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The reactions of He™ with OCS and CO, have been studied at collision energies between ~kg - 200 mK
and ~kg - 30 K by merging a beam of Rydberg He atoms with rotationally cold (~3.5 K) seeded
supersonic expansions containing either OCS or **CO, or a mixture of OCS (mole fraction 23.2%) and
13CO, (76.8%). The observed product ions of the Het + *CO, and He™ + OCS reactions are *CO*, and
CS* and CO*, respectively. The He* + OCS capture rate coefficient increases by ~75% with decreasing
collision energy over the investigated range, whereas that of He* + *CO, decreases by ~40%. The
analysis of the experimental results using an adiabatic-channel capture model indicates that these opposite
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collision-energy dependences of the rate coefficients arise from the interaction between the charge of the
ion and the electric multipole moments of OCS and *CO,. From the relative product-ion yields observed
when using the mixture of OCS and 3CO,, the He* + OCS collisions are inferred to be ~20% more
reactive than those between He™ and *CO,. The comparison of the calculated thermal rate coefficients
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1 Introduction

For over fifty years, cold ion-molecule reactions have been an
object of interest in chemical physics and astrophysics."™
Their rate coefficients have been predicted to display a char-
acteristic and sometimes strong collision-energy (E..;) depen-
dence at near-zero E. resulting from the interaction between
the charge of the ion and the electric dipole and quadrupole
moments of the neutral molecule.”™® The effect of these
charge-multipole-moment interactions makes the commonly
used temperature- and E.q-independent Langevin rate coeffi-
cients k. '® unsuitable to describe many chemical processes
occurring in the interstellar medium.® Measuring and model-
ing the reaction rate coefficients of ion-molecule reactions at
low temperatures and low collision energies offers insight into
the fundamental aspects of cold chemistry."”*

Ion-molecule reactions have been studied from room tempera-
ture down to ~10 K using ion guides and traps,*>>* supersonic
flows,*>?® and, more recently, laser-cooled and sympathetically
cooled ions in ion traps and Coulomb crystals."”"**?**"° Even
lower temperatures have been reached in ion-atom reactions in
hybrid traps.**** Probing the sub-10 K region is experimentally
challenging because stray electric fields and space-charge effects
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with earlier experiments suggests that about half of the He™ + *CO, collisions are reactive.

easily accelerate and heat up the ions. In the last decade, experi-
mental investigations of cold ion-molecule reactions in a range of
collision energies tunable from ~ kg - 60 K down to ~ kg - 200 mK
have become possible through the development of a merged-beam
technique in which the ion is substituted by the ion core of
Rydberg atoms or molecules.>*® The highly excited Rydberg
electron ensures charge neutrality and shields the reactions taking
place within its orbit from stray electric fields without otherwise
influencing them.**?”~*

In recent studies of cold ion-molecule reactions, it was
experimentally demonstrated that the partial-charge distribution
in the neutral molecule dictates how the reaction rate coefficient
varies with the collision energy near zero, confirming theoretical
predictions made almost forty years ago.”°® For polar
molecules,****™* the rotational-state-averaged rate coefficients
k(Econ) increase as E.o approaches zero. For quadrupolar mole-
cules, k(E.op) typically increases as E. approaches zero for mole-
cules with a positive zz component of the quadrupole-moment
tensor (Q)*>***> and decreases if the molecular reactant has a
negative Q. For molecules with neither a dipole moment nor
a quadrupole moment, such as CH,, k(E.) stays constant within
the experimentally attainable E.; range and sensitivity."”

The work reported in this article was carried out as part of a
series of systematic investigations of ion-molecule reactions at
low collision energies and temperatures.®*3%407434548 [t pre.
sents a comparative investigation of the He" + OCS and the
He" + CO, reactions in the E o range from ~ kg - 30 K down to

45,46
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Table1 Comparison of the properties and physical constants of OCS and
CO, relevant for the prediction of the capture rate coefficients of ion—
molecule reactions

Molecule 0OCS CO,
Electronic ground state e* T,
Mass m (u) 60.07° 45.00"
Dipole moment || (D) 0.715" 0

uadrupole moment DA —0.295%° —4.278°"
Q p ZZ
Polarizability volume o' (A%) 5.090°* 2.507%%
Polarizability anisotropy A«’ (A%) 4.16> 2.14>
Rotational constant B, (cm ™) 0.20286°¢ 0.3902374°°%
Langevin rate &y (107" m® s7?) 2.7276% 1.9360°

@ value for °0'2C?%S. ? value for *C'°0,.

