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Reaction of O, CO*, and CH* Ions with Atomic Hydrogen
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Rate coefficients for reactions of the ions OF, CO*, and CH* with atomic hydrogen have
been measured for the first time at 300 K. This provides basic data for the ion chemistry of
planetary atmospheres, cometary atmospheres, and interstellar molecular clouds. The
O* + H measurement supports quantal calculations of this reaction. The CO™ + H reaction
provides an example of partial spin nonconservation in a charge-transfer reaction occurring
in a deep potential well. Reactions of the same ions with H, that have been measured else-
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where are also reported.

PACS numbers: 82.30.Fi, 82.40.We, 98.40.C+

Reactions of ions with atomic hydrogen may be
important in interstellar molecular clouds and in
planetary and cometary atmospheres where atomic
hydrogen is abundant. They may also be important
in laboratory discharges, plasmas, and combustion
systems. Atomic hydrogen reactions are particular-
ly important at the boundaries of fusion reactors.
The relative simplicity of the atomic hydrogen reac-
tant allows theoretical determination of rate coeffi-
cients in some cases. For these reasons we have
measured the previously unmeasured reactions of
0%, CO™*, and CH?' ions with atomic hydrogen.
Measurements with molecular hydrogen, which
have previously been carried out, were also a conse-
quence of the experiment.

The measurements were carried out at 300 K in
selected-ion-flow drift tubes in Trento and in
Innsbruck. The measurements involving H, as a
reactant were straightforward, just as described by
McFarland et al.! For the atomic hydrogen reac-
tions, H, was dissociated in a high-frequency dis-
charge (Trento) and, alternatively, by surface disso-
ciation (Innsbruck) and the mixture of H, and H
introduced into the drift tube. The problem of
competition between the reactions of the above
ions with H and with H, was solved in two steps.
(a) The degree of dissociation of hydrogen was
determined in each case by applying a recently
developed method? involving the reaction of CO;
with H and H,. The COj reaction with H, pro-
duces CO,H*+H but no COH™* product ions,

while CO;" reacting with H results in COH* prod-
uct ions but no CO,H*. The known rate coeffi-
cients for these reactions allow us to determine the
degree of dissociation from the differences in the
respective CO4 ion decreases and CO,H* ion in-
creases when the dissociation source is on and off.
(b) With knowledge of the degree of hydrogen dis-
sociation, the same method? is then applied (obser-
vation of the decrease of the ion signals of O™,
CO™, and CH™ with the source on and off) to ob-
tain the rate coefficients for the reactions of the
above ions with H, and H, respectively. The values
obtained for the rate coefficients were the same
with the two atomic hydrogen sources used and the
accuracy of measurement is believed to be better
than + 30%.

The results are given in Table I. For the reaction

O+t (4s) +H(%S)
— H*(!S)+0CP)+ ~0eV, (1)

the measured rate coefficient is k;=6.0x 1070 ¢m3

s~ ! over the experimental range of mean average
kinetic energies (Exg) from 0.05 to 0.15 eV. This
measurement confirms the theoretical value of k;
as well as the value of k; that has been deduced

from measurements of the reverse reaction (1),
H*(1S) +0(P) — 0% (4S) +H(3S). )

3 1

The measured value® of k;=3.8x107'0 cm? s~
+50% vyields a value of k;=6.8x10710 cm3 s~!
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TABLE I. Measured reaction-rate coefficients.
k (Exg) Exg ki
Reaction (em? s—1) (eV) (cm?® s~!) Other values (300 K)

(1) O*+H—H*+0 6.0x10"1°  0.06 2.0x107°
(2) O*+H,— OH*+H 1.2x107° 0.07 1.6x107° 1.7x107°* 2.0x10~%"
(3) CO*+H—H*+CO 7.5x 1010 0.06 1.9x107°
(4) CO*+H,— HCO*+H 1.3x10~° 0.06 1.5x107° 1.8x107%¢ 2.0x107%"
(5) CH*+H—C*+H, 7.5x 1010 0.05 2.0x107°
(6) CH*+H,— CH; +H 1.2x10°° 0.065 1.6x10° 1.2x10°¢

aRef. 3.

bRef. 4.

°N. G. Adams, D. Smith, and D. Grief, Int. J. Mass Spectrom. Ion Phys. 26, 405 (1978).

dRef. 5.

