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Using a cryogenic linear 22-pole rf ion trap, rate coefficients for H/D exchange reactions of OH™ with D, (1) and OD™ with
H, (2) have been measured at temperatures between 11 K and 300 K with normal hydrogen. Below 60 K, we obtained k; =
5.5x 10719 ¢cm? 5! for the exoergic reaction (1). Increasing the temperature above 60 K, the data decrease with a power law,
ki(T) ~ T~27, reaching ~ 1 x 10719 cm® s~! 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, k; = 7.5 x 10~ exp(—92 K/T) cm® s~! over two orders of magnitude. The
fitted activation energy, Ea-gxp = 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-H,(J = 1). Nonetheless, one
should not ignore the reactivity of pure para-H, because, according to our model, it already reaches 43 % of that of ortho-H, 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 1973 I 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 medium 24, reactivating the
interest in theory > and experiments ’~!3 with anion-molecule
reactions, including associative detachment reactions. Also
photodetachment of electrons from anions including interstel-
lar anions has been reported '“~!7. 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. 820,
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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 probed®!1-21-23_ Furthermore, theoretical
treatments of reactive scattering process, while still challeng-
ing, becomes feasible for few-atom systems>*>. A particu-
lar class of reactions is the hydrogen/deuterium isotopic ex-
change?®, 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™ (D7) +Hand O~ +H, (D,) using the AB-22-pole ion trap
apparatus %2728 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™ + H, and its isotopic variants, where
isotopic exchange occurs via the H;O™ complex and requires
several chemical rearrangement steps. As such, this system is
different from H/D exchange in many cation-molecule reac-
tions 26,

The first experimental observation of the long-lived H;O™
anion has been reported in 1983 by Kleingeld and Nibber-
ing?’. One of the formation mechanisms is ternary associa-
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tion of OH™ +H,, with He or H, as third body. A ternary rate
coefficient of 10739 cm® s~—! was measured at 88 K39, which
increases for OD™ +D, to 3 x 1072 cm®s~! at 15 K3!. The
stability of this anion made it possible to probe the transition
state of OH+H, — H,O -+ H by starting the neutral reaction
via photodetachment from the anion3>-34. These very inter-
esting experiments stimulated state of the art calculations in-
cluding accurate potential energy surfaces of H;O™ and the
neutral H;0 complex 333,

The endothermic proton transfer reaction OH™ +
H, — H™ + H,0 proceeds via the H;O™ collision com-
plex. The enthalpy change in this reaction is in the range
AH = 0.37 eV- 0.46 eV, the uncertainty of AH reflects
values given in previous publications30-3%33-3336 " Collisions
of H™ with H,O were studied in the first anion-molecule
experiment?’. Crossed molecular beam experiments indicated
that the reaction proceeds via a direct mechanism at collision
energies above 0.7 eV3%. 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 um IR radiation.

A common way to probe reaction dynamics and to learn
more about the H;O™ 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
before 3842,

OH™ +D, — OD™ +HD,
OD~ +H, — OH™ +HD,

AH = —17.2 meV, (1)
AH =24.0meV. (2)

The majority of previous studies of these reactions were car-
ried out at 300 K and above3*#!43, There is just one flow drift
tube study at 130 K and there are no data available for lower
temperatures*°.

The reaction enthalpies at 0 K given in Eq. (1) and (2) were
calculated from electron affinities of OH and OD***| zero
point energies of H,, D,, and HD 46, and from zero point ener-
gies of OH and OD*”*8 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
H, and D, that the change of enthalpy due to adiabatic correc-
tion of the Born-Oppenheimer approximation is on the order
of 1 meV*-3!_ 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.>?). 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 H,DO™ system involved
in reaction (2). It has been already discussed®**° 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 H;O™ energies calculated by
Zhang et al.3* corrected for the rather uncertain zero point
energies reported by Wang er al. >, Inspection reveals that,
during the approach of the reactants, first an OH™ - (H,) com-
plex is formed, which can undergo rearrangement to the most
stable form of H;O™, an H™ ion bound to a perturbed H,O
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 H, 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 H, with para (JH2 = 0) and ortho (JH2 = 1) nuclear
spin configuration as well as the four lowest rotational states
of the OD~ ion”3,

