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Abstract: Ion-molecule reactions of ions formed by electron impact in mixtures of methane with water, hydrogen 
sulfide, and ammonia have been studied using ion-cyclotron resonance techniques. The reactions of primary ions 
are identified and their relative reaction rates measured using the resonant cyclotron ejection method. Absolute 
rates are determined by reference to the absolute rates previously measured for the major reactions occurring in 
the pure gases. 

study of the ion-molecule reactions occurring in A mixtures of methane and ammonia using ion 
cyclotron resonance (icr) techniques has been pre- 
viously reported.2 The present work reports an ex- 
tension of these studies in which the ion-molecule 
reactions occurring in mixtures of methane with water 
and hydrogen sulfide are also examined. In addition 
to  the identification of reactions by the classical icr 
double resonance method, the relatively newer tech- 
nique of resonant cyclotron ejection3 is also used to 
measure the relative rates for these reactions. Ab- 
solute rates are determined by reference to absolute 
rate constants previously measured for the principal 
ion-molecule reactions in methane, ammonia, water, 
and hydrogen sulfide. 

Several early papers have appeared on mass spectro- 
metric studies of ion-molecule reactions in methane- 
water5se and methane-hydrogen sulfide m i x t ~ r e s . ~  
These studies were not complete in their identification 
of reactions and measurement of rate constants. 

(1) This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, California Institute of Tech- 
nology, under Contract No. NAS7-100 sponsored by the National 
Aeronautics and Space Administration. 

(2) W. T. Huntress, Jr., and D. D. Elleman, J .  Amer. Chem. Soc., 92, 
3565 (1970). 

(3) W. T. Huntress, Jr., M. Mosesman, and D. D. Elleman, J .  Chem. 
Phys., 54, 843 (1971). 

(4) W. T. Huntress, Jr., and R. F. Pinizzotto, Jr., submitted to 
J.  Chem. Phys., and references therein. 

( 5 )  (a) F. W. Lampe, F. H. Field, and J. L. Franklin, J .  Amer. Chem. 
SOC., 79, 6132 (1957); (b) M. S. E. Munson and F. H. Field, ibid., 87, 
4242 (1965). 

(6) A. G .  Harrison and J. C. J. Thynne, Discuss. Faraday Soc., No. 
44, 945 (1967). 

(7) F. H. Field and F. W. Lampe, J .  Amer. Chem. Soc., 80, 5583 
(1958). 

Because of the importance of ion-molecule reactions 
in discharges and in the radiation chemistry of mix- 
tures of these particular gases in primordial atmo- 
spheres,8 an extensive study of these reactions is re- 
ported here. 

Experimental Section 
The resonant cyclotron ejection method for the measurement of 

relative rates of ion-molecule reactions has been previously de- 
scribed.3 Primary ions formed by electron impact are irradiated 
in the source region of a standard icr “flat” cell. The rf irradia- 
tion power used is sufficiently high to drive the resonant ion into the 
drift plates in the source region before the reaction can occur with 
the neutrals present in the cell. The irradiated ion is efficiently 
removed from the cell in this manner, and the resonant ion along 
with all product ions which would have resulted from reactions of 
this ion no longer appear in the mass spectrum. An ejection 
resolution of greater than M / A M  = 30 has been achieved with a 
flat cell at magnetic field strengths of 10 kg using this method. 

Relative rates are determined from the cyclotron ejection method 
as follows. The decrease in the single-resonance intensity of a 
product ion is measured when a primary ion, coupled to the product 
ion by ion-molecule reaction, is ejected in the source region of the 
icr cell, Complete ejection of the primary ion is verified when no 
further decrease in secondary ion signal is observed as the rf ir- 
radiation power is increased. This results in the flat-bottomed 
appearance of the cyclotron ejection signal illustrated in Figure 1. 
The observed decrease in the product ion signal is then the con- 
tribution to the product ion signal from reaction of the irradiated 
primary ion and is proportional to the rate of the reaction. For two 
reactions 

li L 
A+ + M ---f C+ + X 

B+ + N +D+ + Y 

(1) 

(2) 
62 

(8) W. T. Huntress, Jr., and D. D. Elleman, “NASA Document 
SPS No. 37-61,” Vol. 111, Jet Propulsion Laboratory, 1970. 
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Figure 1. A portion of the icr spectrum of a 1 : 1 mixture of CD, and HzO illustrating the splitting of peaks in these mixtures at high mag- 
netic fields (-10 kG). Ion ejection spectra labeled " D R '  are also illustrated for the two peaks at m/e 20, showing the different contributions 
to HzDO+ and CD4+ from the HzO+ ion at m/e 18. The identification of HzO+ as the reactant rather than CD8+ comes from ejection studies 
in CH4-HzO mixtures. 

Table I. Absolute Rate Constants" 

Relative rates Absolute rates Lit. values 

Methane Reactions 
kc 

CHa+ + CHI + C H 2  + CH3 
kd 

CD4+ + CD4 ---f CDj+ + CD3 
k c t  

CH3+ + CH4 ----f CzHs+ + H Z  

kdlk, = 0.7  f 0.06 

k,/k,, = 1 . 2  f 0.1  

1.10 

0.80 

0.90 

0.9-1.2 

0.7-1.0 

0.9-1.3 

Proton Transfer Reactions 
kn 

k o  
H%O+ + HzO + HaO+ + O H  

ke 
HzS+ + HzS + H3S+ + SH k,/k,t = 0.68 i 0.03 0.58 0.7-0.9 

NH3+ + NH3 + NHa+ + NHz k,/kd = 1 . 9  f 0 . 1  1.55 1,5-2.1 

2.2-2.6 k,/kd = 2 .6  f 0 .2  2.05 

a From ref 4. In units of cm3 molecule-' sec-l. 

relative rates are obtained from the relation 

(3) 
kl m*~l(A-tC) WAP(B)[N] 
k2 m*cl(B+D) ~BP(A)[M] 
_ -  - 

where Z(A-cC) is the decrease in intensity of the C+ ion when A+ is 
ejected, P(A) is the production rate of the primary ion A+, mA is the 
mass of the ion A+, and [MI is the concentration or partial pressure 
of the neutral M. The mass factors are required in order to in- 
clude the mass dependence of the power absorption and the varia- 
tion of the drift velocity with the magnetic field.3741g The relative 
production rates for the primary ions are obtained from the rela- 
tive single resonance intensities of the primary ions in the same 
mixture at low pressures where reactions are not observed. 