+50%. Theoretical quantal calculations’ yield a

value of k;=5.2x1071 cm?® s™! +15% at 300 K,
increasing to 7x 107 1% cm3 s~ ! at 1000 K. The cal-
culations show that the charge transfer is due to
strong radial coupling between the B33~ O* +H
and the X*3~ O+H™ potential curves at large in-
ternuclear distances, (8-12)a, The calculated
value of k, is then close to the spin-weighted frac-
tion (4) of the Langevin collision rate constant for
the 33~ state, ky=2mela(H)/u]¥? 7.5x10710
cm® s~ !, where o (H) =0.667 A3 is the polarizabili-
ty of H and u is the O* +H reduced mass. Thus
the present measurement confirms both theory and
the previous measurement of the reverse reaction
(1). Reaction (1) is the major source of H™ ions in
the Earth’s upper ionosphere.®
For the reaction

O*+H,— OH* +H+0.56 eV, (2)

3 1

is

the measured value of k,=1.2x10"° cm?® s~
of the Langevin value, k;=1.6x10"°% cm® s
The early measurements* which gave k,=2.0
x107% cm3 s~ ! + 30% are now known to have been
systematically too high. Later measurements®
yielding k,=1.7x10"% cm?® s~ + 20% are also ap-
parently slightly too high. No case of a rate coeffi-
cient which exceeds the collision rate constant for a
thermal energy reaction has yet been established.
The lower limits of the earlier measurements are al-
most within the present experimental error.
For the reaction

CO*(23) +H(3S)
— H*(1S) +CO('s) +0.4 eV, 3)

the measured value for k3 is 7.5%x 107 1% cm?® s~ L.

The Langevin collision rate coefficient k;=1.9

.>—A|u

x10~% cm?® s~ 1. Since only the singlet products of
(3) are energetically accessible, one might expect
k3 k. =48x1071° cm?® s~!, where + is the
statistical-weight ratio of singlet products to total
products. The measured value clearly exceeds that,
implying some ‘‘spin conversion’’ in the reactive
collision. Recently, five examples of such spin con-
version in thermal-energy charge-transfer reactions
have been reported.?® The charge transfer
CO*(25) +NO(*z)— NO* (12)+Co('z) also
indicates spin nonconservation,’ coincidentally by
the same ratio as Reaction (3). The most extreme
spin nonconservation case, H,0% (2B) + NO,(?4)
— H,0('4) +NO# (!3) occurs on essentially
every collision. The CO™* +H reactants enter a
very deep potential well (6.6 eV), much deeper
even than the H,0% - NO, potential well depth
which is — 3.6 eV. A deep well facilitates the oc-
currence of the curve crossings which are presum-
ably necessary for the spin conversion to occur.
For the reaction

CO* +H,— COH™" +H, 4)

the rate coefficient k4=1.3x10"° cm? s~ ! is close
to kp=1.5x10"%cm? s~ !, as expected. The earlier
measurements are somewhat too high just as in the
case of the O* + H, reaction.

The reaction

CH* (1) +H(%S)

— C*(?P) +H,(12)+0.39 eV (5)

3 -1

has a rate coefficient ks=7.5x10"10 c¢m? s}
which is large although substantially less than ki
=2.0x10"% cm? s~!. The value ks decreases as
~ (Egg) ~"! from 0.05 to 0.12 eV. The measured
value of ks allows no greater than a 0.03-eV barrier
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height on the reaction surface and the decrease with
Exg suggests no barrier at all. Calculations”!'? of
the potential surface show that a barrier exists on
the collinear 23* potential surface but that devia-
tions from collinear geometry suffice to remove the
barrier. The CH* ion has been observed in diffuse
interstellar molecular clouds and accounting for its
production has been a problem. Low-temperature
ion chemistry cannot occur, since the reverse reac-
tion to (5), which would produce CH?Y, is endo-
thermic. It is now believed!! that CH™ is probably
produced in high-temperature shocked gas by this
endothermic reaction. In any case the loss process
(5) must be included in any attempt to model CH*
concentrations in interstellar molecular clouds. In
view of the present measurement it appears that a
value near the collision rate constant will be ap-
propriate to low temperatures, but a smaller value
at the high shock temperaures. The value in the
Prasad and  Huntress model,'”>  ks=9.4
x10~12 (77300 K)!¥ cm?® s7! is too small by
about three orders of magnitude at ~— 50 K.
Finally, the reaction

CH*+H,— CH} +H+0.04 eV 6)

has a rate coefficient kg=1.2x107° cm? s~ !, which

agrees precisely with a measurement of Smith and

Adams.’ The value of k is 1.6x10" % cm®s™ L.
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