , (45) 

C02 • NH3+ + N H 3 ^ NH 4
+ + NH 2 + C0 2 , 

X C0 2 • NH4+ + NH 2 , (46) 

NH4+ + NH 3 5± NH 3 • NH4+ . (47) 

The assumption that CO • NÜ4+ is formed in 
reaction (46 b) is made here merely for simplicity. 
I t is clear that this ion can arise also from the 
association of NH 4

+ with CO2. Reaction (45) has 
been investigated previously [29] and rate coeffi-
cients clustering around a value of 1.5 (—9) were 
obtained. The equilibrium (47) has also been studied 
previously [30]. We have not specifically considered 
it, but rather have added the observed small 
intensities of NH 3 • NH4+ to that of NH4+. If 
reaction (13) is assumed to occur as written with 
each channel contributing 50% to the formation of 
the products, the data in Fig. 12 are best reproduced 
using £45= 1.3 ( - 9 ) , &46 = 8.5 ( - 1 0 ) , fc46a/fc46 = 0.8 
and = 0.646. The solid lines in Fig. 12 were 
calculated with these values. The rate coefficient 
for reaction (45) required to fit the data is in reason-
able agreement with the previous determinations 
[29]. If charge transfer were the only mode of 
reaction (13) and all of the CO2 • NÜ3+ ion intensity 
wrere due to reaction (44), we would essentially 
require the same rate coefficients for reaction (45) 
and (46) to fit the experimental data. 

M e t h y l a m i n e (I.P. 8.97 eV) 
The reaction of this compound with CO2 • CO24" 

ions was found to be unexpectedly slow, £14= 1.7 
(— 12). Product ions occurred at mass numbers 17, 
18, 32, 61 and 76. They are tentatively identified as 
NH3+ (24), NH4+ (9), CH3NH3

+ (20), C0 2 • NH3+ 
(24), and C02 • CH3NH3+ (23) where the number in 
parentheses indicates approximate percentage abun-
dances. Since the investigation of such slow 
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reactions requires fairly high reactant partial 
pressures, it is possible that the observed decrease 
of CO2 • C02+ ion intensity with increasing reactant 
concentration and the associated products are due 
to a reaction with the precursor ion C0 2

+ rather 
than reaction (14). We have looked at the reaction 
of C0 2

+ with methylamine at a total pressure of 
0.28 torr where, as Fig. 1 shows, C0 2

+ is still the 
major ion in the reaction chamber. To our surprise 
we found that also the reaction C 0 2

+ + CH3NH2 is 
slow, so that an interference of this reaction with 
reaction (14) at the higher pressure of 0.85 torr can 
be precluded. If one assumes a C02 • C0 2

+ ion 
electron recombination energy close to that for 
C0 2

+ (vide infra), the only exoergic reaction 
channels available for reaction (14) are 

C0 2 • C0 2
+ + CH3NH2 

CH3NH2+ + 2 C02 - 4.82 eV, 
X NH2+ + CHg + 2 C02 - 1.23 eV, 

NH4+ + CH + 2 C02 - 0.86 eV. (14) 

The product ion CH3NH2
+ is known to react 

rapidly [31] with methylamine yielding CH3NH3+ 
and subsequently by reaction with C02 to form the 
association product C02 • CH3NH3+. The ion 
CH 3NH 3

+ may also arise from NH 4
+ by proton 

transfer [32] to CH3NH2 and this reaction will be 
fast. The fact that NH4^ is observed as a product 
while CH3NH2~ is not, may be an indication for the 
insignificance of reaction channel (14 a). The ion 
NH2+ is not observed but this ion can enter into 
three exoergic and probably rapid reactions with 
methylamine. 

