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1 Introduction

Multipole-moment effects in ion—molecule
reactions at low temperatures: part Il — charge-—
quadrupole-interaction-induced suppression of
the He™ + N, reaction at collision energies below
kg-10 K

Valentina Zhelyazkova,
Frédéric Merkt (2 *

Fernanda B. V. Martins, i) Matija Ze$ko and

We report on an experimental and theoretical investigation of the He* + N, reaction at collision
energies in the range between 0 and kg-10 K. The reaction is studied within the orbit of a highly excited
Rydberg electron after merging a beam of He Rydberg atoms (He(n), n is the principal quantum
number), with a supersonic beam of ground-state N, molecules using a surface-electrode Rydberg—
Stark decelerator and deflector. The collision energy E is varied by changing the velocity of the He(n)
atoms for a fixed velocity of the N, beam and the relative yields of the ionic reaction products N* and
N," are monitored in a time-of-flight mass spectrometer. We observe a reduction of the total reaction-
product yield of ~30% as Eoy is reduced from ~kg-10 K to zero. An adiabatic capture model is used to
calculate the rotational-state-dependent interaction potentials experienced by the N, molecules in the
electric field of the He* ion and the corresponding collision-energy-dependent capture rate coefficients.
The total collision-energy-dependent capture rate coefficient is then determined by summing over the
contributions of the N, rotational states populated at the 7.0 K rotational temperature of the supersonic
beam. The measured and calculated rate coefficients are in good agreement, which enables us to attri-
bute the observed reduction of the reaction rate at low collision energies to the negative quadrupole
moment, Q,,, of the N, molecules. The effect of the sign of the quadrupole moment is illustrated by
calculations of the rotational-state-dependent capture rate coefficients for ion—-molecule reactions
involving N, (negative Q,, value) and H, (positive Q,, value) for |J, M) rotational states with J < 5 (M is
the quantum number associated with the projection of the rotational angular momentum vector J on
the collision axis). With decreasing value of |M]|, J gradually aligns perpendicularly to the collision axis,
leading to increasingly repulsive (attractive) interaction potentials for diatomic molecules with positive
(negative) Q,, values and to reaction rate coefficients that decrease (increase) with decreasing collision
energies.

~10 K are possible in ion guides and traps®” and in uniform
supersonic flows®™° but hardly any measurements have been

Experimental studies of ion-molecule reactions at low tempera-
tures and low-collision energies are difficult because ions are
easily heated up by stray electric fields and space-charge effects.
Experiments combining cold ions in ion-traps and Coulomb
crystals with cold molecules in slow beams are promising
approaches to reach very low temperatures and collision ener-
gies in studies of ion-molecule reactions'™ but have not yet
been broadly applied. Measurements of reaction rates down to
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performed below 10 K. It is, however, below 10 K that the effects
of the electrostatic interactions between the charge of the ion
and the multipole moments of the molecule become dominant
and are expected to strongly affect the reaction rates.”**°
This article is the second in a series of three articles
exploring the effects of molecular electric multipole moments
on the rates of ion-molecule reactions at low energies. The first
and third articles in this series present studies of the reactions
of He* with ammonia (NH; and ND;)"” (referred to as Article I
below) and methane (CH, and CD,)"® and focus on the role of
the interaction between the charge of the ion and the electric
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dipole and octupole moments of the neutral molecule, respec-
tively. In the present article, the effect of the charge-quadru-
pole interaction is investigated with the example of the He" + N,
reaction, for which we have measured the collision-energy
dependence of the reaction rate coefficient in the range of
collision energies between 0 and kg-10 K at a resolution of
about k5-250 mK near E.q; = 0.

These reactions are all fast and strongly exothermic.
Consequently, their rates can be described by capture
theories.'»"*?'>> At high temperatures (beyond 300 K) and
collision energies, the capture rates can be approximated by the
Langevin rate constant (in SI units)

19,20

n2o (Ze)?

kL = 0V =2 s
4meou

1)

where o is the reaction cross-section, vy = \/2Eqon/u is the
asymptotic relative velocity, o’ is the polarisability volume of
the neutral molecule, Ze is the charge of the ion, p is the
reduced mass of the reactants and ¢, is the permittivity of
vacuum.