Equation 3 is derived in the limit that [ N ] h  << 1, where 7 is the 
residence time of an ion in the icr ~ell .38~8~ In order for this rela- 
tion to be valid, it is necessary that the amount of conversion to 
product ions be low. Relative rates were measured in this work for 
conversion factors of less than 30%. 

The relative pressures of neutral species [N]/[M] are measured 
using a GE 22GT103 ionization gauge calibrated with an MKS 

(9 )  S. E. Buttrill, Jr., J .  Chem. Phys., 50, 4125 (1969). 

Baratron capacitance manometer coupled to the vacuum system 
just above the icr cell. The partial pressures of gases used varied 
between 1 and 5 X 10-6 Torr. The gauge constant for calibration 
of the ionization gauge pressure measurements was determined for 
each gas after each experiment by recording the output of the ioniza- 
tion gauge us. the Baratron output as the pressure of each gas is 
continuously varied from 1 to 10 x 

From the relative rate constants determined for the reactions in 
this work, absolute rate constants can be obtained by comparison 
with the absolute rate constants for the set of reactions given in 
Table I. All of the relative rate constants measured in this work are 
referred to a rate constant for one of the reactions in Table I. The 
literature values for the absolute rate constants of these reactions 
have been recently reviewed,' and all have been measured by the icr 
trapped ion technique. The values in Table I are taken from the icr 
trapped ion rate measurements given in ref 4. 

The gases were obtained from commercial sources and used 
without further purification. The methane was obtained from 
Phillips, 99.56z; the CD4, lSNHa, and DzO were obtained from 
Merck Sharpe and Dohme, 99 atom grades; and the hydrogen 
sulfide and ammonia were obtained from J. T. Baker, anhydrous 
grade. 

The electron energy used was 30 eV unless otherwise stated. 
Pulsed grid modulation was used at trapping potentials of 0.2- 

Torr. 
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Table 11. Ion-Molecule Reactions of Primary Ions Observed in Mixtures of Methane and Water 

AH, kcal/mol Reaction Re1 rate Abs rate" Lit. values 

CHa-Hz0 
ki 

kz 
- 41 CHI+ + HpO ---f HsO' + CH3 ki/kc = 2 . 2  i 0 . 5  2 . 4  0.57* 

- 52 CHz+ + HzO + CHzOH+ + H kz/kc, = 0.58 i 0.1  0.52 

C D r H z 0  

2 . 5 2 ~  
0.07 1 . 2  1 k t  

k4 

ks 

- 40 

- 40 

HzO+ + CD4 + HzDO" + CD3 kslk, = 0.59 i 0.2 

ka/k3 = 0.055 i 0.03 + HDzO+ + CDzH 

- 58 OH+ + CD4 + HDz0+ + CDZ ks/k, = 0.015 i 0.002 0.03 

0 XlOQ cm3 molecule-' sec-l. b Reference 6. c Reference 6, rate measured for the reaction HzO+ + CH4 -P H30+ + CH,. 

0.5 V with typical drift voltages of 0.2-0.6 V applied across a 1.2 X 
2.4 cm cross-section flat cell. 

Frequencies in the range 307-921 kHz were typically used. The 
marginal oscillator detector frequency used was determined by the 
mass of the heaviest ion observed and adjusted to take advantage 
of the maximum magnetic field possible in order to maximize resolu- 
tion and signal/noise. Care was taken to avoid space charge effects 
in double resonance experiments, and operation was limited to low 
emission currents and to total ion currents less than 5 X 1(r12 A. 

Ion-Molecule Reactions in Mixtures of Methane and 
Water 

Reactions and Relative Rates. The ion-molecule 
reactions detected by ejection experiments for primary 
ions in mixtures of methane and water, and their mea- 
sured relative rates, are reported in Table 11. The selec- 
tion of the reaction to  which each was compared for a 
relative rate measurement was made on the basis of 
maximum convenience in measurement, maximum 
signal/noise in ejection experiments for both reactions, 
and most immediate reference to  a reaction with a 
known rate. By maximum convenience in measure- 
ment it is meant that closest proximity of the two 
product ions in the mass spectrum was required in 
order to  minimize mass correction factors, and where- 
ever possible, reactions originating from primary ions of 
different parent gases were avoided in order to reduce the 
necessity for measurement of relative production rates 
for ions between two separate gases. Isotopic sub- 
stitution was used to identify hydrogen-atom abstrac- 
tion reactions in the presence of proton-transfer re- 
actions giving product ions at the same mje value in 
normal mixtures. 

Proton transfer is observed from the parent ion of 
methane to water. 

CHI+ + Hz0 + H30+ + CH3 (4) 

This reaction is quite exothermic and exhibits a large 
rate comparable with the proton-transfer rate between 
HzO+ and H,O. Reaction 4 has been reported by 
Harrison and Thynne,6 but the rate constant these 
workers report is very low (Table 11). 

The methyl cation proves completely unreactive 
toward water. The exothermic reaction 

CH,+ + HzO ----f CHZOH+ + Hz ( 5 )  

is not observed and must have a rate constant k, < 
cma molecule-' sec-I. This is a surprising re- 

sult since the methyl cation is a good condensation 
reagent and analogous condensations are observed in 
reactions of methyl cations with CHI, NH8, and H,S. 

