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Using a cryogenic linear 22-pole rf ion trap, rate coefficients for H/D exchange reactions of OH− with D2 (1) and OD− with

H2 (2) have been measured at temperatures between 11 K and 300 K with normal hydrogen. Below 60 K, we obtained k1 =
5.5×10−10 cm3 s−1 for the exoergic reaction (1). Increasing the temperature above 60 K, the data decrease with a power law,

k1(T )∼ T−2.7, reaching ≈ 1×10−10 cm3 s−1 at 200 K. This observation is tentatively explained with a decrease of the lifetime

of the intermediate complex as well as with the assumption that scrambling of the three hydrogen atoms is restricted by the

topology of the potential energy surface. The rate coefficient for the endoergic reaction (2) increases with temperature from 12 K

up to 300 K, following the Arrhenius equation, k2 = 7.5×10−11 exp(−92 K/T ) cm3 s−1 over two orders of magnitude. The

fitted activation energy, EA-Exp = 7.9 meV, is in perfect accordance with the endothermicity of 24.0 meV, if one accounts for the

thermal population of the rotational states of both reactants. The low mean activation energy in comparison with the enthalpy

change in the reaction is mainly due to the rotational energy of 14.7 meV contributed by ortho-H2(J = 1). Nonetheless, one

should not ignore the reactivity of pure para-H2 because, according to our model, it already reaches 43 % of that of ortho-H2 at

100 K.

1 Introduction

Interactions of ions with neutral particles and the formation

of new molecules play important roles in natural and techni-

cal plasmas. The various ways to form interstellar molecules,

including gas phase processes involving cations, radicals and

gas-grain interactions have attracted a lot of attention in the

last four decades. The role of anions in the interstellar medium

has been discussed for the first time by Dalgarno and McCray

already in 19731. However, the interest in anions diminished

because, due to a lack of spectroscopic data, they could not

be detected. This has changed recently when the first anions

were observed in the interstellar medium2–4, reactivating the

interest in theory5,6 and experiments7–13 with anion-molecule

reactions, including associative detachment reactions. Also

photodetachment of electrons from anions including interstel-

lar anions has been reported14–17. The anions are interesting

not only due to their role in astrochemistry, but they also play

an important role in plasma physics, in technical discharges,

in radiation chemistry etc.18–20.
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Experimental and theoretical studies of gas phase reactions

provide a good basis for understanding the detailed dynamics

of fundamental chemical reactions. Here, reactions of hydro-

gen atoms or molecules are of particular importance, because

at low temperature, the influence of specific molecular quan-

tum states can be probed9–11,21–23. Furthermore, theoretical

treatments of reactive scattering process, while still challeng-

ing, becomes feasible for few-atom systems24,25. A particu-

lar class of reactions is the hydrogen/deuterium isotopic ex-

change26, which forms products that are chemically equiva-

lent to the reactants and whose energies vary only by their

change in vibrational zero-point energy.

We recently studied H/D isotope effects in the reactions

H−(D−)+H and O−+H2 (D2) using the AB–22-pole ion trap

apparatus10,27,28 and we measured the temperature dependen-

cies of their reaction rate coefficients for temperatures from

11 K up to 300 K. In the present study we investigate the

H/D exchange process at low temperature in a more complex

collision system, OH− +H2 and its isotopic variants, where

isotopic exchange occurs via the H3O− complex and requires

several chemical rearrangement steps. As such, this system is

different from H/D exchange in many cation-molecule reac-

tions26.

The first experimental observation of the long-lived H3O−

anion has been reported in 1983 by Kleingeld and Nibber-

ing 29 . One of the formation mechanisms is ternary associa-
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tion of OH−+H2, with He or H2 as third body. A ternary rate

coefficient of 10−30 cm6 s−1 was measured at 88 K30, which

increases for OD−+D2 to 3×10−29 cm6 s−1 at 15 K31. The

stability of this anion made it possible to probe the transition

state of OH+H2 −−→ H2O+H by starting the neutral reaction

via photodetachment from the anion32–34. These very inter-

esting experiments stimulated state of the art calculations in-

cluding accurate potential energy surfaces of H3O− and the

neutral H3O complex32,33.