The effect of the electric dipole moment of the neutral
molecule on ion-molecule reactions is to increase the capture
rates compared to the Langevin rates at low collision energies
or temperatures.>'®'7?® The rate enhancements predicted
theoretically depend strongly on the degree of sophistication
of the treatment of the orientation of the molecular permanent
dipole moment during the collision.>* Calculations assuming
full orientation are the simplest but greatly overestimate the
rate enhancements at low temperatures or collision energies.
The explicit consideration of the rotational-state-dependent
orientation of the molecules in the field of the ion via the Stark
effect in the realm of adiabatic capture models'****™° typi-
cally leads to much less pronounced enhancements, except at
the lowest collision energies or temperatures (typically below
1 K)'7%® and for rotational states that are subject to a linear
negative Stark shift at low fields."” It is only very recently that
the first experimental studies of the rates of reactions between
ions and polar molecules have been reported at collision
energies below =~kz-10 K, revealing the details of the
rotational-state-specific rate enhancements at low collision
energies for the reactions of He* with CH;F,”® NH; and ND;."”

The Stark effect does not only shift the rotational level
energies of polar molecules but also affects the energy levels
of nonpolar molecules via charge-induced-dipole, charge-
quadrupole and charge-octupole interactions. The charge-
induced-dipole interaction leads to an attractive long-range
interaction potential scaling with the separation R between
the ion and the polarisable molecule as R™*. The effect of this
interaction is included in the Langevin model and leads to the
well-known expression for the rate constant given by eqn (1).
The effect of the charge-quadrupole interaction is insensitive
to the orientation of the neutral molecule but depends on the
alignment of its angular momentum vector along the collision
axis, as demonstrated by Dashevskaya et al.'>'®
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In Article I, we have presented a general formalism, based on
the earlier theoretical treatments of capture reactions by Clary
and coworkers''**?*” and Troe and coworkers,*1%16:25:30:31 4
calculate collision-energy- and temperature-dependent capture
rate coefficients for reactions between ions and neutral mole-
cules with permanent dipole, quadrupole, octupole, etc.
moments, in terms of the multipole coefficients Q, characteris-
ing the molecular charge distribution. In the present work, we
apply this formalism to the charge-quadrupole interaction
(4 = 2) between ions and diatomic molecules to interpret the
reduction of the rate of the He* + N, reaction observed at low
collision energies. The electric quadrupole moment of N, can
be described by a traceless, diagonal rank-2 tensor with ele-
ments Q. = —2Qx = —20Q,,, and a negative value of Q.
(= —1.394 DA).*>* We present calculations of rotational-state-
dependent rate coefficients kj(Econ) for the low-lying |/M)
rotational states of N, with / < 5 and highlight their depen-
dence on the magnetic quantum number M, which is the

projection of the total angular momentum of the molecule, .J,
onto the quantisation axis defined by the electric field of the
ion, ie., the collision axis. These calculations demonstrate that
the observed reduction of the product-ion yield at low collision
energies originates from the negative Q,, value of N,. In order to
illustrate the effect of the sign of Q,, on the rotational-state-
specific kpn(Econ) rate coefficients, we also present calculations
for ion-molecule capture reaction involving H,, which has a
positive quadrupole moment Q' = +0.638 D A, and for which
an overall increase of the rate constant was predicted™>*® and
observed®*?* at E.,y < kg-1 K. Our results are consistent with
previous theoretical calculations of the dependence of the
capture rate coefficients of the reactions between ions and
homonuclear diatomic molecules on the sign of the ¢Q,,
product (g is the ionic charge).'*"®3%3!

The He' + N, reaction is an example of a charge-transfer
reaction and is one of the most studied ion-molecule
reactions.”?%*™*3 It is known to proceed by a near-resonance
pathway** involving the v = 3 and 4 vibrational levels of the C
’3," state of N," and vibrationally excited levels of other
electronic states.*” The reaction plays an important role in
astrochemistry and in the atmospheric chemistry of the
Earth*>*® and Titan.”” Molecular nitrogen is relatively abun-
dant in dense interstellar clouds, with fractional abundances
with respect to H, estimated to be in the (4-6) x 10~° range.*®
In dense interstellar clouds, the He" + N, reaction is respon-
sible for the liberation of N*, which is involved in the synthesis
of NH;.”® The reaction has been studied experimentally in the
1960s and 1970s at room temperature and above using a broad
range of experimental techniques - e.g., flowing-afterglow
(FA),*¢7® drift-tube (DT),>® ion-cyclotron-resonance (ICR),”'>?
selected ion flow-drift tube (SIFT),"" slow flow drift tube
(SFDT),>* and photoionisation mass spectrometry (PI-MS).*
The He' + N, reaction has two product channels,

He"'+ N, - He + N+ N' (2)

— He + N,, 3)
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Table 1 Previous results on the He* + N, reaction obtained with different
experimental methods. See ref. 20 for a summary of all results prior to