16 19 

15 31 

The reason for the lack of reactivity with water is not 
well understood. Recent icr data indicate that a 
kinetic barrier may exist to  hydrogen loss in these 
reactions and that the barrier is of sufficient mag- 
nitude to  prevent reaction 5 from occurring.1° The 
condensation reactions in these mixtures are discussed 
later in more detail. The small amount of CH20H+ 
ion at m/e 31 that is observed in these mixtures orig- 
inates from the reaction 

CHz+ + Hz0 + CHzOH' + H ( 6 )  

The HzO+ ion reacts with methane to produce the 
hydronium ion by what appears to be direct hydrogen- 
atom abstraction 

HzO+ + CDd + DHzO+ + CD3 (7) 
18 20 

A small amount of hydrogen-atom exchange is also 
observed for this reaction, however 

HzO+ + CDa + HDzO+ + CDzH (8) 

which indicates that at least a small amount of inter- 
mediate complex formation must take place or that a 
complex is formed which lives long enough to allow 
at least a small amount of hydrogen atom exchange to 
occur. The reaction 

HZO+ + CHa + H30' + CHI (9 )  

was reported by Harrison and Thynne,6 but the rate 
constant for reaction 9 reported by these workers is 
significantly higher than the rate constant for reaction 
7 determined in this work (Table 11). The difference 
between our results and those of Harrison and Thynne 
appears to  be too large to be explained on the basis 
of isotope effects. 

The OH+ ion reacts by what appears to  be hydrogen- 
molecule abstraction from methane. 

OH+ + CD4 + HDzO+ + CDz (10) 

There are a large number of possible exothermic re- 
actions of OH+ with methane (Table 111), but reaction 
10 is the only one observed. Limiting rate constants 
are given in Table I11 for all unobserved exothermic 
reactions of primary ions in methane-water mixtures. 
Rate constants for the reactions of OH+ and CHz+ 

14 31 

18 21 

18 19 

17 21 

(10) W. T. Huntress, Jr., and M. T. Bowers, Int .  J .  Muss Spectrom. 
Ion Phys., in press; M. T. Bowers, W. J. Chesnavich, and W. T. Hun- 
tress, Jr., ibid., in press. 

Huntress, Pinizzotto, Laudenslager Ion-Molecule Reactions 
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Table 111. Exothermic Reactions Not Observed in Mixtures 
of Methane and Water 

A H ,  
kcal/ 
mol Reaction 

Maximum 
rate 

constant" 

<1 x 10-11 

<5 x 10-11 

<1 X lo-" 

- 1 
- 14 
-31 

-6 
- 52 

-13 
-28 
- 12 
-11 
- 92 

CHa+ + Hz0 + HzO+ + CH, 
+ CH30H' + Hz 

CH3+ + H20 + CHzOH+ + Hz 
CHz+ + HzO ----f CH3+ + OH 

+ CHzO+ + Hz 
-2 + C H O + + H z + H  

H20+ + CHa + CH30Hf + H P )  
OD+ + CH, + HDO+ + CHI 
OH+ + CDa + CD,H+ + 0 

+ CHa + CH,+ + OH ! + CH3+ + Hz0 
-123 ----f CHzOH+ + HP 
-73 + CHO+ + 2Hz 
- 19 
- 40 

+ CHzO+ + Hz + H 
----f CH30H' + H 

a In units of (31113 molecule-1 sec-'. 

ions have higher upper limits because of the lower 
single resonance intensities of these ions in the mass 
spectrum. Isotopic substitution was used in attempts 
at identification of reactions where interfering or over- 
lapping peaks obscure identification in CH4-H20 
mixtures. The hydroxyl cation is not observed to 
undergo either hydrogen-atom abstraction with methane 
in CH4-D20 mixtures nor proton transfer to methane 
in CD,-H,O mixtures. Change transfer from the 
hydroxyl cation to  methane is not observed in either 
CH4-H20, CD4-Hz0, or CH4-Dz0 mixtures. 

Tertiary reactions were also investigated in methane- 
water mixtures, although the relative rates for these 
reactions were not determined. 

CHj+ + HzO + H30+ + CHa (11) 

CzHj+ + HzO + H30' + CzHa (12) 

Water is known to have a higher proton affinity than 
either methane or ethylene: the proton affinity of 
water is 165 kcal/mol, methane 126 kcal/mol, and 
ethylene 160 kcal/mol. l 1 - I 3  Munson and Fieldsb 
reported observation of (11) and (12) in mass-spectro- 
metric studies of CH4-H20 mixtures and gave approx- 
imate rates indicating both reactions to be very fast. 

Exchange of hydrogen atoms in hydronium ions 
with both water and methane is also observed in CDd- 
HzO mixtures 

In CH4-H20 mixtures 

17 19 

29 19 

H 3 0 +  + CD, + H2DO+ + CD3H 

H*DO+ + H20 + H30+ + HDO 

(13) 

(14) 

19 20 

20 19 

The occurrence of these reactions necessitates care in 
the examination of these mixtures for reactions 7, 8, 
and 10. At low conversion (low pressure), examination 
of ejection spectra shows the absence of reactions 
13 and 14 where the relative rates for reactions 7, 8, 
and 10 are measured. 

(11)  J. L. Beauchamp and S.  E. Buttrill, J .  Chem. Phys., 48, 1783 

(12) J. L. Beauchamp, D. Holtz, S.  Patt, and S. Sample, J .  Amer .  

(13) M. A. Haney and J. L. Franklin, J.  Chem. Phys. ,  50, 2028 

(1968). 

Chem. Soc., in press. 

(1969). 

Pressure VS. intensity plots from lo-' to Torr 
in 1 : 1 mixtures of CH4 and H 2 0  show that the CH20H+ 
ion does not react further either with methane or water. 
Double resonance experiments confirm that proton 
transfer to water does not occur. 

