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The rate coefficients and product ton distributions have been obtained for the reactions of the CH;; ions (1 = 0 to 4)
with COS, H,S, H,CO, CH30H and CH3NH; in a SIFT at 300 K. The reactions are generally fast binary with multiple
products except for CHE for which fast ternary association channels are also observed in parallel with the binary channels.

1. Introduction

As part of a comprehensive study of ion—molecule
reactions important in the synthesis of molecules in
interstellar clouds {1] and in planetary atmospheres
[2,3] we have recently determined the rate coefficients
and product ion disiributions for the reactions of the
CH, ions (7 = 0 to 4) with the relatively simple mole-
cules Hz, Nz, 02, CO, COZ’ Hzo, CH4 and NH3 [4-—6] -
Many other molecules have been observed in interstei-
lar clouds [1] and thus it is pertinent to study the re-
actions of likely and observed interstellar ions with
these molecules. To this end, we report here the rate
coefficients and product ion distributions for the reac-
tions of CH,; with COS, H, S, H,CO, CH;0H and
CH3NH, 2t 300 K determined in our SIFT (selected
ion flow tube) apparatus [7,8]. This study kas also
enabled us to more clearly establish trends in the reac-
tivity of the various CH,, ions with molecules and in
two cases a comparison has been made between the
reactions of oxygen—sulphur analogues, viz. CO, and
COS and H,0 and H,S. Such comparisons are of
fundamental interest since they give an insight into re-
action mechanisms and into the parameters governing
these mechanisms.

2. Experimental
The SIFT technique has previously been described
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in detail [7] and the method of determining product
ion distributions reported [8]. The CH, ions were gen-
erated in an electron impact ion source containing CH,,
mass selected using a quadrupole mass filter and in-
jected through a small orifice into flowing helium.

The ions were injected at low energy (= 6 eV) essen-
tially eliminating collisional fragmentation on the he-
lium and subsequently thermalise in collision and con-
vect down the flow tube. At a point downstream a
controlled and monitored flow of reactant gas was
added and the reaction observed using a conventional
mass filter/ion counting equipment mounted at the
downstream end of the flow tube.

The reactant gas CH;OH was added as an unsatu-
rated mixture with He (= 4% CH3;OH) and monomeric
H, CO gas was produced by thermal decomposition of
paraformaldehyde. Rate coefficients were obtained
from the exponential decay in the primary ion count
rate with reactant gas flow rate. Such a decay is illu-
strated in fig. 1a for the reaction of CH* with H,CO.
Also shown are the variations in the count rates for the
primary product ions CH}, HCO*, H;CO* and
H,C,O". This reaction is one of the most complex we
have encountered since the product ion CH; reacts
with H,CO to produce HCO* (see also table 1) which
itself reacts with H,CO to produce the terminating ion
H;CO" [9]. Only H,C,O0" is not involved in further
reaction. Thus the product distribution for the primary
reaction cannot be obtained directly from fig. 1. This
distribution, unaffected by secondary reactions can
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Fig. 1. Variation of (a) the primary ion, CH+, and product ion
counts (10 s sampling period) and (b) the percentages of the
ionized products as a function of the H,CO flow rate for the
CH + H,CO reaction.

readily be obtained by adopting the procedure of plot-
ting the percentages of the various product ions as a
function of reactant gas flow rate and extrapolating to
zero flow as is illustrated in fig. 1b. Account has been
taken of mass discrimination in the detection system
by the method described earlier [8].-

3. Results

The binary rate coefficients (cm3 s—1) and percent-
age product ion distributions (bracketed) for all of
the reactions studied are given in table 1. In the case
of the CHj reactions with H,CO, CH30H and CH;NH,,

CHEMICAL PHYSICS LETTERS

15 March 1978

in addition to the binary reaction channels, an associ-
ation channel is observed. The significance of these as-
sociation channels and their dependence on gas tem-
perature is considered elsewhere [10]. The rate coeffi-
cients quoted for the CH; reactions are for the binary
channels only. The rate coefficients are considered to
be accurate to * 20% for COS, H,S, H,CO and
CH3NH, and + 30% for CH;OH.