1986

Exp. method N":N," product ratio &k (m®s™) T (K)
SIFT* 0.6:0.4 1.6(3) x 10°*° 300
FA®® 0.6:0.4 1.2(4) x 107" 300
FAY 0.7:0.3 1.2(4) x 107*° 300-600
DT> 0.55:0.45 1.0(3) x 107" 300-1200
ICR>"®? 0.66:0.34 1.20(10) x 107" 300
PI-MS* 0.52:0.48 1.5 x 107" 300
CRESU’ 1.25 x 107" 300
CRESU’ 1.3 x 107" 28
CRESU’ 1.3 x 10" 20
CRESU’ 1.2 x 107" 8

This work 0.50:0.50 (0.9-1.2) x 107**  0-12

producing N" and N atoms by dissociative charge transfer
[reaction (2)] and N," ions by charge transfer [reaction (3)]. In
the 1980s, the reaction was studied at temperatures as low as
~8 K in a uniform supersonic flow (CRESU) apparatus.”'® By
making the range of temperatures below 10 K accessible to the
investigations of ion-molecule reactions, these CRESU studies
represented a breakthrough. They have remained unsurpassed
until the present work and terminated a period of intense
experimental research activity.

Representative results on these reactions obtained in this
early period are summarised in Table 1. The total reaction rate
constant was measured to be in the (1.0-1.6) x 10> m® s *
range,? slightly lower than the Langevin rate of k€N =
1.637 x 10~ m?® s’ Overall, these measurements did not
reveal any significant dependence on the temperature or colli-
sion energy, as expected for a fast, Langevin-type reaction. In
particular, no effects resulting from the charge-quadrupole
interaction were detected nor discussed. The N":N," product-
ion branching ratio was determined to be 0.6011%1; 0,40l*11%],
with a slight but consistent bias favouring the N product ion
and substantial differences between individual measurements.

The differences in the observed N*:N, " product ratios are not
fully understood yet. Fluorescence studies of the He" + N,
reaction system®”** have demonstrated that the B, C and other
electronic states of N,' are populated by charge transfer.
Charge transfer to the D’ state was estimated to be 30% of that
to the C state.”> Luminescence measurements in an ICR
apparatus have demonstrated that charge transfer to the B
state represents only ~2% of the near-resonant charge transfer
to the C state.””> Measurements of the product ratios of the
He' + N, reaction at thermal energies have revealed strong
isotopic effects.***®

The complex decay dynamics of N, molecules excited in the
energy region of the C state by charge-transfer reactions or
photoexcitation has been recently discussed by Ayari et al., who
have determined the radiative and predissociation lifetimes of
the vibrational levels of the C state on the basis of a full set of
potential energy curves obtained in high-level ab initio
calculations.” The potential energy curves for the ground state
of N, and of the ground and several electronically excited states
of N,", reproduced from ref. 57, are presented in Fig. 1.
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Fig. 1 Potential-energy curves for the X 129* ground state of N, from ref.
62, and for selected low-lying electronic states of N,* (taken with
permission from ref. 57). Also shown are the ionisation energy of He
(E/(He)) and N5 (E\(N,)), the first dissociation limit (L1) of N,*, and the
relevant vibrational levels in the C 2%, state of N,*. See text for details.

The ionisation energy of He [Ej(He) = 24.58738881(3) eV or
198310.66632(20) cm ™~ '],”® marked by a horizontal red line, lies
above the first, N (*S;,,) + N* (°P,), dissociative ionisation limit
of N, [L1 = 24.2883(10) eV or 195899(8) cm ', obtained by
adding the adiabatic ionisation energy of N,>° and the dissocia-
tion energy of N,'];°° see short horizontal black line in the
inset. Any rovibronic state of N, with an energy below E(He)
can be produced by charge transfer from He' in combination
with the emission of He and N, products of the corresponding
kinetic energy. E;(He) lies 5.6 meV and 250.3 meV above the C
’Z. (v = 4 and 3) ionisation thresholds®" of N,, respectively.
These states are also located above the dissociative-ionisation
threshold of N, and can further predissociate in N (*S;/,) and N*
(°P)) fragments.**

The N* product ions formed in the He" + N, reaction are
attributed to charge transfer to the predissociative v = 3 and
4 levels of the C state of N, ', whereas the N, " ions result from
charge transfer to longer-lived excited states of N,*. These states
are either metastable and survive until the N," ions are detected
or decay radiatively to low-lying rovibronic states of N," located
energetically below the N' + N dissociation threshold. The
predissociation of the C >Z,"(v = 3, 4) states most likely takes
place through interactions with the 1 °IT, state.®®°7¢%