2 Experimental

The experiments have been carried out using the AB-22PT in-
strument>*3>. 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 references '%-346-61,

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 103 cm~3 at 11 K. High purity H, or D, 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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Fig. 1 Right panel: Stationary points of the potential energy surface for the reaction OD™ +H, — OH™ + HD. The energies are corrected
for zero point energies, for details, see text. The arrows (with dashed lines) indicate the binding energies of the intermediate complexes
OD™ - (H,), OH™ - (HD) and H™ - (DOH). Left panel: Rotational energy levels 4753 of OD™ and H,. The two arrows indicate the energies

required for forming ground state products.

i.e., with a ortho : pararatioof 3: 1 or 2: 1, respectively. Tests
have indicated that this population does not change while pass-
ing the gas into the cooled trap via the inlet system >63,

OH™ or OD" ions are produced in the electron impact stor-
age ion source using a mixture of N,O and H, or D, 2728,
The desired ions are then selected by a quadrupole mass fil-
ter and guided into the trap, where they are stored. A He/D,
or a He/H, gas mixture is introduced directly into the trap
volume. After various well-defined trapping times the trap is
opened, the ions are mass selected by the second quadrupole
mass spectrometer, and finally counted using an MCP detec-
tor. The actual reactant density is adjusted so that the decay
of the number of trapped reactant ions due to the reaction is
statistically significant. For the fast exothermic reaction (1),
the D, number density was varied between 10 ¢cm—3 and
10'2 em—3 while for the slow endoergic reaction (2) the H,

number density has been increased up to 10'° em—3.

Helium buffer gas was added to the trap volume to cool the
reactant ions. The actual density of He was such that reactant
ions would have at least 10 collisions with He prior to collision
with a molecule of reactant gas. This ensures that the kinetic
and internal temperatures of OH™ or OD™ ions are thermal-
ized at temperature of the He buffer gas prior to reaction.

The temperature of trapped ions thermalized by the buffer
gas was studied and discussed in many experimental studies. It
was found that trap imperfections or patch potentials may lead
to acceleration of the ions (i.e., higher kinetic energies). It was
concluded several times for the present trap that the interaction
temperature is close to the trap temperature (see e.g. refs>/:93).
In some previous studies the ion temperature was obtained by
measuring the temperature dependence of reaction rate coeffi-
cients where this dependence could be extrapolated, e.g. rate
of the ternary association reaction of Het +He 4 He>’. In the
present experiments, the reaction of OD™ with H, is endother-

mic and has an Arrhenius-type temperature dependence of the
reaction rate coefficient. Relying on the endothermicity allows
us to estimate that the collision temperature deviates from the

trap temperature T»,pr by less than 5 K.

In the experimental studies of reactions (1) or (2), a small
amount of H, or D,, respectively, always leaks into the trap
from the ion source, and the product ions react with these
gases via reactions (2) or (1), respectively. In this way prod-
ucts are reconverted back to reactant ions. Note that these re-
actions are not the reverse reactions of (1) or (2), the presence
of HD is negligible. Although the number density of gas from
the ion source is very small compared to the reactant number
density (see Table 1), it is necessary to include its influence
in the data analysis, especially for the endothermic reaction
(2). Consequently, the reaction rate coefficients for reactions
(1) and (2) are determined by fitting the time dependence of
the measured number of ions with the solution of the balance

equations
d
ENOH* = —kiNog- [D,] + kaNop- [H,] (3
d
ENOD’ = k1Nog- [D,] — kaNop- [H,] 4)

where k; and k, are the binary reaction rate coefficients of the
reaction (1) and (2), respectively. [H,] and [D,] are hydro-
gen and deuterium number densities in the trap, respectively.
Nop- and Ngp- are numbers of detected OH™ and OD™ ions,
respectively. The free parameters of the fit were the reaction
rates r1 = k1 [D,] and r» = k»[H,] as well as the initial numbers

of trapped ions.
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Fig. 2 Normalized number of primary ions (OH ™, closed symbols)
and product ions (OD™, open symbols) as a function of storage
time. Operating conditions were Toopy = 25,60,100 K, the densities
of D,, He, and H, are listed in Table 1.

