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ICR studies of some hydroge_n atom abstraction reactions:

X* + H,— XH* + H*

J. K. Kim', L. P. Theard, and W. T. Huntress Jr.

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91103

(Received 19 June 1974)

Ton cyclotron resonance methods are used to identify and to measure the rate constants for the
abstraction of a hydrogen atom from H, by CH*, CHf, CH}, N*, NH*, NHf, NH}, O*, OH*,
H,0%, CO*, N§, C, and C,H* ions. Although in most cases hydrogen atom abstraction is the
only available exothermic pathway for these reactions at thermal energies, the rate constants
measured show that except for O*, CO*, and N3, a large fraction of collisions between these ions
and H, are not reactive. The rate constants measured range from a low of (34-1) X 10~ cm®/sec
for the NHf-H, reaction to (1.7340.04) X 107° cm’/sec for the N;-H, reaction. These values
compare to the Langevin value of about 1.5 X 10=° cm®/sec for collisions between these ions and
H,. An examination was also made for possible thermoneutral hydrogen atom exchange reactions for
those ions which do not react with H, (CHY, CHf, NH{, H;0*, H,S*, H;S*). The only exchange
reaction observed was for collisions between CDj ions and H,, for which a rate constant of

(5.140.5) X 107! cm’/sec was measured.

. INTRODUCTION

The reactions of ions in hydrogen are not only of fun-
damental interest, but are also important in present
schemes for the synthesis of molecular species in dense
interstellar clouds. For example, the loss processes
involving the CH' ion in clouds containing large quanti-
ties of H; are important for determining the relative
abundances of the CH and CH' species observed in these
regions. L2 From the fundamental point of view, the ab-
straction of a hydrogen atom from H, by various ions
represents a class of somewhat enigmatic reactions,
since it appears that the occurrence of these reactions
cannot be predicted on the basis of exothermicity. % Un-
like other simple atom transfer processes in ion-mole-
cule collisions (such as proton transfer), exothermic
hydrogen atom abstraction does not always occur with
every ion—molecule collision, even if the process is
exothermic and is the only available reaction pathway.
This is contrary to the prevailing conception that exo-
thermic ion—-molecule reactions have no activation ener-
gy and therefore should occur with nearly every colli-
sion. Only proton transfer reactions appear to occur at
the maximum rate given by the collision frequency.

Abstraction reactions of ions in hydrogen have been
previously examined, * ! but not without some experi-
mental difficulties. Studies using conventional mass
spectrometric techniques® !! generally involve ions with
excess kinetic energy and suffer the difficulty that the
reactant hydride ions are resynthesized in these mix-
tures by reaction of H; and Hy ions with the neutral hy-
dride additive. This latter problem can be especially
acute for fragment ions with appearance potentials
greater than the ionization potential of hydrogen, and in
many cases prevents the identification of reactions and
the measurement of rate constants. Measurements us~
ing the flowing afterglow technique®* neatly avert this
problem by separating the ion formation and hydrogen
addition regions. The ion kinetic energy distribution in
flowing afterglow experiments is thermal at 300 °K, but
only approximate rate constants have been reported for
several of the reactions studied in this work.
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The ICR ion trapping technique used in this work!? al-
lows for the direct measurement of the decay of reactant
ions with time, and has the advantage that thermal en-
ergy rate constants are easily and accurately obtained
from simple kinetics., This technique is coupled in this
work with continuous rf double resonance ejection of the
H; ion formed by electron impact of H, in hydride-hy-
drogen gas mixtures. This capability for mass-selec-
tive ion ejection is unique to ICR methods and is re-
quired in this case in order to prevent the formation of
ions by reactions of Hj and Hj ions with the hydride addi-
tive in these mixtures. The time dependence of the pri-
mary parent and fragment ions can then be followed
without interference from secondary ion formation,

Il. EXPERIMENTAL

The ICR ion trapping technique used for measuring
thermal energy rate constants has been previously de-
scribed. ' The decay of the primary ions with time
yields the rate constant for the reaction with the neutral
gas present. Figure 1 shows a semilogarithmic plot
of the decay of the CH* and CHj ion signals in methane
both with and without added hydrogen. The hydrogen
was added through a second sample inlet, and the added
hydrogen pressure was measured using the capacitance
manometer—-ion gauge procedure as previously de-
scribed. !* Without added hydrogen, the slope of the de-
cay plots in Fig. 1, when divided by the methane neutral
density, yield the rate constants for the reaction of CH*
and CH} ions with CH,. The difference in slope be-
tween these and the decay plots with added hydrogen,
when divided by the added neutral hydrogen density,
yield the rate constants for the reaction of CH* and CH}
ions with H,.