Phys. Chem. Chem. Phys., 2022, 24, 2843-2858 | 2845
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The radiative and predissociation lifetimes of the first seven
vibrational states of the C ?Z," have been measured in ref. 65.
The predissociation lifetimes of the v = 3 and 4 levels were
found to be 4.2 + 0.2 and 5.3 + 0.3 ns, respectively. The
radiative decay to the X *%,'(v") state is governed by Franck-
Condon factors, which favour Av = v — v = —6 transitions.®®
The radiative lifetimes were measured to be &G 12) &
78 ns,®® and determined theoretically by Ayari et al.®” to be
about 60 ns for the C (v = 0-2) states. From these results, we
conclude that charge transfer to the C (v = 0-2) states exclu-
sively leads to the formation of N," and that the branching
ratios for the formation of N," (nx, = I(N,')/[I(N,) + I(N")])
decrease to about 34% for the C (v = 3) level and to about 1% for
the C (v = 4) level. The branching ratios for other states of N,"
produced by charge transfer from He" are not known, nor is the
exact nature of these states.

The bias in favour of the N" product ions in previous FA,
SIFT, and IRC measurements (Table 1), has been attributed to
collision-induced dissociation of the metastable N," reaction
products.*” This collisional dissociation results from the rela-
tively high pressures of the background He and N, gas in these
experiments (e.g., 0.5-1 torr in the FA and SIFT experiments)
and the long reaction-observation times in the ms-range. This
interpretation was supported by studies of the pressure depen-
dence of the N*/N," product ratio in ICR experiments,**%33:5
which demonstrated that the N* product yield increases with
increasing pressure and that the lowest N'/N," ratio (~1.13,
i.e.,, 0.53:0.47) is observed at the lowest pressure of ~0.2 X
10~* torr. Our experiments are carried out at low gas densities
and under conditions where no secondary collisions are
observed and therefore offer the possibility of establishing
the low-temperature, low-pressure limit of the product branch-
ing ratios.

2 Experimental procedure

The experimental setup and procedure have been described in
detail in Article I'” and we present here only the aspects that are
specific to the study of the He" + N, reaction. Two short-pulse
home-built valves (pulse duration ~20 ps) are used to produce
supersonic beams of He and N,. The N, valve is heated to 330 &
1 K, resulting in a mean forward velocity of 880 m s™' and a
rotational temperature of less than 10 K for the N, sample. The
helium valve is vertically displaced from the N, valve and tilted
at a 5° angle with respect to the vertical. A pulsed electric
discharge at the He valve opening is used to populate the
(1s)(2s)°S; state of helium (referred to as He* below). After
passing through two skimmers, the He* beam is excited in the
presence of an electric field to the (n, k, m) = (30, 21, 0) low-field-
seeking Rydberg-Stark state. The Rydberg-helium [He(n)] beam
is then deflected using a curved 50-electrode surface Rydberg-
Stark decelerator®®®” and merged with the N, beam. The He
valve was cooled and temperature stabilised to 66.0 + 0.1 K,
resulting in an initial mean forward velocity of the beam of
860 m s '. By applying the appropriate potentials to the
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deflector electrodes, the velocity of the Rydberg He beam can
be set to any value in the range 720-1100 m s~ ' and a relative-
velocity distribution corresponding to a temperature of 250 mK.

The distribution of the N, molecules in the supersonic beam
over the rotational levels of the X *Z,"(v = 0) ground state was
measured by monitoring the yield of N," ions generated by
(2 + 1) resonance-enhanced-ionisation spectroscopy of the a”
'Z," (v =0, /)-X(v = 0, J') transition of N,, following the
procedure described in ref. 68. The distribution was found to
be well described by a rotational temperature of 7.0 £+ 1.0 K (see
further discussion in Section 5.1 and inset of Fig. 3(b) below).

After the He(n) and the N, beams are merged, they enter a
reaction zone inside a time-of-flight mass spectrometer
(TOFMS) where the reaction product ions are extracted by a
pulsed electric field and accelerated towards a microchannel-
plate (MCP) detector (see Fig. 1 of Article I for details). The
duration of the reaction-observation window is set to be At, =
7 us using a sequence of two electric-field pulses separated by
At,.. The first pulse of the sequence serves the purpose of
sweeping out all ions produced before the reaction-
observation window. The second pulse extracts the ions gener-
ated during the temporal observation window. The electric-field
strength of the pulses is not high enough to field ionise the
initially prepared He(n) atoms. Nevertheless He' ions are
detected because some of the initially populated Rydberg states
undergo transitions to higher-lying Rydberg states that can be
field ionised, as discussed in more detail in ref. 69.