~kg - 200 mK. OCS and CO, are both linear triatomic mole-
cules with electronic ground state of 'S* symmetry. Their
relevant physical properties are presented in Table 1. OCS,
unlike CO,, is not centrosymmetric and thus has a permanent
electric dipole moment. CO, is nonpolar but has a large
(negative) quadrupole moment. We present experimental and
theoretical studies of the effects of such different partial-charge
distributions on the reaction rate coefficients of each reaction
individually and also directly compare their rate coefficients by
simultaneously measuring both reactions using an (OCS:'*CO,)
gas mixture of well-defined composition.

Several investigations of the thermal reactions between He"
and carbonyl sulfide (OCS) and carbon dioxide (CO,) have been
carried out since the 1960s. The He" + OCS reaction was studied
by monitoring the emission spectrum of OCS in helium flowing-
afterglow experiments, and CO">"> and CS">"°® were identified
as the ionic products, but no branching ratios were reported. The
He' + CO, reaction has been studied extensively at 300 K and
above in drift-tube,®® ion-cyclotron resonance,®** selected-ion-
6364 flow-drift-tube,”®>  flowing-afterglow,®*®”
crossed-beam velocity-map-imaging®® experiments. The following
reaction channels and branching ratios have been reported:

flow-tube, and

He' + CO, —CO; + He (< 1%, 11%%)
—CO™ + 0 + He (77%°", 79%)
—O" + CO + He (18%°",9%) (1)
—C" + 0, + He (4%

—07 + C+He (1%%).

Thermal rate constants k(T ~ 300 K) between 0.85 (£20%) x
107" m® s (ref. 66) and 1.2 (£50%) x 10~ "° m® s~ (ref. 67)
have been reported. Rowe et al.®® conducted the lowest tem-
perature experiment to date involving the He" + CO, reaction,
and obtained k(70 K) = 1.6 (£30%) x 10" m® s, which is
only slightly lower than the Langevin rate constant k;, “°* of the
He' + CO, reaction (see Table 1).

This article is structured as follows: in Section 2 we describe
the experimental setup and procedure. Section 3 presents the
experimental results and Section 4 the theoretical analysis. The
competitive kinetics study of the reaction between He" and a
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mixture of OCS and '3CO, is discussed in Section 5. The
conclusions are presented in Section 6.

2 Experiment

We study ion-molecule reactions near zero collision energy using
the merged-beam apparatus*’ depicted in Fig. 1. A supersonic
expansion of He atoms is generated using a cryogenic home-built
valve delivering short gas pulses with a duration of ~20 ps at a
repetition rate of 25 Hz. An electric discharge populates the He*
(15)'(2s)" ®S; metastable state near the valve orifice. The beam of
He* atoms propagates with a velocity of ~1000 m s~ ' and is
crossed at right angles by laser light (wavelength of ~260 nm,
pulse energy of ~400 pJ) in the presence of an electric field just
before a curved Rydberg-Stark deflector. After photoexcitation of
the He* atoms to a selected Rydberg-Stark state of principal
quantum number 7 in the range between 25 and 50 (n = 35 was
used to obtain the results presented in this article), the He(n)
Rydberg atoms are trapped, deflected and accelerated to higher or
lower velocities by applying the appropriate time-dependent poten-
tials to the electrodes of the surface deflector.*>**”® This deflector
is used to merge the He(n) beam with a beam of ground-state (GS)
neutral molecules ("*CO, or OCS) and set the forward velocity Viie(n)
of the He(n) beam. The collision between the ground-state mole-
cules and the He(n) atoms takes place in a reaction region
embedded in a time-of-flight (TOF) mass spectrometer.