The endothermic proton transfer reaction OH− +
H2 −−→ H− + H2O proceeds via the H3O− collision com-

plex. The enthalpy change in this reaction is in the range

∆H = 0.37 eV– 0.46 eV, the uncertainty of ∆H reflects

values given in previous publications30,32,33,35,36. Collisions

of H− with H2O were studied in the first anion-molecule

experiment37. Crossed molecular beam experiments indicated

that the reaction proceeds via a direct mechanism at collision

energies above 0.7 eV38. In a 4 K 22-pole ion trap, this

reaction could be promoted by exciting the first vibrational

state of the anion with 2.85 µm IR radiation36.

A common way to probe reaction dynamics and to learn

more about the H3O− collision complex is to use isotope la-

belling and to look for scrambling of the chemically equiva-

lent atoms. In the following, we will discuss the two isotope

exchange reactions, which have been studied experimentally

before38–42,

OH−+D2 −−→ OD−+HD, ∆H =−17.2 meV, (1)

OD−+H2 −−→ OH−+HD, ∆H = 24.0 meV. (2)

The majority of previous studies of these reactions were car-

ried out at 300 K and above39,41,43. There is just one flow drift

tube study at 130 K and there are no data available for lower

temperatures40.

The reaction enthalpies at 0 K given in Eq. (1) and (2) were

calculated from electron affinities of OH and OD44,45, zero

point energies of H2, D2, and HD46, and from zero point ener-

gies of OH and OD47,48 in the Born-Oppenheimer approxima-

tion. However, at sub-meV accuracy, the isotopic electronic

shifts of the energy eigenvalues need to be accounted for. It

has been shown for several isotope exchange reactions with

H2 and D2 that the change of enthalpy due to adiabatic correc-

tion of the Born-Oppenheimer approximation is on the order

of 1 meV49–51. In particular, spectroscopic studies of OH and

OD suggest that the isotopic shift of electronic ground state

potential energy surface in this system can be up to 2.5 meV

(see note 78 in Ruscic et al. 52 ). To our knowledge, there are

no published results concerning the OH/OD isotopic shift, so

in the worst case, the error of the above determined endother-

micities can be up to 2.5 meV.

For better understanding of the collision complex, Fig. 1

provides a sketch of the stationary points of different isotopic

and isomeric configurations of the H2DO− system involved

in reaction (2). It has been already discussed39,40 that, for

H/D exchange, the system has to pass through three minima,

separated by submerged transition states (TS). The energies

shown in Fig. 1 are corrected for zero point energies. As al-

ready mentioned above, the endothermicity of 24.0 meV is

known with good precision. The values for the deuterated in-

termediates are estimated from H3O− energies calculated by

Zhang et al. 33 corrected for the rather uncertain zero point

energies reported by Wang et al. 35 . Inspection reveals that,

during the approach of the reactants, first an OH−
· (H2) com-

plex is formed, which can undergo rearrangement to the most

stable form of H3O−, an H− ion bound to a perturbed H2O

molecule. With exception of the zero point energies, the exit

channel is symmetric. It is not so easy to predict, where scram-

bling of H and D atoms actually occurs, most probably in

the transition states where both the H2 bond and one of the

HO bonds is weakened. Extending this picture to all dimen-

sions one may expect that the outcome of complex formation

in the first minimum, isotope exchange around the minimum,

and break-up either back to reactants or to products may be

predictable with a statistical model. However, the submerged

barriers, centrifugal barriers, and the rather rigid structures in

the potential minima may hinder full scrambling. In total the

probability for H/D exchange may depend on the relative ori-

entation of the reactants during the approach, on the initial

rotational states of both reactants, on the relative velocity, and

certainly also on the total orbital angular momentum of the

collision complex.

To compare quantitatively rotational excitation of both re-

actants with the endothermicity of reaction (2), we included

in the left panel of Fig. 1 the energies of two lowest rotational

states of H2 with para (JH2
= 0) and ortho (JH2

= 1) nuclear

spin configuration as well as the four lowest rotational states

of the OD− ion53.