Table 1 Experimental conditions used for the results shown in
Fig. 2. Lower index SIS indicates the density of hydrogen
penetrating into the trap from the Storage Ion Source (SIS).

Topr  [D)J(em ™)  [Hel(em ™)  [H,]sis(cm?)
25K 2.1 x 10! 6.0 x 1012 ~6x10°
60K 6.0 x 1010 2.4x10"? ~3x10°
100K 4.7x10'° 4.1x10"? ~1x10°

3 Results and Discussion

3.1 Reaction OH™ +D,

As a typical result, Fig. 2 shows the decline of primary ions,
Ngp-- and the increase of products, Nyp-, at three tempera-
tures. For normalizing, the numbers of ions are divided by the
sum Ngp- +Ngp- - This sum did not change with time indicat-
ing that there is no loss of ions or that there are no other prod-
ucts. The experimental conditions for these results are sum-
marized in Table 1. Note that the number density of He buffer
gas is at least 10 times higher than that of the reactant gas D,,.
The density of the perturbing H, gas, originating from the ion
source, is more than 10 times lower. The monoexponential
decay of the primary ions in Fig. 2 indicates that reconversion
of products can be neglected in the case of the exothermic re-
action (1). The binary character of reaction (1) was checked
by varying the number density [D,] from 2 x 10° cm ™ up to
4 % 10'"" cm™3. The data plotted in Fig. 3 for 3 temperatures
confirm the linear relationship r; = ki [D,].

The measured temperature dependence of the rate coeffi-
cient k; for reaction (1) is shown in Fig. 4. As already men-

100 OH™ + D2—>OD_+ HD :
—~ 10F E
w F E
[ : :

N T22PT .
] ® 20K |
Vv 125K 3

& 150K 3

1

0.1
[D,] (10" om™)

Fig. 3 Rate rq of the reaction (1) as a function of deuterium number
density [D,] at trap temperatures T>opr = 20,125,150 K.

o K - -
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Fig. 4 Measured temperature dependence of the rate coefficient k;
for H/D exchange reaction (1). The calculated Langevin collisional
rate coefficient is indicated as k1. The assumption that exclusively
the rotational ground state of D, can react leads to the dash-dotted
line (see text). Thermal FDT data of Viggiano and Morris *°, SIFT
data of Grabowski er al. 3, and HPMS data of Mautner ef al. *! are
also included. The dashed line shows ky(7') calculated from
equation (5) with the parameters given there.

4| Journal Name, 2010, [vol],1-9

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9

Physical Chemistry Chemical Physics

tioned, normal D, is used as the reactant. For comparison, the
Langevin collisional rate coefficient k1p, for OH™ +D, capture
is indicated. The measurements were conducted in the range
of trap temperatures Trpr from 11 K up to 200 K. The data
show that above 60 K the reaction is getting slower with in-
creasing temperature. The previous thermal data from selected
ion flow tube (SIFT) of Grabowski ef al. 3 and flow drift tube
(FDT) obtained by Viggiano and Morris ® are included in the
graph. High temperature data obtained in high pressure mass
spectrometer experiment (HPMS) are also plotted*!. We did
not include FDT data at elevated collisional energy (KEcwm)
because of unclear internal excitation of the ions“’. In their
FDT study, Viggiano and Morris“® measured k; both as a
function of the D, temperature and of KEcym (kinetic energy
in the center of mass for collision between D, and OH™ ions).
They observed a significant negative dependence on the tem-
perature but only a slight dependence on the kinetic energy.
Therefore they concluded that the negative temperature de-
pendence must be due to the increasing rotational temperature
of D,. To illustrate the influence of the rotational population
of deuterium in our temperature range, Fig. 4 shows a simple
model rate coefficient (dash-dotted line), calculated with the
assumptions that only the rotational ground state can react and
this with the Langevin rate coefficient k1. At first sight there
seems to be a similarity in the temperature dependence of this
function with the measured data; however, the decline of our
experimental data is much steeper. In our temperature range,
it must be due to the increase of the energy contributed from
all degrees of freedom. This leads to a decrease of the life time
of the collision complex in the first minimum (see Fig. 1). In
this context we note that the comparison of ki1 with the data
measured below 60 K also leads to the supposition that, even
at these low energies, many collision complexes decay back to
reactants rather quickly. To get more insight into the detailed
dynamics of this reaction, more detailed experiments as well
as theoretical studies are needed.