The collision energy Econ = Uiie(n)-csVie(n) — vgs)®/2 is tuned
by changing vye(,) while keeping the velocity vgs of the ground-
state beam constant (pge(n)-s is the reduced mass of the reac-
tants). This beam is generated by a second home-built valve,
which also delivers short (~20 ps) gas pulses. The ~0.6-m-long
propagation distance of the short gas pulses ensures a large
spatial dispersion, so that the small cloud of He(n) atoms over-
laps with neutral reactants in a narrow velocity class. As a result,
we achieve a collision-energy resolution of ~kg - 200 mK near
E.on = 0, which arises mainly from the velocity-distribution width
of the deflected He(n)-atom beam.**?°

To study the He' + OCS and He' + CO, reactions, we use
seeded supersonic beams containing either OCS or *CO, or a

]

Excitation laser (4 = 260 nm)

To MCP
detector

FG signal (arb. units)
o
o

o

@
3
3

700 | 800 900 1000
Time of flight (us)

1100 1200

Product
ions

]
T L
| -

| i |
cm ' ' 20 cm '

Molecular beam

Deflector

Fig. 1 Schematic representation of the merged-beam setup used to study
the reactions between He* and small molecules (here OCS and *CO,) at
low collision energies, consisting of the surface-electrode deflector and
decelerator, the time-of-flight mass spectrometer, and a free-flight region
used to measure the velocity distributions of the supersonic beams con-
taining OCS and *CO, with two fast-ionization gauges (FG).
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(23.2:76.8) OCS : *CO, mixture (mole ratio) prepared by weigh-
ing the gas samples. The simultaneous measurement of the two
reactions in a single set of measurements using a mixture
containing both OCS and *CO, serves three purposes: first, it
enables us to verify that the measurements are not significantly
affected by possible differences in the expansions of the differ-
ent gas mixtures; second, the ~3-5% seeding ratio ensures the
same velocity for OCS and '*CO,; and third, it offers the
prospect of directly comparing the rate coefficients of the two
reaction systems. >CO, was chosen instead of '>CO, to distin-
guish between the CO" products from the two reaction systems,
which made a competitive-kinetics investigation possible. Seed-
ing the neutral molecules (~3-5%) in a mixture’" of He and Ne
allows one to efficiently cool the rotational degrees of freedom
and avoid the formation of OCS clusters while imposing a similar
velocity to the neutral reactants in all three different experiments.
With this approach, we could also select a vgs value within the
range of velocities vye(,) that can be generated with the surface-
deflector and thus vary vy¢ = Ve — Vs through zero.

An electric-field pulse is used to extract the product ions of
the reactions toward a microchannel-plate (MCP) detector
along a time-of-flight tube and to detect them mass selectively
as E.q is varied. Examples of TOF mass spectra are displayed in
Fig. 2. The spectra plotted in black were recorded near E.,; = 0
for the reactions between He(n = 35) atoms travelling at vie(,) =
1050 m s~ and OCS (a), *CO, (b), and a mixture of OCS and
C0, (c). The corresponding background spectra in red were
recorded with the Rydberg-excitation laser turned off, i.e., in the
absence of He(n) atoms. The ions which appear in these spectra
correspond to products of the Penning-ionization reactions
between He* and the background molecules in the chamber,
i.e., H,O (O", OH" and H,0"), and either OCS (S" and OCS") or
BC0, (**C0,"). The peaks which are only present in the spectra
plotted in black, namely CO" and CS" in panels (a) and (c) and
3CO" in panels (b) and (c), are from the products of the studied
ion-molecule reactions. Two different ion products (CO* and
CS") are observed in the He" + OCS reaction system [panel (a)],
corresponding to the two reaction channels He" + OCS — He +
S + CO" and He' + OCS — He + O + CS". A single reaction
channel, He' + *CO, — He + O + *CO", is detected for the He"
+ CO, reaction system [see panel (b)]. The product ions
resulting from the other reactive channels of He" + '*CO,
shown in eqn (1) and from He" + OC**S are not observed.
However, the sensitivity of our experiment does not allow for
the detection of ions that are formed in reaction channels with
branching ratios below ~10%.

The velocity distribution of the ground-state beam was
measured using two fast-ionization gauges (FG I and II in
Fig. 1) as explained in detail in ref. 43. The effects of changing
the ratio of He and Ne in the ground-state-beam expansion are
illustrated in panel (a) of Fig. 3, which displays the velocity
distributions obtained from measurements of the flight times
using a fast-ionization gauge (FG I in Fig. 1). The distribution
displayed in red corresponds to a beam containing ~3% OCS
seeded in a mixture of He:Ne (2:3), which resulted in a mean
velocity of ~960 m s~ *. Seeding ~3% OCS in a (1: 1) mixture of

This journal is © the Owner Societies 2024
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Time of flight (ps)

Fig. 2 Time-of-flight mass spectra of the ion signals recorded after the
reaction between He Rydberg atoms (n = 35) and (a) OCS, (b) **CO,, and
(c) a mixture of OCS and *CO,. The spectra in red correspond to back-
ground measurements obtained with the Rydberg-excitation laser turned
off. The reaction products are labeled in black bold font. See text for
details.