NH2+ + CH3NH2 

CH3NH2+ + NH 2 - 2.43 eV, 
X NH3+ + CH2NH2 - 1.67 eV, 
-4 CH3NH3+ + NH - 2.81 eV. (48) 

The first and the last reaction channels ultimately 
lead to CH3NH3

T and its association product with 
C0 2 . The reaction channel (48 b) appears to provide 
the only exoergic route to NH 3

+ production. It is 
amazing that this ion can persist in the presence of 
methylamine with the observed intensity in view of 
the fact that both charge transfer and hydrogen 
abstraction from CH3NH2 are energetically favor-
able and are probably fast [33J. The observation of 
NH 3

+ leads us to believe that reaction channels 
(14 b) and (48 b) are important in the C02 • C02+ 
-)-CH3NH2 reaction system, but the determination 

of channel probabilities for the formation of the 
various products from reaction (14) will require 
additional studies on the secondary reactions in this 
system. 

N i t r i c O x i d e (I.P. 9.25 eV) 
The reaction with NO is also extremely slow. The 

decrease of C0 2 • C0 2
+ ion intensity indicates a rate 

coefficient £15 = 4.5 (—12) but this is a definite 
upper limit, because the reaction of C0 2

+ with NO 
is known to be much faster; the associated rate 
coefficient has a value [34] of 1.2 (— 10). When this 
reaction is taken into account one finds that essen-
tially all of the C0 2 • C0 2

+ intensity decrease is due 
to the reaction of the C0 2 precursor ion. The value 
given in Table 1 for &15 constitutes a conservative 
upper limit. We can offer no reasons for the lack of 
reactivity of NO towards C02 • C0 2

+ particularly 
when compared to the normal rate of the C0 2

+ + NO 
reaction. 

Conclusions 

Charge transfer occurs as a prominent reaction 
mode in practically all reactions studied provided 
it is energetically allowed. Molecular displacement 
(switching) reactions appear to occur also in several 
cases albeit with lesser probability. Only in one 
reaction, that of C0 2 • C0 2

+ with 0 2 . has the extent 
of molecular displacement been determined with 
some confidence. In general, the switching product 
can also arise from termolecular association of the 
charge transfer product with C0 2 . Most of the 
associated rate coefficients are not known. For 0 2

+ , 
however, it was possible to determine the rate 
coefficient in an independent experiment. Except 
for the reactions with CH3NH2 and NO the rate 
coefficients have values in accordance with or 
somewhat smaller than ADO theory [14]. Rate 
coefficients for reactions of C0 2

+ with the same 
reactants, where known (CH4 [35], H 2 0 [17], 
0 2 [36], NO [34]), have similar values, an effect of 
dimerization of C0 2

+ in these cases is not apparent. 
The major exception occurs for nitric oxide. 

The dissociation energy of the C0 2 • C0 2
+ ion 

and its heat of formation are not well known. The 
electron ion recombination energy of C02 • C0 2

+ is 
certainly greater than the ionization potential of 
N 2 0 , since charge transfer to this molecule is 
efficient, and it must be smaller than the ionization 
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potential of CO2 or C02 * CÜ2+ would be unstable. 
These limits [33], 12.89< RE(C0 2 • C02+)< 13.79 eV 
lead to dissociation energies in the range O < D 
( C 0 2 - C 0 2

+ ) < 0.9 eV corresponding to 0—86.7 kJ/ 
mol. The equivalent range for the heat of formation 
of C02 • C02

+ is 452.5-539.2 kJ/mol. The lack of 
suitable reactants having ionisation potentials 
between 12.9 and 13.8 eV makes it difficult to 
narrow this range. The observation that with 
propylene as a reactant dissociation charge transfer 
products are observed whereas with ethylene they 
are not may indicate a lower upper limit to RE 
(CO2 • C02+). The appearance potentials [33] for 
C3H5

+ and C3H4+ from C3H6 are 11.88 and 12.3 eV, 

respectively, i.e. well below the ionisation potential 
of (N20+. The appearances potentials [33] forC2H2

+ 

and C2H3+ from C2H4 are 13.13 and 13.25 eV, 
respectively. Since neither of these ions nor conceiv-
able follow-on product ions were observed it 
appears that RE ( C O 2 • C(>2 + ) is equal to or less 
than 13.13 eV. The above range of C02 • C02+ 
dissociation energies is thus narrowed to 63.5 — 86.7 
kJ/mol, corresponding to values in the range 
452.5-475.7 kJ/mol for the heat of C02 • C0 2

+ 

formation. 
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