Negative temperature dependences have been observed for
many binary reactions proceeding via formation of interme-
diate complex. For such reactions it was deduced that the
temperature dependence of the rate coefficient can be ap-
proximated by a power law dependence ®-7° in analogy with
the mechanism of ternary reactions described by Bates’! and
Herbst 72,

To describe the studied reaction (1), we are going to use
a semi-empirical method given e.g. by Glosik et al. 7°. The
general conclusion of this semi-empirical description is that
the reaction rate coefficient k1 can be described by the depen-

dence: .
— 1= = 5
i (T) ®)

with parameters kjo, Tp and m. From the fit plotted in Fig. 4
we obtained the parameters k1o = 5.5 x 1070 em’ds™ !, Ty =

[ OH +D,— OD™ + HD

(o]
vl

present data
Viggiano
Grabowski
Meot-Ner

100 1000

Fig. 5 Plot of (kyp/k1 — 1) versus T for the data shown in Fig. 4
emphasizing on the power law 7™. Data with a statistical error
above 100% in this representation are not shown.

130K, and m = 2.7+ 0.5. The error estimate of m includes the
statistical error as well as the error due to possible deviations
from the power law, which was estimated by fitting subsets
of data in different temperature ranges. The validity of equa-
tion (5) for describing the measured data can be more easily
seen from the plot of log(kyo/k; — 1) versus log(T ), shown in
Fig. 5. This plot includes also data from FDT*?, HPMS*! and
SIFT™.

The empirical model leading to equation (5) also can be
derived from RRKM theory and the exponent m can be ex-
plained with the number of “active” degrees of freedom of
both the reactants and of the intermediate complex. However,
looking at Fig. 1, it is not obvious, where the rate limiting
bottlenecks really are. In any case, the fit through the data
plotted in Fig. 4 and the linearity of the plot in Fig. 5 may be
significant. The extrapolation of our fit towards higher tem-
peratures gives a reasonable prediction for previous data, see
Figs. 4 and 5. The discrepancy between the empirical curve
and the data of Mautner ef al.*! at higher temperatures must
be due to direct mechanisms, which is not accounted for in
equation (5). Similar behavior has been observed before for
several ion molecule reactions® . The significant contribution
of the present study is the coverage of a large interval at low
temperatures.

3.2 Reaction OD™ +H,

Examples of the measured time evolutions of normalized
numbers of primary OD™ and product OH™ ions at four dif-
ferent temperatures are plotted in Fig. 6. The actual densi-
ties of H,, He and D, in the trap are listed in Table 2. High
number densities of H, are necessary to obtain a significant
decay of the number of primary OD™ anions because at low
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Table 2 Experimental conditions used for the results shown in
Fig. 6. [D,]sis is the density of deuterium penetrating from the
storage ion source into the trap.

Topr  [H,J(em™)  [Hel(em™)  [D,]sis(em™3)
12K 1.2 x 108 3.4x 101 ~1 x 1010
21K 6.7 x 1012 4.5 % 108 ~1 x 1010
78K 2.0 x 1012 2.3 % 108 ~5 % 10°
200K 3.4 x 10M 2.5 x 1012 ~3 % 10°
'+
’“8 ]
=
+, =
T ]
z OH T,
~ <o .
= o) .
a .
A
001 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
0 100 200 300
t(ms)

Fig. 6 Normalized number of primary ions (OD ™, closed symbols)
and product ions (OH™, open symbols) as a function of storage
time. The trap was at Thopy = 12,21,78,200 K, the densities of D
He and H, in the trap are listed in Table 2.

29

temperatures the endothermic reaction (2) is slow. Note that,
in comparison with the density of reactant H,, the density
of D, from the SIS is at least 100 times lower. In spite of
this, back conversion of the OH™ products via exothermic
H/D exchange with D, dominates at low temperatures. There-
fore, the influence of reconversion cannot be neglected. Non-
monoexponential decay is a clear indication of this fact. From
this we can observe an approach towards equilibrium already
at t > 50 ms at 12 K (see Fig. 6). There reconversion is the
factor limiting the accuracy of k».