The rate constants for the reaction of CH*, CHj, N°,
NH*, NH3, O’, OH', N;, C}, and C,H" ions with hy-
drogen were determined using the procedure outlined
above (Table I). These ions are not produced by Hj or
Hj ions in the mixtures used, and the results obtained
were unaffected by continuous rf ejection of the Hj ions.
However, without H} ion ejection the behavior of the -
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FIG. 1. Semilogarithmic plots of the decay of the CH* and CH}
ion intensities with time in ion trapping experiments on (1)
circles, methane alone, CH, pressure 1,65x 1078 Torr, and (2)
crosses, with 2.15x10°% Torr of H, added for a total of 3.70
x10-¢ Torr.

CO’, CH%, CH}, NHj, and H,O" ions are considerably
affected on addition of H,. These ions are formed by
H}j or Hj ions in the mixtures used, and two methods
were used to eliminate these secondary processes. In
the first method electron energies below the I. P. of H,
were used, and in the second method an electron energy
of 40 eV was used with continuous cyclotron ejection of
the H’ ion (which also prevents formation of H ions),
Complete ejection of the H} ion is verified when further
increases in rf irradiation power at the cyclotron fre-
quency of Hj results in no further reduction of the total
ion signal. The rate constants obtained by either of
these methods are identical, but the data obtained by Hj
ion ejection are more precise because of the much larg-
er ion signal which can be obtained at high electron en-
ergies, The errors quoted are for precision only. The
estimated accuracy of the measurements is estimated to
be on the order of 10-15%.

The reactions with H; indicated by the ion trapping ex-
periments were confirmed by performing standard ICR
double resonance ejection experiments. * For the ions
which do not react with Hy, upper limits for the rate
constants were obtained by using standard continuous-
drift ICR methods at electron energies below the I. P.
of H,. The neutral hydride was admitted to the spec-
trometer at low pressures where little or no reaction
between ions and the neutral hydride are observed (short
drift times, ~ 1-2 msec). Hydrogen (or D,) was then
added to pressures as high ag 2x 10°2 Torr and the upper

limit determined from the ratio of intensities of the m
+1ion (or m + 1 and m + 2 ions in the case of added D,)

to the m ion. Better upper limits can be obtained by
searching for the product ion than by searching for small
differences in slopes in semilogarithmic ion decay plots.
Short reaction times are also required in order to pre-
vent formation of the » + 1 ion by reactions with the neu-
tral hydride itself (rather than with H,) so that the ion
trapping mode is not applicable in this case.

The upper limits for the abstraction reactions of CHj,
H,S", CH;NH,, and CH;OH" ions with H, (or D,) were
determined by the continuous-drift ICR method given
above. For several ions that are not reactive with hy-
drogen, the possibility of hydrogen atom exchange in
nonreactive collisions was examined using this same
method (Table II). In order to examine for exchange
reactions of protonated ions (NH}, H;O', HyS*, and
CD?3), the neutral hydride gas was added at high pres-
sures where extensive reaction results in nearly com-
plete conversion of primary ions to the protonated (deu-
teronated) ion. Hydrogen (or D,) is then added as before
to examine for the exchange reaction (Fig. 2).

I1l. RESULTS AND DISCUSSION

A. Methane-hydrogen mixtures

The CH*, CH,, CHj3, and CH} ions were obtained by
electron impact of CH;. Figure 1 illustrates the mea-
surement of the rate constants for the reactions

CH +H,~ CH3+H, (1)
CH,+H, - CH3+H (2)
a b

N

L | | | | | | J
17 18 19 20 17 18 19 20

FIG. 2, Conventional ICR spectra of (a) NH; at 2.9x 10" Torr,
{b) same as (a) with 9,.2x10" Torr of added D,. Electron ener-
gy 13.5 eV, drift time 1.5x 10~ sec. From the lack of change
in relative intensities of the m/e=18 and 19 ions with added D,,
an upper limit of ~1x10-1* cm®/sec is obtained for the reaction
NH/+ Dy —~NH3;D* + HD,

J. Chem. Phys., Vol. 62, No. 1, 1 January 1975
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TABLE I. Reactions of ions with hydrogen.