Typical ion time-of-flight mass spectra used to determine
the N" and N, " product yields are presented in Fig. 2. They were
obtained by averaging over 500 experimental cycles after setting
the Rydberg helium velocity to vgyq = 1040 m s~'. When the
He(n)-Rydberg-excitation laser is turned on (black trace), a
strong He' signal is observed at ~ 1.6 ps, followed by an almost
constant background signal originating from the slow ionisa-
tion of the He(n) molecules by blackbody radiation and tunnel
ionisation. In addition, two peaks, corresponding to the N" and
N," product ions are clearly distinguishable at 2.84 ps and
3.98 ps, respectively. Small amounts of OH" and H,0" ions
produced by Penning-ionisation reactions between He* and
H,O are also detected. The kinetic energy of the N* and N,"
molecules generated by the reactions are sufficiently low (see
inset of Fig. 1) so that hardly any product ions leave the ion-
extraction volume during the reaction-observation window.

When the Rydberg-excitation laser is not turned on (blue
trace), the N* and N," product ions are suppressed, indicating
that they are produced by the He' + N, reaction. The He(n)
ionisation background signal also disappears but the OH" and
H,O" ion signals remain. This observation proves that these
ions are produced from Penning-ionisation reactions of He*
with background water in the vacuum chamber.

To determine the relative yields of the N* and N, product
ions, we integrate the TOF spectra over the corresponding TOF
ranges, indicated by the areas shaded in pale green in Fig. 2.
The integration is performed after subtraction of the back-
ground signals from Penning-ionisation processes and from the
slow ionisation of He(n) Rydberg atoms by blackbody-radiation

This journal is © the Owner Societies 2022
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Fig. 2 lon-time-of-flight mass spectra used to determine the yield of N*
and N, products of the He* + N, reaction. Black trace: Spectrum
obtained following reactions of the He* ion core of He(n) Rydberg states
with N, molecules in the merged beams at a collision energy of kg-5.4 K
after a reaction time At, of 7 us. Blue trace: Spectrum consisting of the
background signal generated from reactions of metastable He atoms and
H>O and N, molecules in the vacuum chamber. The areas shaded in pale
green indicate the regions over which the N* and N,* products were
integrated. See text for details.

and tunnel ionisation. The collision-energy dependence of the rate
coefficients is then obtained by monitoring the total product-ion
yield as a function of the velocity vg,q of the He(1) beam. By varying
Vrya between 720 m s~ ' and 1100 m s~ for a fixed value of the
N,-beam velocity, we probe the collision-energy range between 0
and ~ k10 K.

The experiments are carried out under conditions where the
density of N, molecules by far exceeds that of the He(n) atoms,
so that the product formation follows pseudo-first-order
kinetics. Only a very small fraction (typically ~1%) of the
He(n) reacts to form product ions during the 7 ps-long reaction
observation-window. Consequently, the product-ion signals
directly reflect the relative rate coefficients.

3 Experimental results

3.1 Branching ratios

The relative strength of the N* and N," ion signals [I(N*) and
I(N,")] is determined by integrating the ion signals in time-of-
flight mass spectra such as those displayed in Fig. 2 over the
corresponding time-of-flight ranges. The ratio of product-ion
signal I(N")/I(N,") was determined to be 1.00(10) and was found
not to depend on the collision energy in the range below
k510 K. The observed I(N")/I(N,") ratio of 1.00(10) corresponds
to a branching ratio of 0.50(5) for the two product channels
(eqn (2) and (3)). This value is lower than the I(N")/I(N,") ratio of
about 1.5 observed in most earlier studies (see Table 1). In these
studies, the reactions were observed under conditions where
part of the N" yield resulted from the dissociation of metastable
N," product ions caused by secondary collisions with N,
molecules and He atoms in the background gas, as discussed
in, e.g., ref. 39, 42, 53 and 56.

These observations indicate that, at low collision energies,
about half of the N," ions generated in the reaction between

This journal is © the Owner Societies 2022
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He' and N, predissociates on a timescale shorter than 1 ps and
that the remaining half is formed in longer-lived N," states, either in
metastable states or in states that radiatively decay to states located
below the lowest dissociation threshold of N,*. Two recent studies
have examined the predissociation of the different vibrational levels
of the C state of N,".>””° As explained in the introduction, only v < 4
levels of the C state can be produced at low collision energies and, of
these levels, only the v = 3 and 4 levels are located above the lowest
dissociation limit of N," (see inset of Fig. 1). The predissociation
lifetimes of the v = 3 and 4 levels were reported to be
28.7 ns (7.19 ns) and 0.585 ns (2.46 ns) in ref. 57 (ref. 70),
respectively. In ref. 57, the radiative lifetime of these levels were
reported to be 56.04 and 55.03 ns, respectively. Consequently, 99%,
66% and 0% of the N," ions initially generated in the
C-state v = 4, 3 and <2 levels, respectively, should be detected as
N' ions in our experiment and, correspondingly, 1%, 34% and
100% should be detected as N, ions. The fraction of the reactions
that initially lead to N," ions in the C state is not known. Assuming
that the almost resonant charge transfer to the C (v = 4) level
dominates over the charge transfer to the C (v # 4) levels and that it
is the main source of N' ions would lead to the conclusion that
about 50% of the charge-transfer processes populate rovibrational
levels of other electronic states of N," that do not predissociate
within 1 ps, either because their predissociation lifetimes are longer
than 1 ps or because they are longer than their radiative lifetimes.