3.1. COS

The reactions with COS are relatively simple, pro-
ceeding by charge transfer (where this is energetically
possible), by proton transfer and by S atom abstraction,
all of which retain the strong CO bond. The rate coef-
ficients are close to the values predicted by the ADO
theory [11].

It is interesting to compare the data for COS with
the corresponding data for the analogous CO, molecule
which we have obtained previously [4]. This data is al-
so given in table 1. It can be seen that for every binary
reaction channel observed with CO,, the analogous
channel is observed for COS. Conversely channels ob-
served for COS are not always detected in the CO, re-
actions; however in these latter cases the analogous
CO, channel is usually endoergic. Also, as for the COS
reactions, those with CO, proceed at close to the gas
kinetic rate (with the exception of CH3).

3.2. H,S

For these reactions, charge transfer and proton
transfer channels are evident and rate coefficients are
again close to the ADO values. As in the COS reactions,
HCS* and H3CS* are common product ions. Also in-
cluded in table ! are the corresponding data for H, O
reactions which have been reported previously (al-
though detailed product distributions were not ob-
tained) [4]. Again it can be seen that there are distinct
similarities between the two sets of reactions. However
in the case of the CHy /H,O reaction the apparently
exoergic direct charge transfer channel is not observed.
Charge transfer reactions when exoergic usually proceed
rapidly, a feature clearly illustrated by our accumulated
data for CHj reactions given in table 2 which suggests
that the Franck—Condon factors may be unfavourable
for ionization of H, O to states resonant with the CH,
ionization potential. Calculation of the ergicities for
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Rate coefficients (cm? s~ 1) and percentage product ion distributions (bracketed) for the reactions of CHZ (n = 0 to 4) with several

molecules at 300 K. Rate coefficients are expressed as for example 2.0(-9) to represent 2.0 X 10™ cem st

ct cH* CHY cH CHE
Ccos cst + Ccoso) HCS™ + CO(55) HCST + HCO(60) H3CST + CO(100) HCOS*' + CH3(70)
cost +c(0) HCOSY + C@45) H,CS* + CO@40) COS*t + CH4(30)
2.0(-9) 1.9(-9) 1.8(-9) 12(-9) 1.4(-9)
H,S HCS* + H(75) HCS* + H, (70) H3CS* + H(80) H3CS* + H; (100) H3S* + CH3(55)
H,S* + C(25) H3St + C(30) HCST + H, + HU0) HpS* + CH4(45)
H3S¥+ CH (10)
1.7(-9) 2.1(-9) 2.3(-9) 1.4(-9) 2.1(-9)
H.CO CHZ + CO(60) cHY +co30) HCO' + CH3(85) . HCOY+CH4(100)  H3CO*+ CH3(55)
H,CO* + C(20) H3CO* + C(30) H3C,0% + H(10) CHY - H,CO+Hed H,COt+CHyq(45)
HCOY + CH(20) HCO* + CH, (30) H,C20% + Ha (5)
H,C, 0% + H(10)
3.9(-9) 32(-9) 3.3(-9) 1.6(—9) 36(~-9)
CH3O0H CHE + HCO(89) CHY + H,CO(50) CH3OHZ + CH(50)  H3CO* + CH4(100) CH3OH' + CH,4 (60)
H3CO* + CH(20) CH3OH} + C(40) H;CO* + CH3(50)  CH3 - CH3OH + He 3) CH3OHY + CH3(40)
13CO™ + CH, (10)
2 6(-9) 2.9(-9) 2.6(-9) 2.3(-9) 3.0(~9)
CH3NII,  CH3NHE + C(65) CH,NHZ + CH2 (50) CH,NH3 + CH3(55) CH3NHI + CH3(55) CH3NHI + CH, (60)
CH,NH3 + CH(35)  CH3NHE + C40) CH3NH; + CH (35)  CHNH3 + CHa (45) CH,NHY + CH4 + H(40)
CH3NHI + CH(10) CH3NHEY+ CH(10) CHZY-CH3NH; + He 3)
22(-9) 22(-9) 2.1(-9) 2.2(-9) 2.2(-9)
co, ® CO* + CO(100) HCO* + CO(100) H,CO* + CO(100) CHY-CO; + He ) HCOZ + CH3(100)
1.1(-9) 1.6(-9) 1.6(~9) ternary 1.2(~9)
H,O D) HCO* + H(100) HCO* + H, H3CO*+H CHY-H,0+Hed)  H3O%+CH3(100)
HCOt + H H;0t +CH
H30Y+C ternary
2.5(~9) 29(-9) 29(-9) 2.6(=9)