4AH Rate constant® E,
(kcal/mole) Reaction (10® ecm®/sec)  Lit. values (kcal/mole)
~14 CH*+H, ~CH} +H 1.01+0, 04 0.58,7 (0.49)"" 0.2
-21 CH; +H, ~CH3+H 0.72+0.,04 0.23,7 (0.31)"® 0.4
+66 CH; +Hy —CHj{+H =0.0005 >4.1
0 CH;+H, ~CH:+H 0.041 %0, 002 2,2
~14 N*+H, -~ NH*+H 0.48+0,02 0. 47 0.7
- 26 NH*+H, ~NH} +H 0.95£0.,10 ~2:0! 0.3
-29 NH; +H, — NH; +H 0.12%0,02 0.25! 1.5
-23 NH} +Hy —NH} + H (3+1)x10"4? (=5x10™%), 4 (0. 076)100 5.1
-10 O*+H, —OH' +H 1.58+£0,04 2.0° ~0
(1.32+0,03)°
—27 OH*+H, +H,0" +H 1.05+0.08 ~1,5 0.2
~38 H,O*+H, ~H;0*+H 0.61+0.03 ~1.4,% (0.41),19 (0, 64):¢ 0.5
- 48 CO*+H, ~COH* +H 1.39£0.04 2.0,% (1.5)°(1. 5)¥%(0, 72)8» 0.1
~57 N3 +Hy —N,H* +H 1.73+0, 05 1.7,32,1,1 1, 7)%0 ~0
-23 C}+H, —~C,H'+H 1.1240.11 0.2
-30 C,H'+H, —C,H} + H 0,78+0.05 0.4
~5 CHgNH}+D; ~CH;NH,D*+H =0, 0005 >4.1
—12 CHyOH'+D; —CH;OHD*+H  =0.0005 >4.1

%Errors quoted are for precision only.
PFor reaction with Dy,

°For O ions from Q,, where approximately 28% of the ions are excited,

dFor the reaction D,O*+ Hj.

by the trapped ion method in CH,~H,; mixtures. The
rate constant for the reaction

CH,+H,~ CH;+H (3)

was also measured in this manner, and the results are
given in Table I.. The values obtained for , and %, do
not agree well with the early work of Munson et al.,’
probably because the average ion kinetic energy was
much higher in their experiments. The occurrence of

TABLE II. Exchange reactions with hydrogen.

Rate constant

Reaction (10 ecm®/sec) Lit. values.
CDY +H, —CD,H* + HD =0. 0005

CDj} +H, —~CDyH* + HD <0.001

CD5 + 1 = CH,H' + HD 0.510.05 (0. 55)168

—~CDH}+D,

NH} + D, —NH,D* + HD =0.0001

NH; + D, -~ NH,D* + HD =0. 002
H;0*+Dy, —H,DO* + HD =0.001

H,S' + D, —HDS" + HD =0. 0005

H,S* + D, —H,DS* + HD =0, 001

*For the reaction CHj +D, — (CH,D*, CHD3)+ (HD, Hy).

Reactions (1) and (2) were confirmed by double reso-
nance ejection experiments in CH;~H, mixtures, Dou-
ble resonance ejection signals for the reactions 13~ 14
and 14—~ 15 are observed only in the presence of hydro-
gen in these mixtures. The reaction

CH4+D;~ CH.D'+D (4)

was confirmed by double resonance ejection in CH,— D,
mixtures at low electron impact energies (14 eV).

There are no exothermic reaction channels available
in collisions between CHj ions and H, at thermal kinetic
energies. Trapped ion experiments show no change in
the decay rate of CHY ions on addition of H,. However,
the methyl cation has been shown to undergo hydrogen
atom exchange in collisions with H,. *** Double reso-
nance ejection experiments in CD,—H, mixtures iden-
tify the reaction:

CD3+H; -~ CD,H" +HD, (5)

and trapped ion studies on these mixtures yield the value
0.51%10™ cm®/sec for the total disappearance rate con-
stant of CDj ions in H, (Table II). This result is in ex-
cellent agreement with the value 0. 55x 107° cm®/sec ob-
tained by Harrison and Keyes'® for the disappearance
rate constant of CHj ions in D,. Harrison and Keyes
also determined the product distribution in this

reaction

CH3+D; ~ CH,D' + HD (8)

J. Chem. Phys., Vol. 62, No. 1, 1 January 1975
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~ CHDj+H, (7

and found that kg /kq= 2.0+ 0, 4, indicating that equilibra-
tion of the hydrogen atoms occurs in an intermediate
complex for these reactions.