3.2 Collision-energy dependence of the reaction rate
coefficient

Fig. 3(a) displays the sum of the integrated N" and N,' ion
signals (green circles) measured for different mean velocities
(VRya) Of the Rydberg helium beam in the 720-1100 m s~ ' range.
The error bars are obtained from the statistical analysis of 5
consecutive measurements, each consisting of an average of
500 experimental cycles. The integration windows used to
monitor the product ions are indicated in green in Fig. 2. The
velocity spread around the mean velocity of the N, beam (vy,) in
the reaction zone is Avy, ~ +10 m s~'. The opening of the valve
generating the N, supersonic beam was adjusted for each
experimentally selected value of vgyq to ensure that the Rydberg
atoms always interact with N, molecules of the same velocity
class. The product-ion signals were corrected for (i) the change
of He(n) density resulting from the higher acceleration or
deceleration from the initial beam velocity, and (ii) the chan-
ging overlap between the packet of He(n) Rydberg atoms and
the N, beam, as discussed in Article I. The data presented in
Fig. 3(a) reveal that the product-ion signal gradually decreases
as Vgya approaches the velocity vy, of the N, beam, which is
indicated by the dash-dotted vertical line. The signal reduction
is symmetric with respect to vy, within the error bars.

The sum of the N* and N," product-ion signals, I = I[[N") +
I(N,"), after correction for the detection bias favouring product
yields measured at higher He(n)-beam velocities, is depicted as
a function of the collision energy as full green circles in
Fig. 3(b). The vertical error bars represent one standard devia-
tion of the five measurements performed at each relative
velocity and the horizontal bars correspond to the range of
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Fig. 3 (a) Sum of the integrated N* and N,* reaction product ion signals
of the He™ + N, reaction (green dots with error bars), for a range of
velocities vryq Of the He(n) Rydberg-atom beam obtained for a At, = 7 ps-
long reaction-observation window. (b) Sum of the integrated N* and N,*
product-ion signals (green dots) measured as a function of the collision
energy. The horizontal error bars indicate the range of collision energies
probed experimentally at each selected value of E.,. The purple circles
represent the weighted sum of the calculated rotational-state-specific
reaction rate coefficients for a rotational temperature T,o; = 7.0 K of the N,
sample. The solid black curve corresponds to a convolution of the
calculated rate coefficient with a Gaussian line-shape function describing
the experimental collision-energy resolution. The dashed black horizontal
line gives the value of the Langevin rate coefficient k.. The inset gives the
occupation probabilities of the N, rotational levels at 7.0 K. See text for
details.

collision energies probed in each case according to eqn (4):

AEcoll = AErc:s +2 V AErcs V Ecolla (4)

which describes the collision-energy resolution of the experi-
ments for AEy = kg-250 mK.?® The purple dots in Fig. 3(b) are
weighted sums of the calculated rotational-state-dependent
capture rate coefficients for a rotational temperature Ty, of
7.0 K. The inset in Fig. 3(b) displays the rotational population
distribution of the N, molecules at this temperature (7.0 K)
which reflects the 2:1 ortho-to-para ratio of the nuclear-spin-
statistical factors, i.e., 2/3 of the N, molecules are in states with
J=0,2,4... (ortho N,) and 1/3 are in states with /=1, 3, 5. ..
(para N,).

The data presented in Fig. 3 indicate that the reaction rate
coefficient decreases by 30% as the collision energy E.. decreases
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from kg-10 K to zero. The opposite behaviour, i.e., an enhancement
of the reaction rate coefficient with decreasing collision energy, was
observed in the charge-quadrupole capture reaction of H," with H,
forming H;" and H.**”* This difference can be explained by the
different sign of the quadrupole tensor element Q. of N, and H,, as
explained in the next section.