He and Ne yielded a faster beam with a mean velocity of
~1035 m s~ ' (black trace). The vertical green lines correspond
to the mean velocity of the OCS-molecule cloud overlapping
with the He(n) atoms in the reaction region. These velocities
were selected by applying appropriate time delays between the
OCS and the He* gas-pulse triggers. The green shaded regions
represent the estimated uncertainty of +£15 m s~ * in the velocity
measurements using the fast-ionization gauges. To avoid tur-
bulent parts of the beams and the formation of clusters, we
typically targeted velocity classes which either corresponded to
the mean velocity of the ground-state beam (960 m s~ '), as in
the distribution displayed in red, or to a faster velocity, as in the
distribution displayed in black, for which vocs &~ 1070 m s~
The experiments are carried out under conditions where the
densities of the GS molecules by far exceed those of He(n) and
the reaction probability of He(n) is less than 1%. Consequently,
the product-ion signals follow pseudo-zero-order kinetics and
directly correspond to the relative rate coefficients.

3 Results

Panel (b) of Fig. 3 depicts the relative total product-ion yields of
the He" + OCS reaction as a function of Vie(n)- The yield

Phys. Chem. Chem. Phys., 2024, 26, 24799-24808 | 24801
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Fig. 3 (a) Velocity distributions, measured with the fast-ionization gauges,
of supersonic beams consisting of ~3% OCS seeded in He : Ne mixtures of
1:1 (black) and 2:3 (red) pressure ratios. (b) and (c) Corresponding total
integrated product-ion signal (CO™ and CS™) of the He* + OCS reaction as
a function of (b) the He(n)-beam velocity and (c) the collision energy. The
vertical green lines in panels (a) and (b) indicate the targeted OCS velocities
in each beam (~960 m s™* and ~1070 m s7%, respectively), which
correspond to E.o = 0 in panel (c). The areas shaded in light green in
panels (a) and (b) correspond to the experimental uncertainty of £15 m st
in the targeted OCS beam velocities. The vertical error bars in panels (b)
and (c) represent +1¢ and the horizontal bars in panel (c) the collision-
energy resolution.

corresponding to the OCS beam with vocs & 960 m s ' is
depicted in red and that of the beam with vocs ~ 1070 m s~ in
black [see panel (a) of Fig. 3]. These product yields, corres-
ponding to the sum of the integrated CO* and CS" signals, were
obtained by recording TOF mass spectra such as those dis-
played in Fig. 2 as a function of the velocity of the He(n) beam.
The integrated signals were normalized by the density of He(n)
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atoms in the reaction zone, as determined in a separate
measurement using pulsed-field ionization.*>*' The data were
further corrected for the different densities of the decelerated
and accelerated He(n) beams, as explained in ref. 41. The green
lines in panels (a) and (b) illustrate that changing the target
velocity of the OCS beam from 960 m s~ " to 1070 m s~ " results
in a shift of the He(n) mean velocity at which the reaction yield
reaches a maximal value, which in both cases occurs when
Vocs = Vhe) L€, at zero relative velocity. The same data are
displayed in panel (c) as a function of the collision energy. The
increase in product-ion yield as the relative velocity between the
reactants approaches zero, observed in both data sets, is a typical
signature of ion-molecule reactions involving polar molecules, as
previously observed for CH;F,*® NH;,**** and NO.*

Fig. 4 presents a comparison of the dependence on v, of the
product yields obtained in the measurements of the reactions
of He" with OCS [panel (a)], "*CO, (b), and the OCS:'*CO,
mixture (c). The integrated product-ion signal obtained in
individual measurements is shown as as pale-color circles
as a function of vy(, in the range between 800 m s™! and
1200 m s~ '. The corresponding averages of the product-ion
signal are shown with dark-color circles. The vertical error bars
correspond to one standard deviation.