CHzOH+ + HzO ++ H30+ + CHz0 (15) 
31 19 

The reaction reverse to (15) has been observed in water- 
formaldehyde mixtures, l 1  indicating that the proton 
affinity of formaldehyde is greater than that of water. 
Also, the CD20H+ and CH20D+ ions in CD4-H20 
and CHd-D20 mixtures are not observed to undergo 
exchange reactions with water or methane. 

High-Resolution Icr Spectra. Figure 1 shows a 
single resonance spectrum of a CDd-H20 mixture at 
5 X Torr. The marginal oscillator frequency 
is 757 kHz. At this frequency, sufficient resolution 
(M/AM - 500) is obtained to resolve the peaks for 
the ions containing carbon from the ions containing 
oxygen. For example, HzO+ occurs at m/e 18.015 
while CD3+ occurs at m/e 18.053. This resolution, 
coupled with double resonance techniques, proved 
to  be invaluable for the identification of ion-molecule 
reactions and measurement of relative rates of reac- 
tion in CD4-H20 mixtures. If it were not possible 
to separate the mass peaks, then it would not have 
been possible to ascertain which of the following 
reactions was responsible for the 17 - 21 and 18 + 

2 1 double resonance responses in this mixture 

HD,O+ + CD, (10) 

21.035 

C D ~ H +  + o (16) 
21.075 
I 
$ 

OH+ + CD, 
17 

and 

HD,Ot + CD2H (8) 
21.035 

CD,Ht + OH (17) 
21.075 

H,O+ + CD, 

18 

Both reactions 10 and 16 are exothermic, and neither 
reaction can be identified in CH4-H20 mixtures. Since 
HDzO+ at m/e 21.035 and CD4H+ at m/e 21.075 are 
sufficiently resolved in the mass spectrum to tune the 
spectrometer to the resonant frequency of either one 
or the other of these ions, it was simple to show that 
only reactions 8 and 10 occur. A double resonance 
response is observed for 17 - 21.035, but not for 17 - 
21.075. Reaction 17 is endothermic and is not ob- 
served in double resonance at mje 21.075, while reaction 
8 is observed in double response at m/e 21.035. 

Similarly, it was possible to show that the 20 - 19 
response in CD4-H20 mixtures is due to  the exchange 
reaction 

HZDO' + H20 + H30+ + HDO (18) 
20 19.023 

and is not due to the reaction 
CDI+ + HzO + CD3H+ + HDO (19) 
20 19.061 

Reaction 19 is not observed in double resonance spectra 
at m/e 19.061. The CD3H+ and CD4H+ ions observed 

Journal o f  the American Chemical Society / 95:13 / June 27, 1973 
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Table IV. Ion-Molecule Reactions of Primary Ions Observed in Mixtures of Methane and Hydrogen Sulfide, 

Abs rate“ Lit. values A H .  kca lho l  Reaction Re1 rate 

CHa-HZS 
ki 

CH4+ + HzS --f H3S+ + CH3 
k2 

123 

k4 

ks 

0.72 - 45 

- 52 --f HzS+ + CH4 kzlk,, = 0.65 f 0.10 0.59 

kl/kz = 1.22 i 0.14 

0.74b 
0.39 

0.22c 
0,501 - 37 

- 58 

CH3+ + HzS + CHzSH+ + Hz 

CHZ+ + HzS --f CHzSH+ + H 

ka/k,g = 0.56 i 0.03 

k4/k3 = 0.78 f 0.15 

-6 + CHS+ + Hz + H k5/k4 = 0.50 f 0.10 0.20 

- 124 CH+ + HzS + CHS’ + Hz ks/ks = 3 . 3  =k 0 . 3  0.66 

- 40 HS+ + CHa + CHzSH+ + Hz kT/ks = 0.70 f 0.05 0.10 

- 18 S+ + CH4 + CHzSH’ + H ks/kr = 0.28 f 0.05 0.14 

k6 

kl 

ks 

CDa-HzS 
ke 

klo 
- 45 CD4+ + H S  + HzDS+ + CD3 ks - ki 

kio/kg < 0.01 + HDzS+ + CDzH 

-0.7 

<o. 01 
k i l  

kl? 
-18 + CDaH+ + HS kll/kd = 0.11 i 0.01 0.09 0.15d 

+7e (HzS+)* + CDa + HzDS+ + CDs kiz/ks = 0.07 f 0.01 0.04 0 .  14d 

a XIOg cm3 molecule-1 sec-I. Reference 7, total appearance rate for CHzSH+. c Reference 7, appearance rate for CHS+ without 
reaction 6. d Reference 7. e This reaction of excited HzS+ ions has been well established; see ref 7 and 13. 

in these mixtures are due to incomplete isotopic sub- 
stitution in the CD4 sample. 

Endothermic Charge-Transfer Reactions. Another 
example which shows the utility of high-resolution 
spectra in these mixtures is illustrated in Figure 1. 
Markedly different double resonance spectra are ob- 
tained for each of the individual peaks in the “doublet” 
at mje 20. The separation of these two responses 
allows accurate measurement of the hydrogen-atom 
abstraction reaction 7 in the presence of possible inter- 
ference from the charge-transfer reaction 

HzO’ + CDI + CD4+ + HzO (20) 

The peculiar shape for the 18 + 20.067 peak in 
Figure 1 is due to  an increase in the rate for the reaction 
as the ions are heated off-resonance by the rf field in the 
“wings” of the signal. At resonance in the center of the 
signal, the mje 18 ions are completely ejected from the 
cell and the normal ejection spectrum is obtained. In 
this case, the reaction does not occur at thermal energies 
since the signal does not decrease below the base line at 
resonance, indicating a null response. At lower rf 
irradiation power, where the reactant ions are not 
ejected from the cell, a normal double resonance signal 
is obtained which indicates a rate increasing with ion 
kinetic energy. Charge transfer from H20  to CH4 is 
endothermic by about 0.1 eV at thermal kinetic energies. 
Reaction 20, therefore, does not proceed at thermal 
energies but is apparently readily forced by reactant 
ions containing excess kinetic energy. 