B. Ammonia-hydrogen mixtures

NH', NH;, and NH; ions were obtained by electron
impact of NH3, and the rate constants obtained for the
reactions

NH'+H,~ NH3+H, (8)
NH,+H, ~ NH3+H (9)

in NHs~H, mixtures are given in Table I. The ICR va-
lues do not agree well with those reported from flowing
afterglow experiments by Fehsenfeld ef al.** However,
both the ICR and flowing afterglow experiments show
that the exothermic reaction

NH3+H, - NH};+H (10)
is extremely slow.

The intensity of NH" ions obtained by electron impact
of NH; was insufficient for reliable identification of
Reaction (8) in double resonance experiments. A reac-
tion between NH" and H, is, however, clearly observed
in ion trapping experiments. Fehsenfeld ef al. have
shown in flowing afterglow experiments that Reaction (8)
does occur and that the only alternative reaction path-
way,

NH'+H, X Hy+ N, (11)
does not occur at thermal energies.

Cyclotron ejection experiments in conventional, con-
tinuous-drift ICR studies of NHg~D, mixtures confirm
the occurrence of Reaction (12),

NH,+D, -~ NH,D'+ D, (12)
16 18
in the presence of the reaction
NH}+NH; ~ NH;+ NH (13)
16 18

by an increase in the double resonance ejection inten~
sity for 16~ 18 on addition of D, when compared to the
double resonance intensity for 17— 18,

NH 3+ NHy -~ NH,+ NH,
17 18

Exchange of NH§ ions with D, to give NH,D" ions was
not observed in NHz—-D, mixtures below the I. P, of D,.

(14)

Because of the failure to observe reaction (10) in
NH;-H; mixtures, and the ultimate importance of this
reaction for the possible synthesis of ammonia in inter-
stellar clouds,” this reaction was examined in more de-
tail using NHg-D, mixtures. Figure 3 shows the re-
sults of a trapped ion experiment below the I. P. of D,
at very high D, pressures. The absence of any observ-
able change in the slope for the NH ion decay plot gives
an upper limit of about 5x10™ ¢cm®/sec for any reaction

VO I l T ]

[ m/e = 18 ]

0.6} _{

5 4

L NH3 - D2 .

0.3 m/e = 17 13.5 eV -
1
I

0.1 m/e = 19 (x5) +4 i

0.06} - 4

- 78 4

0.031 ﬁ —

L 4

0.0} | ] | i | I ]
0 10 20 30 40 50 60 70 80

TIME, msec

FIG. 3. Ion intensities vs time in NHjy (solid circles, 8.35
%107 Torr NH,) and in a NH;—-D, mixture (open circles, 8.35
%1077 Torr NH; and 1,21x10"% Torr D,). Electron energy
13.5 eV. Error bars are given for intensities measured at
long storage times.

between NH} and D,. However, a very small amount
of product ion is observed at m/e = 19 which in the ab-
sence of D, corresponds to the natural isotopes of the
m+1ion (*NHY, “NHgD'). The m/e=19 signal does
show a significant and reproducible increase on addition
of D,. This increase could correspond either to the
reaction

NH;+ D, - NH;D*+D
17 19

(15)

or to reactions with water impurity in the D, sample,
(NHj3)*+H,0 -~ HyO'+NH, ,
17 19
H,0* + H,O -H;0" + OH
18 19

(186)

(17)

The electron energy used in the experiment illustrated
in Fig. 3 was 13.5 eV, which has been shown to produce
NH 3 ions in a distribution of excited vibrational states, 1
Reaction (16) has been identified in NH;—H,0 mix-

tures, ' Also, the water impurity in the D, sample was
found to be ~ 10 ppm, which might account for the in-
crease in the m /e = 19 intensity via reactions (16) and
(17), except for the fact that H;O" ions are rapidly con-
verted to NHY ions (m/e = 18) via the very fast reaction

H;O" +NH; ~ NH;+ H,0 . (18)

J. Chem. Phys., Vol. 62, No. 1, 1 January 1975
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Reaction (18) should completely remove any H;O" ions at
70 msec and 8. 35X 107" Torr NH;. The reaction reverse
to (18) has not been identified, but must have an immea-
surably small rate constant. The difference in the pro-
ton affinities of water and ammonia is on the order of

40 kcal/mole, " so that the equilibrium constant for
Reaction (18) is on the order of 10?°, This yields a re-
verse rate constant on the order of 107, Reactions
with water impurity can therefore be eliminated.