Panels (d)-(f) present the same data as a function of E . In
these panels, the vertical error bars correspond to one standard
deviation and the horizontal bars to the experimental collision-
energy resolution AE..; [see eqn (1) in ref. 36]. The data were
binned according to E..;, with bin sizes proportional to AE.y.
The colored lines represent the rotational-state-averaged reaction
rate coefficient calculated using the capture-rate-coefficient
model presented in Section 4. In our experiment, relative (as
opposed to absolute) rate coefficients are measured, and there-
fore, for the comparison, the experimental data are scaled by a
global factor to yield the best agreement with the calculated
reaction rate coefficients.

Panel (a) of Fig. 4 corresponds to the results obtained for the
He" + OCS reaction for an OCS beam with vocs = 960 m s™* and
already displayed in panels (b) and (c) of Fig. 3 but showing, in
addition, the yields of the CO" and CS" products as pink and
orange circles, respectively. Both product yields reveal the same
dependence on the relative velocity between the reactants
within the experimental uncertainties, which indicates that
the branching ratio of the two product channels is independent
of the collision energy. The observed CO" branching ratio is
(70 £ 8.5)%. We observe an increase of about 75% in the total
He" + OCS product yield as Vie(r) 1S varied from 800 m st
(1200 m s ) up (down) to 960 m s~ ', which is the mean velocity
of the reacting OCS molecules in this experiment. The red
circles in panel (d) show that the sum of the CO" and the CS"
product yields increases by 75% as the collision energy is
reduced from ~kg - 30 K down to zero.

The product yield of the He* + '*CO, reaction [panel (b)]
exhibits the opposite behavior, ie., a decrease in the *CO*
product formation (blue circles) by 40% as vy, is scanned
toward V130, i.e., toward E.o; = 0 [see panel (e)]. The trends
of increasing (decreasing) rate coefficients for the He" + OCS

This journal is © the Owner Societies 2024
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Fig. 4 Integrated product-ion signals of the reactions between He™ and OCS [(a) and (d)], *CO, [(b) and (e)], and a mixture of OCS and *CO [(c) and (f)]
as a function of the He(n)-beam velocity [(a)-(c)] and the collision energy [(d)-(f)] for fixed velocities of the ground-state molecular beams (vocs ~

960 ms~4, Vlgcoz ~ 1000 m s, vnix & 990 m s3). The data points plotted

in pale and dark colors represent individual measurements and their weighted

averages, respectively. The vertical error bars represent 10 and the horizontal bars in panels (d)-(f) the E.o resolution. The pale red and blue lines in
panels (d)—(f) correspond to the calculated state-averaged capture rate coefficients. The maxima (minima) in product formation for the He* + OCS
(He* + 3CO,) reaction occur when Ve = Vas (i.e., for Ecoy = 0), as indicated by the green vertical lines in panels (a)-(c).

(He" + 3CO,) reactions as v, approaches zero are also observed
in the experiments carried out with the OCS:"*CO, mixture, as
shown in panels (c) and (f). This observation demonstrates that
these trends are not influenced by the different gas-expansion
conditions in these measurements, as expected, and that the
main systematic sources of error are accounted for by the
procedure used to normalize the product signal using the
measured relative densities of the He(n) and the *CO,/OCS
reactants.

4 Analysis of the capture rate
coefficients

To analyze the experimental results presented in Section 3, we
use a capture model originally developed by Clary and
coworkers>®® and Troe and coworkers,”®'%™3 as detailed in
ref. 41,45,47. The rate-coefficient calculations rely on the use of
potentials that include the interaction between the charge of
the ion and the electric multipole moments of the neutral
molecules. Descriptions of this model along with the relevant
equations can be found, e.g., in ref. 41,42. Here, we only
summarize the main aspects.