The reaction reverse to (20) in CH4-H20 mixtures is 
exothermic 

A H  = -0.1 eV (21) 

but it is not observed at thermal kinetic energies, nor 
was it possible to force reaction 21 at excess CH4+ 
kinetic energies. This result is somewhat surprising, 
but may be explained on the basis of competing reac- 

18 20 

CH4+ + HzO + H20+ + CHI 
16 18 

tions. Reaction 21 is only very slightly exothermic and 
competes with a much more exothermic, very fast pro- 
ton-transfer reaction, reaction 4. On the other hand, 
reaction 20 in CH4-H20 mixtures competes only with a 
slow hydrogen-atom transfer reaction, reaction 9. 
Charge-transfer processes may compete more favorably 
with hydrogen-atom transfer reactions than with proton- 
transfer‘ reactions. Previous work4 has shown that 
proton transfer appears to  be fairly strongly favored 
over hydrogen-atom transfer when both yield the same 
product. 

Double resonance responses were also observed for 
the reaction 18 + 15 in CH,-H,O mixtures indicating 
that the CH4+ ions produced by endothermic charge 
transfer from kinetically excited HzO+ ions are formed 
with sufficient internal energy at high enough reactant 
ion kinetic energies to undergo decomposition to the 
methyl cation. 

excess 

KE 
H20+ + CH4 => [CHa+]* + HzO (22) 

J. 
(23) 

Ion-Molecule Reactions in Mixtures of Methane and 
Hydrogen Sulfide 

Table IV shows the reactions of primary ions ob- 
served in methane-hydrogen sulfide mixtures and the 
measured relative rates. The variety of reactions ob- 
served in these mixtures is greater than observed in 
methane-water mixtures, particularly in the number of 
condensation reactions. Again, hydrogen-atom ab- 
straction reactions were identified by isotopic substitu- 
tion using CD4-HzS mixtures. 

The CH4+ ion reacts with H2S by charge transfer, 
by proton transfer, and by hydrogen-atom abstraction. 
Proton transfer is favored over hydrogen-atom ab- 
straction. Charge transfer competes well with proton 
transfer in this case and is strongly exothermic. A very 
small amount of exchange is observed for the proton- 

CH3+ + H 

Huntress, Pinizzotto, Laudenslager / Ion-Molecule Reactions 
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Figure 2. Icr spectra of a 3 : 1 mixture of CHI and HzS at 50 eV electron energy. The SZ+, SzH+, and SZHZ+ ions are not shown. 

Table V. Exothermic Reactions Not Observed in 
Mixtures of Methane and Hydrogen Sulfide 

A H ,  
kcal/ Maximum 
mol Reaction ratea 

-44 
- 57 
-34 
-19 + HS+ + CHI 
- 40 
-3 + CHzS+ + HzJ 
-5 HzS+ + CHI + CHaSH+ + HPJ 
-3 HS+ + CH4 + CH3+ + HzS 
- 63 S+ + CHI + CH*S+ + Hz 

CHI+ + HzS + CHzS+ + 2% \ 
+ CH3SH+ + Hz! 

CHz+ + H2S + CHI' + HS ) 
<1 x 10-11 

1 < 5  x 10-11 

i 
+ S+ + CHI 

<1 x 10-11 

a In units of cm3 molecule-' sec-1. 

transfer reaction in CD4-HzS mixtures 
CDa+ + HZS + HzDS+ + CD3 (24) 
20 36 

37 
+ HD2S+ + CDzH (25) 

The amount of exchange observed is quite small, less 
than 1 %  of the rate for reaction 24, and it was not 
possible to obtain a good value for the rate of such a slow 
reaction. The hydrogen-atom abstraction reaction of 
CD4+ ions with H2S in CD4-H2S mixtures has been pre- 
viously reported.' The rate constant reported by Field 
and Lampe is in fair agreement with the rate constant 
measured in this work (Table IV). 

The methyl cation is observed to undergo condensa- 
tion with HzS, in contrast to its behavior toward HzO. 

CH3+ + HzS + CHzSH+ + Hz (26) 

The CHz+ and CH+ ions also undergo condensation 
reactions with H2S. The reaction of the CHz+ ion 
apparently proceeds at thermal kinetic energies with 
partial decomposition of the protonated thioformalde- 
hyde product ion to give the CHS+ ion. 

CHz+ + HzS + CHzSH' + H (27) 

15 47 

Attempts to force the reaction CH3+ + HzS + CHS+ + 
2Hz by kinetic excitation of the methyl cation were un- 
successful. 

Field and Lampe' reported the appearance of the 
CH2SH+ and CHS+ ions in CH4-HzS mixtures, but 
were unable to determine the precursor ions. The rate 
constants measured by Field and Lampe for the ap- 
pearance of these ions (Table IV) are in fair agreement 
with the rates obtained in this work for the appearance 
of CHzSH+ from reactions of CH3+ and CHz+ ions and 
for the appearance of CHS+ from the reaction of CHz+ 
ions. 

The reactions of H2S+, HS+, and S+ ions with CH4 are 
very slow. It is noteworthy that the reactions ob- 
served for fragment ions from both neutrals are all con- 
densation reactions. The HS+ and S+ ions from HzS 
undergo condensation reactions with methane, whereas 
the OH+ and NH2+ ions from water and ammonia do 
not. The hydrogen-atom abstraction reaction of 
H2S+ ions with CD4 in CD4-H2S mixtures is endo- 
thermic,'~ indicating that excited HzS+ ions are pres- 
ent. It has been previously shown that the appearance 
potential of H2DS+ ions arising from this reaction is 
approximately 0.5 eV higher than the appearance po- 
tential of ground-state H2S+  ion^.^^'^ 

Two tertiary reactions are observed in CH4-H2S mix- 
tures (Figure 2 )  

CHj' + HZS + HIS+ + CHI (29) 
17 35 

CzHa+ + HzS + H3SC + C2H4 ( 30) 

The proton affinity of H2S is 170 kcal/mol, compared 
with 126 kcal/mol for CH4 and 160 k ~ a l / m o l ~ ' ~ ' ~  for 
CzHa. Pressure us. intensity studies to 0,001 Torr and 
double resonance experiments show that the CH2SH+, 
CHS+, S2+, and SzHz+ secondary ions present in these 
mixtures do not react with methane or hydrogen sulfide. 
The S2H+ ion reacts with HzS4 but not with CH,. The 
fact that the CHzSH+ ion is not observed to undergo 
proton transfer with H2S indicates that the proton 
affinity of thioformaldehyde is greater than H2S. This 

29 35 
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Table VI. 