An alternate possibility for the increase in m/e=19
signal with added D, pressures might be the occurrence
of an exchange reaction,

NH+ D, ~ NH;D* + HD
18 19

(19)

However, experiments using the conventional, contin-
uous-drift ICR method show that the rate constant for
reaction (19) is less than 1. 0x10™*® cm®%/sec (Fig. 2).
The rate constant derived for reaction (15) from Fig. 3
is (3£ 1)x 107" cm3/sec, so that Reaction (19) is not
sufficient to explain the magnitude of the increase of
m/e =19 with added D,. Also, no ions were observed
at m /e = 20. Another observation which is pertinent in
the conventional ICR data in Fig. 2 is the small signal
at m/e = 19 (short times and high NH; pressures). This
is the HyO" ion formed by Reaction (16) of excited NH}
ions with the background residual water impurity, which
is always present in very small quantities. The reac-
tion time (~1 msec) is sufficiently short in this case to
prevent extensive conversion of HsO* to NH} ions. Ad-
dition of a large amount of D, does not appear to result
in an increase in water background signal in Fig. 2.

Based on the present results, it seems fairly certain
that Reaction (15) is indeed occurring, at least for the
distribution of vibrationally excited NH§ ions formed by
electron impact at 13.5 eV, and that the rate constant
is k5= (3£1)x 10" cm®/sec. Figure 4 shows rf double
resonance spectra of the m /e = 19 ion at 95 msec in the
experiment illustrated in Fig. 3. Continuous rf power
was applied over the entire storage time of the ions. A
significant observation in Fig, 4 is that the sum of the
ion-ejection intensitites is greater than the total single
resonance signal, a symptom of excessive ion densities
where coulombic couplings are observed in double re-
sonance spectra. Unfortunately, large ion densities are
required in order to observe the very small signal

at m/e =19, so that coulombic coupling cannot be avoided

in this case. The ejection intensities are therefore not
reliable. However, at low rf powers where ions are
not ejected, but are translationally heated, coulombic
coupling is not as severe a problem. Under these con-
ditions, the double resonance signal at m/e = 18 dis-
appears and the response at m /e = 17 indicates a large
increase in the m/e = 19 signal. This “positive-going”
signal disappears in the absence of D,, These observa-
tions at low rf powers rigorously identify Reaction (15)
at elevated ion kinetic energies and show a rate constant
increasing rapidly with increasing ion kinetic energy.
This change might explain why Harrison and Thynnem
report such a large rate constant for this reaction. The
exit ion energy in their experiments was approximately

OBS, 19
17

18

BASELINE

FIG. 4. Double resonance spectra of the m/e=19 ion in the
NH;-~Dy mixture shown in Fig, 3 at 95 msec reaction time.
Lower trace is a high rf power, ion-ejection spectrum with

the baseline as shown, The upper trace is a low rf power, ion-
heating spectrum on the same sensitivity scale as the lower
trace but with the baseline raised.

3.7¢eV,

Since it is known that NHj ions are formed by electron
impact at 13.5 eV in a distribution of vibrationally ex-
cited states, it cannot be determined in the present work
whether the rate constant determined for Reaction (15)
is applicable to NHj ions in the ground vibrational state.
The failure to observe any increase in the loss rate for
NH; ions with addition of D, in Fig. 3 can only place an
upper limit of about 5% 10 ! ¢cm3/sec on the rate con-
stant for deactivation of vibrationally excited NHj ions
in nonreactive collisions with D,. The rate constant for
reaction (14) is significantly larger for NH7 ions in the
ground vibrational state than for NHj ions formed by
electron impact at 13.5 eV. 18 collisional deactivation
would therefore have been expected to produce some
curvature in the semilogarthmic plot in Fig. 3 if the
rate constant &,, were to have increased at longer stor-
age times.