We determine adiabatic long-range electrostatic interaction
potentials between the ion (here He") and the neutral molecule
(here OCS or *C0,) for each individual molecular rotational

This journal is © the Owner Societies 2024

level i that is significantly populated at the rotational tempera-
ture T, of the supersonic expansion. These potentials are
given by

vI(R) = 2)

where V, = L*(2uR?) — o/q*/(8neoR") is the pure Langevin
potential consisting of a centrifugal-potential term and a
charge-induced-dipole attraction term'® and AE,(R) represents
the Stark shifts of the rotational levels i = |/|M|) of the neutral
molecule induced by the field of the ion. Without considering
AE;, the Langevin potential V;(R) gives rise to a rate constant k;,
which is independent of the temperature and the collision
energy, whereas the AE; terms introduce a collision-energy
dependence of the reaction rate coefficients. The Stark shifts
AE; of the rotational levels of OCS and *CO, result from the
charge-dipole (ocugR %) and charge-quadrupole (oc QR )
interactions and are calculated by diagonalizing the Hamilto-
nian matrix [see eqn (9)-(11) in ref. 41] in the appropriate rigid-
rotor basis using the known values of the molecular dipole and
quadrupole moments, as listed in Table 1. The AE; terms
initially increase in magnitude at low fields as the distance
between the ion and the molecule decreases and the molecule
is exposed to the increasing (inhomogeneous) electric field of
the ion.

Panels (a) and (b) of Fig. 5 display the converged calculated
Stark shifts of OCS and **CO,, respectively, in the field of the

Vi(R) + AE(R),

Phys. Chem. Chem. Phys., 2024, 26, 24799-24808 | 24803
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Fig. 5 (a) and (b) Stark shifts of the rotational levels |J|M|) of OCS (a) and **CO, (b) with J < 4 in the field of the He* ion. (c) and (d) Rotational-state-
specific rate coefficients calculated for the reactions of He* with OCS (c) and 2*CO, (d) for J < 2. State-averaged rate coefficients for the He* + OCS (e)
and the He™ + CO, (f) reactions corresponding to the sum of the state-specific rate coefficients weighted by the probabilities of occupation of the
rotational states for rotational temperatures T, between 1.5 and 11.5 K and considering the collision-energy resolution. The bold green lines in panels (e)
and (f) correspond to T,ot = 3.5 K and the corresponding occupation probability of the rotational levels is given in the insets of panels (c) and (d).
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approaching He" ion. The results are depicted as a function of
the electric field [e/(4meoR*)] (bottom axis) and of the ion-
molecule distance R (top axis) for all rotational levels with
J < 4, which are the ones significantly populated at Ty, =
3.5 K. The rotational state density of OCS is higher than that of
13C0O, because B’ < BOHCO2 and because, unlike in OCS
[panel (a)], only even+J states are populated in >CO, [panel (b)]
as a result of nuclear-spin statistics. Moreover, OCS has a
permanent electric dipole moment. Consequently, its rota-
tional levels are subject to larger Stark shifts than those of
3CO0,. For example, the |00) state of OCS is shifted by —4 cm™"
at a field of ~0.4 MV cm ™}, whereas a field of ~2.3 MV cem ™ ' is
needed to produce the same shift in **CO,.

Negative (positive) Stark shifts lead to attractive (repulsive)
potential terms which increase (decrease) the values of the rate
coefficients. The state-specific reaction rate coefficients k;
resulting from the modified He" + OCS and He' + *CO,
interaction potentials are depicted in panels (c) and (d) of
Fig. 5. They are displayed on an absolute scale (left axis) and
normalized to their corresponding Langevin rates k;, (right axis)
as a function of the collision energy. The rate coefficients of
OCS are typically several times larger than those of *CO,, both
on the absolute and on the k;-normalized scale. The rate
coefficients of the |00) and |11) rotational states in OCS [panel
()], for example, exhibit a strong E..; dependence and increase
by factors of approximately 5 and 3, respectively, as the colli-
sion energy decreases from ~kz - 20 K down to zero. This
behavior is the consequence of the strong high-field-seeking
character of these rotational states, as seen in panel (a).

The E.,; dependence of the state-specific rate coefficients of
the He" + 'CO, reaction is less pronounced because the
charge-quadrupole interaction is weaker than the charge-
dipole interaction and the zero-field spacings of the rotational
levels are larger than in OCS [see panel (b)]. For both molecules,
states exhibiting a low-field-seeking behavior such as the |22) state
of "*CO, and the |20) state of OCS have vanishing rate coefficients
at low collision energies [see panels (c) and (d) of Fig. 5].