AH, kcallmol Reaction Re1 rate Abs ratea Lit. values 

Ion-Molecule Reactions of Primary Ions Observed in Methane-Ammonia Mixtures 

CH4-NH3 and CHa-16NH3 
ki 

CHa+ + '5NHs + "NH4+ + CHI 
kz 
--f '5NH3+ + CH4 
k3 

CH3+ + '5NH3 + I6NH4+ + CHz 
kr 

2 . 2  f 0.7b 
0.69 

1 .3  f 0.2b 

o,661 - 82 

- 58 

-1 

-71 

ki/kc = 0.60 f 0.05 

k2/ki = 1.05 i 0.15 

krlki = 0.25 f 0.05 

kdk,v = 0.73 i. 0.05 0.66 + NH3 + CHzNHz+ + Hz 

+ CH3NHz+ + H 
--f CHzNHz' + Hz 

ka/k3 = 1 . 8  i 0 . 5  

ks/ka = 1 .8  i 0 . 2  
2 .0  f 0 . 8 b  0,311 1 . 2  

CDrNHa 
ki 

ks 
- 24 NH3+ + CDa + NH3D+ + CD3 kT/k, = 0.25 =k 0.03 0.39 

-1 CD4+ + NH3 + CDaH' + NHz kslkd = 0.04 zk 0.01 0.03 0.09.c 0.12d 

a XlO9 cm3 molecule-l sec-l. Reference 5b, total disappearance rates. Reference 14. d Reference 6. 

difference is probably small, however, since it proved 
possible to force the proton-transfer reaction 

excess 

KE 
CHZSH+ + HzS => H3S+ + CHzS (31) 

47 35 

The H3S+ ion does not exchange with methane 
by kinetic excitation of the CH2SH+ ion. 

H3S* + CD, f f ,  HzDS+ + CDiH (32) 
35 36 

but exchange is observed with hydrogen sulfide 
HzDS+ + HzS + H3S+ + HDS (33) 

Exchange reactions of the CDzSH+ ion with CD4 or 
H2S are not observed in these mixtures. 

Ion-Molecule Reactions in Mixtures of 
Methane and Ammonia 

The reactions occurring in methane-ammonia mix- 
tures have been the subject of a previous comprehensive 
icr study. Relative rates for the reactions were not re- 
ported in that study, however, but are given here in 
Table VI. Because of overlap problems in the single 
resonance spectra of these mixtures, isotopic substitu- 
tion using 15NH, proved convenient for identification of 
reactions and measurement of relative rates. Measure- 
ment of the rates of hydrogen-atom abstraction reac- 
tions necessarily required the use of CD4-NH3 mix- 
tures. 

The C H 4 ~  ion reacts with ammonia by proton 
transfer, charge transfer, and hydrogen-atom abstrac- 
tion, similar to its behavior in H2S. Again, proton 
transfer is dominant over hydrogen-atom abstraction. 
Charge transfer competes well with proton transfer in 
this case also and is highly exothermic. The rate con- 
stants reported for the hydrogen-atom abstraction reac- 
tion by Lampe and Field1* and by Harrison and 
Thynne6 (Table VI) are only in qualitative agreement 
with the present results. The rate constants for the 
charge-transfer and proton-transfer reactions reported 
by Munson and FieldSb are in fair agreement with the 
present results. 

Both the methyl cation, CH3+, and the methylene 

36 35 

(14) F. W. Lampe, F. H. Field, and J. L. Franklin, J .  Amer. Chem. 
SOC., 79, 6132 (1957). 

Table VII. Exothermic Reactions Not Observed in 
Mixtures of Methane and Ammonia 

AH, 
kcal/ 
mol Reaction 

Maximum 
rate5 

- 62 
- 33 
-18 
-4 
- 44 
- 30 
- 31 
- 33 
- 108 
- 34 

a In units of cm3 molecule-1 sec-1. 

cation, CH2+, react by condensation and by proton 
transfer with ammonia. These reactions were re- 
ported by Munson and Field,5b although they were un- 
able to definitely establish the products of the reaction 
of methylene ions, nor were they able to report a 
branching ratio for reactions of either methyl cations or 
methylene cations. The total loss rate reported for 
these ions by Munson and Field is in fair agreement with 
our results considering the reported experimental errors. 
The charge-transfer reaction of methyl cations with am- 
monia reported in ref 2 does not occur at thermal 
kinetic energies. The rate constant for the condensa- 
tion reaction of methyl cations with ammonia reported 
in ref 2 is too high by a factor of more than 2 because of 
errors in the use of the mass correction factor for field- 
swept icr mass spectra and in the value of the ionization 
cross section used for ammonia-pressure measurement. 
With this exception, the work of ref 2 is in general con- 
firmed by the present studies. 