C. Water-hydrogen mixtures
The reactions
OH'+H; -~ HO'+H , (20)
H,0" +H; ~ HiO'+H (21)

occur with appreciable rate constants at thermal kinetic
energies. The values for %,y and k,;, measured in this
work by the trapped ion method in Hy;O-H; mixtures,
are given in Table I. The rate constant 23, obtained is
in good agreement with the values reported earlier by
Lampe et al. ® and by Harrison and Thynne' but both kg
and kj, are significantly less than the approximate va-

J. Chem. Phys,, Vol. 62, No. 1, 1 January 1975
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lues reported by Fehsenfeld et al.® Reaction (21) is
confirmed in conventional ICR experiments both as an
increase in the single resonance intensity ratio
I(Hs0")/I(H,0") with increasing H, pressure at electron
energies below the I. P. of H,, and as the appearance
of an ion at m /e = 20 in HO-D, mixtures due to the
reaction

H20+ + Dg *H2D0+ +D .
18 20

(22)

Reaction (20) is identified in conventional ICR studies of
H,0-D, mixtures as an increase in the double reso-
nance ejection intensity for the reactions

OH'+D,-HDO'+D , (23)
17 19
+Hp,O -~ HgO*+ 0 (24)
19

with increasing D, pressure when compared to the dou-
ble resonance ejection intensity for the reaction

H20+ + Hzo - H::;O+ +0OH .
18 19

(25)

D. Mixtures of oxygen and carbon dioxide with hydrogen

Both oxygen and carbon dioxide were used as sources
of the atomic oxygen ion. The O" ion is a very minor
fragment ion for electron impact on these molecules.
Nevertheless, sufficient O" ion intensity was obtained
at electron impact energies of 40 eV for good ion decay
curves to be observed in trapped ion experiments. Two
different sources were used for production of O since
it has been shown®*?! that these ions are readily pro-
duced in the metastable ?D and 2P states by dissociative
ionization of various molecules, Turner ef al.? have
shown that ~28% of the O ions initially produced from
O; by electron impact at 60 eV are in electronically ex-
cited states, whereas Hughes and Tiernan?' have shown
that only ~4% of the O" ions initially produced from CO,
by electron impact at 60 eV are in electronically excited
states. In the present work, different rate constants
were obtained with H, for the reaction of O ions pro-
duced from O, and CO, (Table I).

The value of the rate constant for the reaction
O'+H,- OH'+H , (26)

obtained from CO,-H, mixtures, 1.58% 10 °cm?/sec,
agrees very well with the Langevin rate constant for this
reaction, 1,56%10™® ¢cm®/sec, and is probably the rate
constant appropriate for ground state O ions. These
values are in poor agreement, however, with the rather
high value from early flowing afterglow experiments,
2.0x107° cms/sec. % The value of the rate constant for
Reaction (26), obtained from O,—H, mixtures, 1.32
x107? cms/sec, is decidedly less than the value from
CO,—H, mixtures. This is possibly the result of the
formation of metastable electronically excited O" ions
by electron impact of O, and indicates that the rate
constant for reaction (26) may be significantly smaller
for O" ions in these excited states.

E. Mixtures of nitrogen with hydrogen

Electron impact of molecular nitrogen at 40 eV was
used as a source of the atomic nitrogen ion. The rate
constant determined for the reaction

N'+H, - NH'+ H (27)

in Np,—-H, mixtures is given in Table I. The value ob-
tained is in excellent agreement with the most recent
value from flowing afterglow experiments.* The rate
constant for the reaction

Ny+H, ~ NH' +H (28)

was also measured in Np—H, mixtures, and the value
obtained is again in excellent agreement with the flowing
afterglow experiments. The value reported by Aquilanti
et al, ™ may be somewhat high because of excess N} ion
kinetic energy in their high pressure mass spectro-
meter experiments (~ 2.0 eV ion exit energy).

Both Reactions (27) and (28) have alternate exothermic
reaction pathways:

N'+H, -~ H"+NH+ 3 kcal , (29)
Nj+Hp— H3+Np+ 3.4 keal . (30)

The intensity of N* ions obtained by electron impact of
molecular nitrogen at 40 eV was insufficient to eliminate
the possibility of the occurrence of Reaction (29), but
double resonance ejection experiments appear to indi-
cate that Reaction (27) is the main reaction channel in
N'-H, collisions, Double resonance ejection experi-
ments clearly show reaction (28) as the major reaction
channel for N3-H, collisions. The probability for
charge transfer from N} to H, is determined from the
present experiments to be less than 10°% times the
probability for hydrogen atom abstraction at thermal ion
kinetic energies.