The insets in panels (c) and (d) show the probabilities of
occupation of the relevant |J|M|) states of OCS and '*CO, at the
rotational temperature of the supersonic beam, which we
estimate to be 3.5 K on the basis of the comparison with the
calculated rotational-state-averaged rate coefficients and of
similar experiments carried out with molecules such as N,,
NO, and CO for which the rotational temperature could be
determined spectroscopically. These insets illustrate that more
J levels are populated and contribute to the averaged He" + OCS
rate coefficient compared to the He™ + >CO, reaction. To obtain
the E o -dependent state-averaged reaction rate coefficients of
the He" + OCS [He" + "CO,] reaction shown in panel (e) [(f)], we
weighted the state-specific rate coefficients by the corres-
ponding probabilities of occupation considering rotational
temperatures between 1.5 K and 11.5 K. In both reactions,
the calculations indicate that lowering the rotational tempera-
ture leads to an increase of the state-averaged rate coefficients,
unlike in the He' + NH; (ND;)*' and D," + NH; (ND;)*
reactions, and to a stronger E.,; dependence of the reaction
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rate coefficient. This effect is explained by the fact that, for both
0OCS and "*CO,, the most strongly high-field-seeking states are
the lower rotational levels, which have a higher probability of
occupation at the lowest rotational temperatures.

The state-averaged rate coefficients of both reactions at the
estimated rotational temperature of the neutral molecules
(Trot = 3.5 K) are displayed with a thick green line in panels
(e) and (f) of Fig. 5, and are compared with experimental data in
panels (d)-(f) of Fig. 4. The results of the experiments and
calculations are in agreement for the three sets of experimental
data depicted in Fig. 4 and for both the He" + OCS and the He" +
3C0, reactions. We attribute the very different dependences on
E.on and magnitudes of the rate coefficients of the He" + OCS
and He® + 'CO, reactions to the fact that OCS—unlike
13C0,—is a polar molecule with closely spaced rotational levels
that are much more easily mixed by the inhomogeneous
electric field of the approaching He" ion.

At high electric fields, or, equivalently, at small ion-mole-
cule distances, the quadratic Stark effect orients the dipole in
OCS, which contributes to enhance the reaction rates, particu-
larly at low collision energies. In contrast, the Stark shifts of
3C0,, which has a negative quadrupole moment, reduce the
state-averaged rate coefficient as E. approaches zero.*> >CO,
thus displays the same behavior as N,** and CO,*® which also
have negative quadrupole moments. Based on the calculations
[see panel (d) of Fig. 5], one might be able to observe an
increase of the rate coefficient in the He" + *3CO, reactions at
collision energies E.oi/kg <« 1 K, below the E.ou/kg > 200 mK
accessible in the present experiments.

Fig. 6 compares the He" + '*CO, thermal capture rate
coefficients calculated as described in ref. 41 (blue line and
dots) with earlier experimental thermal rate coefficients corres-
ponding to the sum of the rates of the different product
channels.®%3%57769 Most of the experimental rate constants
were measured at 300 K and only one at 70 K.*° All experimental
values are significantly smaller than the calculated capture
rates. Agreement of the calculated rates with the experimental
ones can be reached by scaling the former by a factor of ~0.45,
corresponding to the black curve. These results would suggest
that only about half of the capture processes are reactive in this
system, which is surprising for a barrier-free exothermic reac-
tion. Theoretical calculations including the short-range inter-
actions would be needed to fully account for the observed rate
coefficients and branching ratios.

5 Competitive kinetics

As explained in Section 2, the use of an OCS:'*CO, mixture with
precise composition offers the possibility of measuring the
dependence of their relative rate coefficients on the collision
energy. We can relate the experimentally determined and the
calculated rate-coefficient ratios using the equation

Bco, [0OCS 0CS  7.0CS
X 2 kexp _ n k calc (3)
OCS ;13CO, ~ ,13CO, 113CO,’
X 2 2 2
k eXp n kcalc
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Fig. 6 Comparison of the calculated thermal rate coefficients of the
He' + 3CO, reaction (blue line and dots) and the experimental values of
k(T) obtained in ref. 61,63,65-67,69 for He* + CO,. The black line and dots
correspond to the calculated k(T) scaled by a factor of 0.45. The inset
shows k(T) for temperatures between ~0 and 10 K.

13
where x°°S and x €2

are the mole fractions of the two species
(x13C02 /508

= 3.305 in our experiments), and #°“S and nmcoz are
the probabilities of reactive collision of the He" + OCS and the
He' + CO, reactions, which need not be equal to 1 or to
each other.