The temperature dependence of reaction (2) was stud-
ied in the range of trap temperatures Topr from 11 K to
300 K. Varying the target density, it was confirmed that the
products are formed via a bimolecular reaction. Our data
shown in Fig. 7 were fitted by the Arrhenius function k, =
kop exp(—Ea-exp/ksT), where ko, is pre-exponential factor
and Ea_gxp is the Arrhenius activation energy 73 From the fit
we obtained kxp = 7.5 x 107" em® 57! and Eagxp = (7.9%
0.3) meV, corresponding to Ta-gxp = Ea-Exp/kp = (92£3) K.
The obtained function agrees with the data obtained in previ-
ous FDT experiments of Viggiano and Morris *° as well. To

1 0-10 L) L) L) L) LELELIL) I L) L) L) L) LI I I )
E OD + H2—>OH_+ HD : E
10
e 5 N
o L i

N
xqo™ L 30K @ thiswork -
= O Viggiano 3
C -I'l D S SPt B Grabowski .
i N~ "o==°"% 8 = ~sumover states]
s %5 2 Joo- —— Arrhenius fit
10 1 T B B A AW
10 100 1000
T(K)

Fig. 7 Temperature dependence of the rate coefficient k; (filled
circles) for the endothermic reaction (2). The vertical error bars of
the two points at the lowest temperatures include the estimated error
caused by the oscillations of temperature and pressure. At
temperatures above 20 K, these effects are negligible and only
statistical errors are shown. The results have been fitted using an
Arrhenius temperature dependence (solid line). Previous FDT data
of Viggiano and Morris *° and SIFT data of Grabowski et al. *° are
also plotted. The dashed curve is a fit with function (7) (see the text
for details). The insets indicate the kj,, ., /k2x in percent (Eq. 6
and 7) at 30 K and 200 K.

emphasize the low temperature region, Fig. 8 shows the data
as Arrhenius plot, revealing a linear decay over two orders of
magnitude. Minor deviations are only at T>rpr < 25 K.

For explaining the difference between the endothermicity
of reaction (2), AH = 24.0 meV, and the obtained activation
energy Eaxp = (7.9 £0.3) meV, one is tempted to account
simply for the rotational energy contributed from the hydrogen
target. We use normal hydrogen with 75% in the ortho nuclear
spin state. This means that, even at very low temperatures, 3 /4
of the H, molecules are rotationally excited with odd quan-
tum numbers. If the rotational energy for J = 1, 14.7 meV,
is available for promoting the reaction, the threshold onset is
already lowered to 9.3 meV. For a more consistent compar-
ison, one has to account for all rotational energies provided
by both reactants (see Fig. 1). Introducing a state specific rate
coefficient kg, s, for each combination of rotational states,
JH,. Jop- and accounting for their thermal populations P,
and P]OD* , the thermal rate coefficient can be calculated using
the sum

kox(T) = ) Pry Py Ktz Jon. (6)

Jon- vJHz

This general formula can account for all dependencies, e.g.
rotational inhibition or special nuclear spin effects. In the
following we use the crude assumptions that all energies are
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Fig. 8 Arrhenius plot of rate coefficient k, for reaction (2) measured
with normal H,. Shown are two almost identical fits, the
two-parameter Arrhenius (solid line) and the sum over all relevant
rotational states of the ion and of normal hydrogen (no ortho-para
relaxation, dashed line). For details see text. Previous FDT data of
Viggiano and Morris *° and SIFT data of Grabowski e al. > are
also included in the plot. The plots marked with °k, and Pk, are
predictions for pure ortho- and para-hydrogen. In normal hydrogen,
the contribution of para-hydrogen is only ? f,,’k, = }TP ky.

equivalent in driving the reaction and that we can use a global
pre-exponential factor ko in an Arrhenius representation for
the state specific rate coefficients,

AE g Jon.
kJHzJOD- (T) = kxpexp (kHzTOD) . (7
B
The activation energy is given by
AEp jon. = maX{O; (AH*EJH2 7EJOD7 )} (8)