Ionization of molecular nitrogen at 40 eV electron
impact energy is known to produce a significant fraction
of N ions in electronically excited states. ®? %% How-
ever, the lifetimes of the optically observed states are
sufficiently short®* 24 (< 107° sec) compared to the time
between collisions in the ICR experiment (2 107 sec)
that contributions from these states are not expected in
the present experiments. To eliminate the possibility
that vibrationally excited states or metastable electroni-
cally excited states of N3 may be present, experiments
were run on Np,~H, mixtures at 16.5 eV, below the A. P.
of the first optically allowed electronically excited
state of N3. Photoelectron spectra® show that N} ions
formed at 16. 5 eV should be principally in the ground
vibronic state at this energy. The same rate constant
was obtained for reaction (28) for electron impact ener-
gies of 16.5 and 40.0 eV.

The rate constant for the reaction of N3 with H, is the
largest measured in this series; (1.73+£0.05)x107°
cma/ sec. It is interesting that the experimental value
is actually significantly larger than the Langevin value
1.49%x 107 cm®/sec. I grazing collisions are included
in the Langevin formalism,?® and if the maximum com-
ponent of the polarizability tensor® is used, the theore-
tical value can be raised to 1.78x 10" cm?¥/sec. It has
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also been suggested?® that the quadrupole moment of H,
may have to be included in calculating rate constants
for reactions of ions with H,. A large rate constant
for the N;—H, reaction might possibly be explained by
some combination of these latter effects.

F. Mixtures of carbon monoxide with hydrogen
The rate constant for the reaction,
CO*+H,- COH'+H , (31)

measured in CO-H, mixtures, is given in Table I. The
value obtained is not in good agreement with the approxi-
mate value obtained from the early flowing afterglow
experiments.® Good agreement is obtained with several
other values®® reported for the CO'-D, reaction, but
direct comparison may not be applicable because of the
significantly larger reduced mass in the latter colli-
sions. To eliminate the possibility of contributions
from vibrationally excited or metastable electronically
excited states of CO", experiments were run on CO-H,
mixtures at 16.0 eV, below the A. P, of the first opti-
cally allowed electronically excited state of CO*. Pho-
toelectron spectra show that CO* ions formed at 16.0
eV should be principally in the ground vibronic state at
this energy. The same rate constant was obtained for
reaction (31) for electron impact energies of 16. 0 and
40.0 eV.

G. Mixtures of hydrogen sulfide with hydrogen

There are no exothermic reactions between H, and S,
HS®, or H,S’ ions at thermal kinetic energies. The
reaction of H,8* with H, is endothermic by about 8
kcal/mole:

H,S"+Hy, ~ HyS"+H, AH=+ 8 kcal/mole . (32)

However, an endothermic reaction of vibrationally ex-
cited H,S* ions has been previously observed in ICR ex-
periments®;

(H,S*)*+ CD, - H,DS*+ CDg, AH=-+ 8 kcal/mole.

(33)
Reaction (33) is also endothermic by about 8 kcal/mole.
An attempt was therefore made to observe Reaction (32)
by using the conventional ICR method and looking for an
increase in the single resonance intensity ratio
I(HsS")/1(H,S') with increasing H, pressure at electron
impact energies below the I. P. of H, (14 eV). No in-
crease was observed, and an upper limit was placed on
the rate constant for Reaction (32) of approximately kg,
<5%10""® cm®/molecule-sec.

H. Acetylene-hydrogen mixtures
The reactions
Ci+Hy,~ C,H" +H, (34)
C,H'+H, -~ C;Hy+H (35)

were identified in C,H,~H, mixtures where the C} and
C,H" ions were obtained by electron impact of C.H; at
40 eV. The rate constants measured for Reactions (34)
and (35) are given in Table I. The reaction of the parent
ion,

C,H,+H, ~ C;H3+H (36)

is endothermic by about 1 kcal/mole. A previous study®
has shown that Reaction (36) does not occur for C,H}
ions in the ground vibronic state, but that acetylene ions
with at least one quantum of excess vibrational energy

do react with H, to give C,H% ions. There are no exo-
thermic reaction pathways available in collisions be-
tween H, and C,H3, C,H}, C;H%, or C,H% ions at ther-
mal kinetic energies, and no reactions were observed
between H, and these ions in C,H,~H, and C,Hgs—H,
mixtures.