The calculations presented in Section 4 focus on the capture
rate coefficients, and do not distinguish between capture
processes leading to reaction products or (in)elastic collisions.
Moreover, our experiment only monitors reactive channels and
does not yield absolute rate coefficients because we do not
measure the absolute concentrations of the reactants, only the
relative ones. Using a mixture of molecular reactants with well-
known concentrations, however, allows us to determine the
ratio of the corresponding rate coefficients and its dependence
on E . and, via eqn (3), to extract the ratio of reactivities 3O/
assuming the validity of the capture model (see also ref. 72).
This comparison relies on the assumptions that the detection
efficiency is the same for all products, and that the density ratio
of the reactants within the supersonic expansion is the same as
in the prepared gas sample, which is equivalent to neglecting
possible different expansion velocities and forward-velocity
slips resulting from the different masses of the two species.

In Fig. 7, we show the ratio of the total product-ion yields of
the He* + OCS and the He" + '*CO, reactions measured using
the seeded (23.2:76.8) OCS:"*CO, mixture (mole ratio) as a
function of E.,);. The purple dots correspond to the experimen-
tally measured sum of the CO" and the CS" product signals
from the He" + OCS reaction divided by the “CO" product
signal from the He" + *CO, reaction and scaled by x G020,
These product-ion signals are individually shown in panel (f) of
Fig. 4.

The ratio of the calculated total capture rate coefficients of
the two reactions (orange line) is smaller by about 20% than the
experimentally measured ratio, but otherwise displays the
same dependence on E.,. This observation suggests that the
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Fig. 7 Rate-constant ratios of the He* + OCS and the He® + ¥CO,
reactions obtained experimentally using a OCS:**CO, gas mixture (purple
dots) and predicted using adiabatic capture theory (orange line). The
purple line is obtained by assuming that the collisions of He* with OCS
are 1.2 times as reactive as those with **CO,. The vertical error bars
represent +1¢ and the horizontal bars the Eo resolution.

He® + OCS and the He® + CO, collisions do not have the same
probabilities of yielding products upon capture. Scaling the
calculated rate-coefficient ratio by ;1OCS/1113C02 = 1.2 (purple line)
leads to almost perfect agreement between calculations and
experiment, which indicates that He" + OCS capture processes
are ~20% more reactive than He" + CO, capture processes. This
result is obtained by considering Ty = 3.5 K for both OCS and
CO,, which leads to the best agreement for the data presented in
panel (f) of Fig. 4. If we allow T, to vary by £1 K for each
reactant, 1°°%/; © can vary from ~1.05 to ~ 1.3 while yielding
reasonable agreement between the experimental and calculated
results.

6 Conclusions

In this article, we have studied the reactions between He" and
CO, and OCS at low collision energies using the Rydberg-
merged-beam approach.?**® The experiments were carried out
using He:Ne-seeded supersonic beams of pure OCS and *CO,,
as well as a (23.2:76.8) mixture of OCS and >CO,, to assess the
roles of the dipole and quadrupole moments in these systems
and to examine the relative rate constants under conditions of
competitive kinetics. The studies of He" + OCS and He" + *CO,
using a single expansion containing both OCS and **CO, further
allowed us to verify that the observed kinetics do not depend on
the composition of the supersonic expansions.

Two reaction channels with an E..-independent branching
ratio were observed in the He" + OCS reaction, leading to the
formation of CO" (~70%) and CS" (~30%), but only one
product ion (**CO") was observed in the He* + *CO, reaction.
Whereas the rate coefficient of the He* + **C0O, — He + *CO" +
O reaction decreases by ~40% between ~ kg - 30 K and zero,
the overall rate coefficient of the He" + OCS reaction increases

This journal is © the Owner Societies 2024
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by ~75% over the same E.,; range. The reaction probabilities
upon capture were estimated to be ~20% larger in the He" +
OCS system. Comparing calculated thermal rate coefficients of
the He" + CO, reaction system with thermal rates at 70 K and
300 K determined in earlier studies suggests that only about
half of the collisions are reactive in this system. Theoretical
calculations including the short-range interactions would be
needed for the full interpretation of the observed branching
ratios and reaction probabilities.
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