2 Experimental

The experiments have been carried out using the AB-22PT in-

strument54,55. The principle of operating a 22-pole ion trap

has been described many times so only a few essential details

will be given here. For detailed descriptions, discussions of

specific features, and comparisons between 22-pole trap ex-

periments see references10,54,56–61.

The 22-pole trap was operated at an RF frequency of

27 MHz, the amplitude has been set to values up to 40 V (peak

to peak). The temperature has been varied from 11 K to 300 K.

The instrument uses ultra-high vacuum technology, the back-

ground number density of residual gas in the trap volume was

at most 108 cm−3 at 11 K. High purity H2 or D2 gases were

used in the experiments as reactants and He as buffer gas. Hy-

drogen or deuterium was used in its “normal” composition,
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exclusively D2(J = 0) reacts. As can be seen from the dash-

dotted line in Fig. 4, the resulting temperature dependence is

not falling off steeply enough.

So far our results are not detailed enough for extracting state

specific rate coefficients kJH2JOD-
; however, the results for the

endoergic reaction (2) give additional hints. For modeling the

increase of k2(T ) we have assumed that each combination of

rotational states of the two reactants contributes with the same

rate coefficient multiplied with a state specific Arrhenius fac-

tor (see Eq. 7 and 8). The dashed line in Fig. 7 shows that

this leads to a very good fit of our data with only one free

parameter, k20. It is also in accord with previous data39,40.

In spite of our new results and their good agreement with

the simple models, many questions remain open and ask for

more experimental and theoretical activities. An obvious task

is to use pure HD as target gas and to study reaction (1) and (2)

in their reverse direction. The use of para-enriched hydrogen

for separating J = 0 and J = 1 contributions already has been

mentioned and work is in progress. For testing the dependence

of k1 on the rotation of the D2 molecule, the AB-22PT instru-

ment can be operated with a cold effusive D2 beam instead of

leaking the gas directly into the trap54. The combination neu-

tral beam - trap allows one to control the rotational population

of the ions separately from that of the neutrals.

For a deeper understanding of the reaction dynamics, the-

oretical investigations are required. Potential energy surfaces

are available33,34,38. First hints to a possible orientation de-

pendence during the approach of the reactants may be ob-

tained from trajectory calculations. Trajectories, started some-

where in the three potential minima, may provide informa-

tion on the efficiency of H/D scrambling. To look closer to

the H3O− transitions state, the spectroscopic characterization

of this stable molecular anion is of great interest. Moreover,

photofragmentation of the 0.2 eV bound H3O− may start se-

lected half-collisions, complementary to the neutral reactions

initiated by photo detachment of the electron from H3O− 34.
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9 H. Kreckel, H. Bruhns, M. Čı́žek, S. C. O. Glover, K. A. Miller, X. Urbain

and D. W. Savin, Science, 2010, 329, 69–71.
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T. J. Millar and R. Wester, Astrophys. J., 2013, 776, 25.

18 J. E. Parr and J. L. Moruzzi, J. Phys. D: Appl. Phys., 1972, 5, 514.
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25 T. González-Lezana, P. Honvault, P. G. Jambrina, F. J. Aoiz and J.-M.

Launay, J. Chem. Phys., 2009, 131, 044315.

26 D. Gerlich and S. Schlemmer, Planet. Space Sci., 2002, 50, 1287–1297.
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57 R. Plašil, I. Zymak, P. Jusko, D. Mulin, D. Gerlich and J. Glosı́k, Phil. T.

R. Soc. A, 2012, 370, 5066–5073.

58 D. Gerlich and S. Horning, Chem. Rev., 1992, 92, 1509–1539.

59 D. Gerlich, Phys. Scripta, 1995, 1995, 256.

60 R. Wester, J. Phys. B: At. Mol. Opt. Phys., 2009, 42, 154001.

61 O. Asvany, S. Brunken, L. Kluge and S. Schlemmer, Appl. Phys. B, 2014,

114, 203–211.

62 M. Hejduk, P. Dohnal, J. Varju, P. Rubovič, R. Plašil and J. Glosı́k,
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