Condensation Reactions 
The mechanisms of the condensation reactions ob- 

served in this study were determined using me thaned  
isotopic substitution to examine the origin of the hy- 
drogen atoms lost during the reaction. The reaction of 
CD3+ with H2S leads to  three products. The ratio of 
these products is close to the statistical ratio expected 
on the basis of hydrogen-atom scrambling in an inter- 
mediate [CD3SH2+]* complex (Table VIII). This is in 
contrast to the more specific mechanism in the CD3f- 

Huntress, Pinizzotto, Laudenslager 1 Ion-Molecule Reactions 
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Table VIII. Condensation Mechanism of the 
CD3+ + H S  Reaction 

Statis- 
Obsd tical 

Reactants Products ratio ratio 

CDSHz' (CDHSH') + Dz 0.20 0.30 
CD3+ + HzS - -+ CD*SH+ + HD 0.73 0.60 

0.07 0.10 1, CD3S + ( CD2SD') + Hz 

NH3 condensation reaction, which proceeds mainly via 
vicinal elimination of a hydrogen molecule across the 
C-N bond, although a significant percentage of germi- 
nal loss at the heteroatom site is also observed.* The 
methylene cation, CD2+, condenses with HsO, H2S, and 
NH3 with loss of a hydrogen atom from the hetero- 
atom site in the intermediate complex (Table IX). The 

Table IX. Condensation Mechanisms of CH2+ Ions 

Obsd Statistical 
Reactants Products ratio ratio 

1.00 0.50 E ZEZIi+++DH 0.00 0.50 
1.00 0.50 

ZZ::i+++HD 0.00 0.50 
1.00 0.60 

CHz+ + Dz0 ~ 

CDz+ + HzS -- 

CH2+ + ND3 -c CH2ND2+ + 
CHDNDz + H 0.00 0.40 

HS+ ion condenses with CD4 to produce a statistical 
ratio of products (Table X). 

Table X. Condensation Mechanism of the HS + + CD, Reaction 

Statis- 
Obsd tical 

Reactants Products ratio ratio 

-+ CDzSH+ + D, 0 . 6  0.60 

L CD3S+ (CDzSD+) + H D  0 , 4  0 ,40  
HS+ + CDA - 

Unlike CHzNH2+ ion in CH4-NH3 mixtures,* the 
CH20H+ and CH2SH+ ions do not appear to be formed 
initially in an excited state in CHrHzO and CH4-HsS 
mixtures and do not react further with the hydride in the 
mixture either by proton transfer or by exchange reac- 
tions. It is surprising that methyl cation is unreactive 
toward H20 .  Reaction 5 is exothermic and is quite 
similar to the observed condensation reactions with 
H2S and NH3. Although the reasons for this be- 
havior remain obscure, a possible explanation has been 
proposed. In this latter work, proton-transfer reac- 
tions from H3+ ions to CH3NH2, CH30H, and CHsSH 
molecules were used to produce the complex interme- 
diate [CH3NH3+]*, [CH30Ha+]*, and [CH3SH2+]* ions 
with varying degrees of internal energy. These inter- 
mediates are the same ones involved in the condensa- 
tion reactions of CH3+ ions with NH3, H2S, and H20.  
The excited intermediates formed by the proton-transfer 
reactions decompose either by Ha loss to give the CH2- 
XH,+ ion, or by C-X bond scission to give the CH3+ 
ion and the corresponding hydride. The latter reaction 

is the reverse of the condensation reaction. From the 
change in the branching ratio of these two decomposi- 
tion pathways with internal energy in the intermediate 
complex, it was possible to show that a kinetic barrier 
apparently exists to decomposition of the intermediate 
complex by loss of a hydrogen molecule. The exis- 
tence of such a barrier may explain the failure to detect 
the condensation reaction of methyl cations with water, 
Subtraction of the barrier heights derived in ref 10 from 
the excess energies of the condensation reactions re- 
duces the apparent exothermicities for all the conden- 
sation reactions but the apparent exothermicity of the 
CH3+-H20 reaction is reduced to near zero. That a 
barrier should exist to hydrogen-molecule loss is rea- 
sonable since a fair amount of rearrangement is nec- 
essary in the four-centered activated complex. 

Comparison of Rates with Theory 
Table XI shows the experimental total rate constants 

Table XI. 
of Ion-Neutral Pairs with Theory 

Comparison of Experimental Rates 

Experi- 
mental GS LD 

Ion Neutral ratea rate" rateQ 

CHa+ 

CH3+ 

CHz+ 

HzS' 
HS+ 
S+ 
Hz0+ 
OH+ 
NH3- 
NH2+ 

2 . 4  1 .3  
1 . 4  1 . 3  
1 . 4  1 . 1  

<0.01 1 . 3  
0 .5  1 . 3  
0 . 8  1.1 
0 . 5  1 . 3  
0 . 6  1 . 4  
1 . 5  1 . 1  
0.04 1 .1  
0 . 1  1 .2  
0.14 1 . 2  
1 . 3  1 . 2  
0.03 1 . 2  
0 . 4  1 . 2  

<0.01 1 .3  

6.1 
3.7 
5 . 4  
6 . 2  
3 . 8  
5 . 5  
6 . 3  
3 .9  
5 . 6  

All rates in units of ~m~/molecu le -~  sec-', 

for reactions of the various ion-neutral pairs studied in 
this work. The experimental total rates are compared 
in Table XI to two theoretical models; the Gioumousis- 
Stevenson theory (GS)IS or polarization limit, and the 
locked-dipole (LD) limit.I6 The GS theory is the 
maximum rate predicted by the Langevin theory using 
the ion-induced dipole polarization potential to de- 
scribe the collision interaction between the ion and 
neutral molecule. The important parameters in this 
theory are the polarizability of the neutral molecule and 
the reduced mass of the ion-neutral pair. The ion is 
treated as a point charge. The locked-dipole limit for 
polar molecules expands the GS theory to include the 
effect of a dipole moment in the neutral molecule by 
assuming that the dipole moment is always "locked-on" 
to the ion so that complete alignment between the 
dipole moment of the neutral with the charge on the ion 
is maintained. 