The energies of the rotational states, £y, and E Jop— have

been calculated using the rotational constants from Huber and
Herzberg*7, Rehfuss et al. >>. Using AH = 24.0 meV as fixed
and putting Eq. (7) into Eq. (6), the averaged rate coefficient
koy(T) is completely determined with the exception of one
free parameter, kyy. Accounting for the temperature depen-
dence of the rotational population of OD™ and the constant 1 :
3 population of even and odd J of normal H,, the experimen-
tal data could be fitted leading to kxp = 4.9 X 107" em? g1,
Comparison of this result (dashed line) with the data points
in Figs. 7 and 8 reveals good agreement over a wide range of
T. The small deviations at low temperatures are most proba-
bly due to experimental uncertainties in the translational and
rotational temperatures (they may differ slightly). It also can-
not be excluded, that AH is slightly smaller. The problem of
determining the endothermicity with sub-meV accuracy from
the difference of zero point energies has been discussed above.

Based on our simple model, specific rate coefficients can be
calculated for various conditions of the trapping experiment.
The two insets in Fig. 7 show the relative contributions as a
function of the two rotational states (Ju,,Jop-). At 30K, the
largest rate coefficient is predicted for (1,2) while at 200 K,
also contributions from Jy, = 0 and 2 show up. Summing
exclusively over even or odd rotational states of H, leads to
rate coefficients for pure ortho or pure para hydrogen, respec-
tively. The results are shown in Fig. 8 as °k; and Pk;. The
lowest curve in this plot, ?f, Pk, shows the contribution of
para-H, in the present experiment, where normal-H, has been
used (Pf,, = 0.25). Such predictions are important for prepar-
ing experiments with para-enriched H, or for estimating the
product signal for a hydrogen beam, passing a trapped OD™
cloud.

4 Conclusion

We have studied the temperature dependence of proton-
deuteron exchange for the two reactions (1) and (2). The ex-
periments have been carried out using the AB-22PT instru-
ment, the cold head of which can reach nominal temperatures
as low as 10 K. Both the He buffer gas and the hydrogen re-
actant gas have been leaked into the trap directly resulting in
a nearly thermalized system.

Isotope scrambling via the 0.2 eV bound intermediate
H,O" is rather inefficient. This can be concluded from
a comparison of the measured rate coefficients for the two
isotopic combinations (1) and (2) with each other as well
as with the corresponding capture values (Langevin: ki, =
1.16 x 1072 em® s~ and ky;, = 1.55x 1072 em? s71). Only
at low temperatures, reaction (1) reaches almost 70% of %le
(the pre-factor accounts for the 1 : 2 ratio of H : D). Reac-
tion (2) is always slower than (1) and increases only to 5%
of %kzL. All this may indicate steric hindrance during com-
plex formation or weak coupling between the various H;O™
intermediates.

More information has been gained from the change of re-
activity with increasing temperature. The measured negative
temperature dependence of the exoergic reaction (1) has been
approximated using the function kj &~ kyo/(1+ (T /130 K)>7).
This power law and its similarity to the T dependence of three
body association reactions leads to the supposition that a de-
crease of the complex lifetime may be responsible for the fall-
off of the experimental data. A different explanation, pro-
posed by Viggiano and Morris*°, postulates that rotation of
D, hinders the reaction. This idea has been partly supported
by Lee and Farrar*> who concluded that the reaction needs
favorable alignments of OH™ and D,. This may be easier to
reach with non-rotating deuterium. We have tested this idea
by comparing our data with a simple simulation assuming that
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exclusively D, (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 ky,, ., ; however, the results for the
endoergic reaction (2) give additional hints. For modeling the
increase of k,(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, k. It is also in accord with previous data3%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 ky on the rotation of the D, molecule, the AB-22PT instru-
ment can be operated with a cold effusive D, beam instead of
leaking the gas directly into the trap>*. 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 available3*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 H;O™ transitions state, the spectroscopic characterization
of this stable molecular anion is of great interest. Moreover,
photofragmentation of the 0.2 €V bound H;O™ may start se-
lected half-collisions, complementary to the neutral reactions
initiated by photo detachment of the electron from H;0~ 4.
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