4} Ternary association product observed. The rate coefficient quoted is that for the binary channels only.
b) Previous data from ref. {4} and included for comparison with the COS and H, S reactions. For the H>O reactions a detailed
product distribution was not obtained. The major product is underiined.

the CH3/H,S and CH5/H, O proton transfer reactions
using the available thermochemical data {12] apparent-
ly indicates these channels to be endoergic, clearly not
possible since proton transfer is a very significant chan-
nel in these fast gas kinetic reacticns. This then implies
that the literatwe value of the CH proton affinity
(7.6eV)is too large by at least four tenths of an elec-
tron volt.

The reactions of the CH: ions with H, S have been
studied previously by Huntress and co-workers [13, 14].
The rate coefficients and product ion distributions for
the C* reaction (2.0(—9) cm3 s—!, HCS* (72%), H%S‘*
(28%) [13]) and for the CHj reaction (1.3(—9) cm
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s—1,

H3S* (55%), H,S* (42%), CHj (6%) [14]) are similar
to the present values except that we do not observe the
minor product CHs. For the CH*, CHj and CHj reac-
tions the agreement is not good, the ICR rate coeffi-
cients being consistently lower by about a factor of 3.
Also the very significant proton transfer to H,S from
CH* and CH, that we observe was not observed in the
ICR experiment. However both CH, and H,S were
simultaneously present in the ICR cell which must com-
plicate the identification of the products of a given re-
action. »
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Table 2
Perceniage product ion distributions and ergicities for the reactions of CHZ with a series of molecules at 300 K. Exoergicities are
denoted by the + sign.

Reactant Percentages of products and ergicities (eV)
moiecule
charge transfer proton transfer other channels
Hp 2) -2 —1.1 100%, CHY + H
N 2) -29 -0.4 -
0, 2) 100%, +0 6 -1.1 -
coa) -1.3 100%, +0 7 -
CO, 2 ~1.1 100%, ~0 -
Ccos 30%, +1.5 70%, ~+1.4 -
H,02) +0.09 100%, +1.7 -
H,S 45%, +2.3 55%, +1.6 -
NH; b) 60%, +2.5 40%, +3 6 -
CHa ©) resonant 100%, +0.04 -
H,CO 45%, +1.8 55%, +1 8 —
CH30H 60%, +1.9 40%, +2 5 -
CH3NH, 60%, +3.7 +40 40%, CH,NHY + CHs + H

Previous data 3) ref. [4],b) ref. {5], ©) ref. [6]-

3.3. H,CO H, CO producing mainly HCO* (table 1) and since
HCO" and H,CO" also react rapidly with H,CO [9],

The C*, CH" and CHj reactions are complex with the ICR product distribution is expected to be some-
many product channels requiring considerable bond what distorted. This could account for the small dis-
rearrangement. The common product ion HCO* can- crepancy between the product ion distributions ob-
not result from direct charge or proton transfer to tained in the two experiments. For the CH‘; reaction
H, CO followed by unimolecular decomposition of only the binary channel is observed in the low pressure
(H,CO*)* or (H3CO™)* respectively since this is ener- ICR experiment. Detection of the collisionally stabil-
getically unfavourable. This reaction must proceed via ized association product is not expected at such low
an excited association complex. Such a close interac- pressure (=~ 10~ torr).

tion is likely to produce condensation products with
carbon—carbon bonds. That the product ions H,C,0* 3.4. CH;0H
and H3C,0" are observed supports this deduction.