4 The charge—quadrupole interaction
and the effect of the sign of the Q,,
quadrupole tensor element on the
rotational-state-specific capture rate
coefficients

The calculations presented in this section follow an adiabatic
channel model initially formulated in ref. 11 and 12 for the
description of the ion-molecule capture. They disregard the effects
of quantum-Langevin scattering near zero collision energy’> and of
the Coriolis coupling of adiabatic reaction channels involving
rotational states of the neutral molecule of different M values, where
M is the quantum number associated with the projection of the
rotational angular momentum J of the neutral molecule onto the
collision axis. These effects were shown to be significant only at very
low collision energies (below kp-10 mK) in ref. 15 and 16 and are
expected to be negligible at the energy resolution of kg-250 mK of
the experiments presented in the previous section.

In the absence of a permanent dipole moment of the neutral
molecule, the lowest member of the multipole-moment interaction
series between an ion and a neutral molecule is the charge-
quadrupole interaction. The simplest molecules without a perma-
nent dipole moment but with a quadrupole moment are homo-
nuclear diatomic molecules (we consider here H, and '*N,). The
quadrupole moment tensor, Q, with elements Qyc{xy,, describes a
distribution of partial charges in the molecular centre-of-mass
reference frame. It is a rank-two tensor, usually written as a traceless
matrix with only diagonal elements (Qw, Q) and Q). For
symmetric-top and linear molecules, Q, = Q,,, and the Q,, compo-
nent of the quadrupole-moment tensor is sufficient to describe the
quadrupolar charge distribution.

Classically, the interaction between an ion of charge g and a
homonuclear neutral molecule with Q,, component of the
quadrupole tensor in the molecular reference frame, can be
written as:">%!

Vion-quadr (R) = (R)

L (@A qQ\(3 cos® 0—1) )
4mey 3R4 R3 2 ’
where Ao’ = of + o) and 0 is the angle between the collision axis
and the internuclear axis of the diatomic molecule (see Fig. 5 below).
The Langevin interaction potential, V;(R), is given by:
_ L A
2uR?  8mggRY

VL(R) (6)

where L =7/¢({+ 1) and p are the magnitude of the orbital
angular momentum and the reduced mass of the collision,
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respectively. The second term in eqn (6) is the isotropic component
of the charge-induced-dipole interaction, which scales as «cR~* and
depends on the average polarisability volume of the molecule,
o = (o) + 2o, ) /3. The second and third terms in eqn (5) describe

the anisotropic components of the interaction between the ion and
the molecule as a function of the angle 0. The second term in
eqn (5) describes the contribution to the charge-induced-dipole
interaction of the polarisability anisotropy Ao’ = of — o/, and the

third term describes the electrostatic interaction between the charge
of the ion and the quadrupolar charge distribution of the molecule,
which is proportional to gQ.,/R®. The values of the relevant physical
quantities in the ground electronic state of N, and H, from ref. 31
and 73 are listed in Table 2.

The quadrupole moment leads to Stark shifts of the mole-
cular rotational level energies in the electric field of the ion.
These Stark shifts can be calculated with perturbation theory in
the realm of the perturbed-rotor approximation (see, e.g., ref.
15, 30 and 31). Alternatively, one can obtain the exact value of
the Stark shifts AE;,(R) of the rotational levels |JM) by diag-
onalizing the Hamiltonian:

A

H(R) = I:Irot + HStark(R)y (7)

for a range of values of the ion-molecule separation R. The
rotational Hamiltonian H,, of N, and H, in their ground
vibronic state is a diagonal matrix with matrix elements corres-
ponding to the zero-field rotational energies, icByJ(J + 1), where
B, is the rotational constant of the vibrational ground state in
em ™', For diatomic molecules in electronic states of 3 sym-
metry, the Stark effect can be described in the |JM) rigid-rotor
wavefunction basis. In this basis, the Stark Hamiltonian has
matrix elements given by:

o L (PN g0
/ /! _ _ zz
(J' M| Hsar (R)|JM) _—4n80( =

x (=DY"V/Q2I+ DRI+ 1) (g)

J 2 J J 27

Mo -m)\o o o)
The ion-quadrupole interaction mixes rotational states accord-
ing to the selection rule AJ = 0, £1, +2 (0 - 0, 1) and AM = 0.
States with J = 0 have no quadrupole moment to first order, but
acquire one through mixing with the J = 2 states."” The strength

of this mixing decreases with increasing value of rotational
constant B,.'**°

Table 2 Properties of the N, and H, molecules required to model the
capture rate coefficients of the He™ + N, and D,* + H, reactions, taken
from ref. 31 and 73

By (em™) Qx (DA) Ad' (a’) o' (a0") n(u) ki (m?s™")

11.54 3.502 1.637 x 10~ *°
5.437 1.341 1.816 x 10~ *°

He' +N, 1.990
D," +H, 59.3398

—1.036
0.474

4.697
2.120
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We consider the total charge-quadrupole interaction
potential for a molecule in a state which correlates adiabatically
to the |JM) state in zero electric field as:'>*

mAt/I)(R) = VL(R) + AE]M(R)‘ (9)

This interaction potential can then be used to calculate the
collision-energy-dependent rate coefficients, kp/(Econ), as
described in Article 1."”