I. Mixtures of CH3NH, and CH; OH with hydrogen

The reactions
CHNH; + D, = CHyNH,D*+D , (37)
CH;0H' + D, - CH;OHD" + D (38)

are both exothermic, but a previous study®! using the
conventional ICR method has shown that they do not oc-
cur. The upper limits for the rate constants of Reac-
tions (37) and (38) determined in this study are kg;, kg
<5%10"*® em?/molecule-sec.

IV. SUMMARY AND CONCLUSIONS

Except for the reactions of N*, NH*, and N} with H,,
hydrogen atom abstraction is the only available exother-
mic reaction pathway at thermal energies for the reac-
tions listed in Table I. Even in the case of NH* and N,
it has been shown that the alternate reaction pathway is
not observed and that the reaction occurs principally
via hydrogen atom abstraction. The rate constants mea-
sured for these reactions range from a low of (3x1)

% 10" ¢m¥/sec for the NH;—H, reaction to (1.73+0.04)
x10™ ¢cm?/sec for the N;—H, reaction. When compared
to the Langevin value of ~ 1, 5% 10°® cm%/sec, it is clear
that a large fraction of the collisions between these ions
(except for O, CO*, and N}) are not reactive. This
observation contrasts with the traditional view that exo-
thermic ion—-molecule reactions have little or no activa-
tion energy and should therefore occur with nearly every
collision. There has been some recent discussion in
the literature about barriers to simple ion-molecule
reactions,® and if the simple expression

Eons=Foortiston® 20T (39)

is used for deducing magnitudes of activation energies
for ion—molecule reactions, then barriers on the order
of several kcal/mole are obtained for the reactions
studied in this work. Using expression (39) and a value
of 1.5x107° cm®/sec for k115400, the values of E, given
in Table I are obtained. It does appear that successive
substitution of hydrogen on the active site (C, N, or O
ion) increases the activation energy (i.e,, O*, OH’, and
OHj; or the isoelectronic series CH;, NH*, and O*).
Hence the number of unfilled sp” hybrid orbitals may be
important. Also, substitution of CHg for H may increase
the activation energy dramatically (i.e., CHsOH}; and
OH}). Hence steric or change delocalization effects
may be important .
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The examples obtained in the present work add to the
mounting evidence that considerable barriers can exist
to even very simple ion-molecule reactions, and sug-
gest the need for further theoretical and mechanistic
study in this area. One observation can also be made
concerning mechanism with regard to the data on ex-
change reactions in Table II. It would seem reasonable
to expect that exchange will only be observed for reac-
tions in which a stable intermediate complex ion is
formed with a sufficiently long lifetime so that many
vibrations can occur before dissociation. In fact, the
only exchange reaction observed among those listed in
Table II, Reaction (5), is one for which the collision
complex has the appearance of a known, stable ion. The
CHY ion is a stable well-known ion, whereas none of the
remaining reactant ions in Table II can form known,
stable ions by forming complexes with molecular hydro-
gen,

The present work shows the necessity for obtaining
laboratory data in order to confidently model ion-mole-
cule reactions in the interstellar medium. Most of the
present models are based on the premise that a reaction
can be presumed to occur at the Langevin rate if exo-
thermic. Other observations pertinent to interstellar
chemistry:

(1) The large rate constants measured for Reactions
(1) and (2) raise some difficulties in explaining the con-
current high abundance of both CH' and CH in dense in-
terstellar clouds containing molecular hydrogen®:2.

(2) The identification and measurement of a finite, if
small, rate constant for the reaction NH;+ H,—~ NH;+ H
relieves some of the difficulty in accounting for the high
abundance of neutral NH; observed in these same re-
gions, o

Because of the possibility that there are significant
kinetic barriers to hydrogen atom abstraction reactions,
it is quite possible that a significant temperature depen-
dence will be exhibited by rate constants (Table I} which
are already small at 300 °K. Variable temperature
measurements will be required in order to measure any
activation energies for the reactions in Table I and to
determine the applicability of the values given in this
table to the temperatures in interstellar clouds. One
particular case in point is Reaction (3), which is ther-
moneutral or very nearly so. On this basis, the equi-
librium constant should be close to unity; an examination
of the reverse reaction would be interesting.
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