CH is also more reactive with H,CO than with most Reactions of the CH}, ions with this molecule pro-
molecules, exhibiting both fast binary and temary duce the ions CH}', H3CO+ and CH3OI-I“2P which are
channels. Consistent with its general behaviour, CHj amongst the most stable ions we have observed. H3;CO*
reacts by charge and proton transfer (see table 1 and is regularly observed in H,CO and CH;OH chemistry.
section 4). An assaciation product is again cbserved in the CH3
The C* and CHj reactions have previously been reaction in parallel with a fast binary channel and as
studied by Anicich et al. [13] and by Huntress [12] usual CHZ reacts by charge and proton transfer. As part
respectively. The agreement is good for the C* reaction, of a systematic study of C* reactions, Anicich et al.
an ICR rate coefficient of 4.4 (—9)cm3 s~ and a [13] have obtained a rate coefficient of 4.1(—9) cm3s~1
product distribution H,CO™ (31%), CH;_' (48%) and for the reaction with CH; OH significantly greater than
HCO* (21%) being obtained. In this ICR experiment the present value and observe the product ions CH;OH*
the product distribution was determined under condi- (33%) and HCO' (8%) in addition to the CH; and
tions for which 20% of the primary C* ions had reacted. = H3CO" products which we observe. However, as dis-
Since the CH; product rapidly reacts further with cussed earlier the product distribution may be affected
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by secondary reactions. As in the case of the CH3 re-
action with H5CO, Huntress [12] observes only the
binary product in the CH; OH reaction with a rate co-
efficient of 1.3(—9) cm3s~1.

3.5. CH3NH,

These reactions are relatively straightforward. Since
CH;NH, has a small ionization potential, direct charge
transfer is energetically possible in all cases and is al-
ways observed to occur rapidly. Proton transfer to
produce CH3;NH3, when it occurs. is a minor channel
although CH;NH3 is a common product of secondary
reactions and is invariably the stabie terminating ion.
For this particular ion because of these secondary reac-
tions, a very minor proton transfer channel producing
CH;NH3 would not be discernable and cannot there-
fore be ruled out. CH,NH; is an important product
probably resulting from partial unimolecular decom-
position of CH;NHj and CH;NHj] produced by very
exoergic direct charge transfer and proton transfer.
That CH;NH3 is not observed in the CHy reaction is
surprising since proton transfer from CHy is usually
rapid when energetically possible. In this case it prob-
ably occurs, but the large excergicity of the reaction
(= 4 eV) is sufficient to fragment the (CH;NH3)* thus
removing it from the product ion spectrum.

Again Anicich et al. have studied the C* reaction
obtaining a rate coefficient of 4.2(—9) cm3 s~! (a fac-
tor of = 1.5 greater than the present value} and in ad-
dition to CH;NH; and CH,NH; they observe two mi-
nor products H,CN* (6%) and CH3 (3%) not evident
in the present experiments.

4. Summary and conclusions

This study of the reactions of the CH: fons with
triatomic and polyatomic molecules adds to the con-
siderable body of data now available for the reactions
of these ions. The reactions are generally fast binary
being approximately gas kinetic, often with multiple
products. In the present measurements the structure
of the product ions is usually obvious, however for
the CH* and CH, reactions with H, CO the structures
of the product ions H,C,O0* and H3C,0% is not clear.
Isotopic labelling may assist in the structural determi-
nation.

The CHj reactions are interesting and worthy of
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further comment. These reactions are listed in table 2
together with the product ion distributions and reac-
tion energetics. In all of the reactions in this and our
previous study [4] (with the exception of H,0, a spe-
cial case discussed in section 3), where charge transfer
and/or proton transfer are exoergic they are rapid and
when these occur no other reaction channel is evident.
For the CH3NH, reaction both direct charge transfer
and dissociative charge transfer products are observed
presumably because of the large excergicity of the re-
action (section 3). In all other cases where both charge
transfer and proton transfer are observed, of these two
processes the one favoured is that with the lower exo-
ergicity, underlining the principle that to a large extent,
thermochemical considerations control the mechanism
by which reaction proceeds.
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