The results in Table XI show that for reactions of the 
CH4+ ion with polar neutrals (HzO, H2S, and NH3) the 
values of the experimental rate constant lie between 

(15) G. Gioumousis and D. P. Stevenson, J .  Chem. Phq's., 29, 294 

(16) T. F. Moran and W. H. Hamill, J .  Chem. PhJ's., 39, 1413 (1963). 
(1 9 5 8 ) .  
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tures, shows that a larger number of condensation reac- 
tions are observed in mixtures with second-row hydrides 
compared with hydrides of the first-row elements. Re- 
arrangement apparently occurs more readily in reac- 
tions involving ions and neutrals of the larger second-row 
hydrides. 

The most surprising observation to be made from 
Table XI is that the reactions of the hydride ions with 
methane are so slow, the apparent exception in this case 
being the Hz0+-CD4 reaction. A possible explana- 
tion is that there are no exothermic proton-transfer or 
charge-transfer reaction channels available in these 
reactions (the OH+ ion being the exception in this in- 
stance). The exothermic reaction channels for these 
reactions consist of abstraction reactions (of Hz, H, or 
H- from the neutral) and condensation reactions. Ab- 
straction reactions all seem to exhibit slow rates when 
observed at all (again the Hz0+-CD4 reaction excepted), 
and evidence has already been presented for the ex- 
istence of barriers to condensation reactions. 

The authors wish to acknowledge 
the work of M. Mosesman who provided the initial 
impetus in the initial stages of these studies. 
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theoretical rate constants for the polarization and 
locked-dipole limits. Recent work” has shown that 
this phenomenon is often observed for ion-molecule 
reactions, involving polar neutrals, and that the ob- 
served rate constant is generally closer to  the polariza- 
tion limit, indicating that the effect of the dipole mo- 
ment is to  a large extent averaged out by molecular 
rotation of the neutral molecule. 

In contrast to the general observation, the reactions 
of the CH3+ and CH2+ ions, which proceed mainly by 
condensation, exhibit rates even less than the polariza- 
tion limit. An apparent exception is the CHz+-NH3 
reaction. This observation tends to support the idealo 
that significant barriers to some dissociation channels 
of intermediate complexes in ion-molecule reactions 
may exist as a result of the large amount of molecular 
rearrangement required to  form condensation products. 
The result is simply back reaction where no other exo- 
thermic reaction channels are available. Also, com- 
parison of the observed reactions in CH4-HzS us. CH,- 
H,O mixtures, and in CH4-NH3 us. CH4-PH318 mix- 

(17) T. Su and M. T. Bowers. J .  Chem. Phvs.. in o r e s  
( l S j  D. Holtz, J. L. Beauchamp, and J. R.  ’Eyler, J .  Amer. Chem. 

Soc., 92, 7045 (1970). 

Mechanism for Scrambling and Dissociation of 
Short-Lived Intermediate in a Crossed-Beam Reaction of 
Methyl Cation and Methane 

John Weher,* G .  P. K. Smith, Martin Saunders, and R. J. Cross, Jr. 

Contribution from the Department of Chemistry, Yale University, 
New Haven, Connecticut 06520. Received June 12, 1972 

Abstract: Crossed-beam studies of the ion-molecule reaction CD3+ + CH4 -+ CzXs+ + Xz (X = H, D) and its 
isotopic complement CH3+ + CD4 + CzXs+ + Xz (X = H, D) yield the following results. (a) All CzX6+ products 
arise from a direct reaction mechanism with no evidence of long-lived intermediate formation. (2) Total reaction 
cross sections calculated from probability contour plots show a marked trend toward nonrandom H, D scrambling 
with increasing collision energy. A kinetic model of scrambling and dissociation in the short-lived intermediate 
is proposed to account for the results. 

lthough Herman, et al., have convincingly demon- A strated that the reaction of methyl cation with 
methane does not proceed through a long-lived inter- 
mediate, the mechanism is still far from clear since 
tandem mass spectrometer (TMS)z and ion cyclotron 
resonance ( i ~ r ) ~  studies both show extensive H-D 
scrambling in isotopically labeled products. A pos- 
sible inference is that the C2HND7++ intermediate 
exists as a structural entity long enough for exchange to 
take place (a few vibrational periods) but not long 
enough to exist as a persistent collision complex4 (a few 
rotational periods). 

(1) Z. Herman, P. Hierl, A. Lee, and R. Wolfgang, J .  Chem. Phys., 

(2) F .  P. Abramson and J. H. Futrell, J .  Chem. Phys., 45, 1925 

(3) W. T. Huntress, Jr., J.  Chem. Phys., 56, 5111 (1972). 
(4) A persistent collision complex is defined as an intermediate which 

lives long enough to scramble completely the momenta of the reactant 
species SO that memory of the initial orientation of the momenta is 

51, 454 (1969). 

(1966). 

Here we report studies of two isotopic systems 

CD3+ + CH4 + C9H,vD6-,y+ + H4-,vD,v-Z ( N  = 2, 3,4) (la) 
CH3+ + CD, + CZHS-ND.~ + Hx-ZD4-.V ( N  2,3,4)  (lb) 

using the crossed-beam electron volt accelerator (EVA).5 
Our purpose in studying this system is twofold: first, 
to determine if reactions l a  and l b  proceed uiu a direct 
mechanism for all isotopic products or whether some 
products are formed in, say, a “stripping” mechanism5 
while others are formed through a long-lived interme- 

completely lost to the products. Total linear momentum, of course, 
is conserved. Note the distinction between momentum scrambling 
and chemical (hydrogen-deuterium) scrambling. For an example of a 
persistent complex in ion-molecule reactions, see Z. Herman, A. Lee, 
and R. Wolfgang, J .  Chem. Phys., 51, 452 (1969). See also W. B. 
Miller, S. A. Safron, and D. R. Herschbach,Discuss. Faraday Soc., No. 
44, 108 (1967). for a discussion of persistent collision complexes in ther- 
mal neutral-neutral reactions. 

(5) 2. Herman, J. D. Kerstetter, T. L. Rose, and R. Wolfgang, Dis- 
cuss. Faraday Soc., No. 44, 123 (1967). 
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