The calculated interaction potentials between He' and N,
molecules in rotational states with J < 5 are presented in Fig. 4.
They were obtained by diagonalizing the Hamiltonian in
eqn (7) in a basis with J < 16 for values of the ion-molecule
separation R in the 0.1-60 A range, in steps of 0.05 A, and using
the data presented in Table 2. The black and coloured lines in
Fig. 3 represent the Langevin interaction potential Vi and the
rotational-state-specific interaction potential V)(R) for the
He" + N, reaction, respectively. In each case the full and dashed
lines represent the potential obtained for / = 0 and 11,
respectively. The charge-quadrupole interaction significantly
modifies the interaction potentials associated with all |], M)
states and the effect becomes stronger with increasing J value.
The interaction potential for the |0, 0) state is slightly more
attractive than Vv, because of the field-induced mixing with the
|2, 0) level. Consequently, the / = 11 centrifugal energy barrier
(V{7 '™ in the interaction potential is lowered from kp-1.46 K
for a pure Langevin potential to kp-1.01 K. For J > 1, the effect
of the charge-quadrupole interaction depends on the value of
M. The interaction potentials V; °(R) for M = 0 are more
attractive than both Vi, and Vi%®)(R) [see Fig. 4(g)] and the effect
is strongest for / = 1 and decreases with increasing J value.

In contrast, the interaction potentials of the states with the
maximum value of |M| (i.e., |M| = ]) are more repulsive than V;,
even for 7 = 0 head-on collisions, resulting in a potential energy
barrier with maxima highlighted by the short coloured hori-
zontal bars in Fig. 4(b—f). The heights of the potential energy
barriers increase with the value of J, from V{4 ™k, = 0.250 K
for the |1, 1) state to V% ™™k, = 4.894 K for the |5, 5) state
[see Fig. 4(h)]. For molecules in these states, the reaction is
suppressed for collision energies E.o; < WLIMIEDmax o states
with M values between these two limiting situations (0 < |[M| <
J), the interaction potentials VW;*(R) are in general more
attractive than V;, but less attractive than V%?J(R)

The results obtained for the V;*)(R) interaction potentials in
the case of the He" + N, reaction and displayed in Fig. 4 can be
qualitatively understood in terms of electrostatic arguments
based on an angular-momentum vector model of the rotation
of the diatomic molecule (see Fig. 5). In homonuclear diatomic
molecules, a positive (negative) value of the Q,, quadrupole
tensor element corresponds to a partial-charge distribution
with a partial charge of —2|d| (+2|6]) near the molecular centre
of mass, and equal, positive (negative) partial charges of + |J|
(—]0]) near the two ends of the molecule. The negative Q,, value
of N, arises from the excess negative charges from the electron
lone pairs on the N atoms. In H,, Q,, is positive because the
excess negative charge is located near the molecule geometric
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Fig. 4 Comparison of the calculated interaction potentials between He* and N,(J, M) for J < 5 (coloured lines, as indicated in the different panels) with
the Langevin potential (black lines). The potentials for # = 0 and 11 are indicated by full and dashed lines, respectively. Panels (a)-(f) present the results for
|J, M) states with J ranging from 0O (a) to 5 (f). Panels (g) and (h) compare the potentials of the M = 0 and |M| = J states, respectively.

centre, where the electron density from the sigma bond is
maximal.

In the angular-momentum vector model (see, e.g., Section
1.4 of the book by Zare”), the rotational angular-momentum
vector J of the diatomic molecule precesses around the quanti-
sation axis (which is the collision axis) at an angle given by
o = cos~'(M/+/J(J +1)). The internuclear axis of a diatomic
molecule lies in a plane perpendicular to J. In M = states, « is
minimal and J points along the collision axis. Consequently,
the molecular rotation takes place in a plane perpendicular to
the collision axis, so that the N, molecule approaches the ion in
a “helicoptering” motion [see Fig. 5(a)]. This configuration
exposes the region of positive charge to the He' ion so that
the electrostatic interaction is overall repulsive, which explains
the increase in the height of the potential barrier compared to
the pure Langevin potential. In M = 0 states, j points in a
direction perpendicular to the collision axis, so that the N,
rotational motion can be described as a “cartwheeling” motion

2850 | Phys. Chem. Chem. Phys., 2022, 24, 2843-2858

in the collision plane [see Fig. 5(b)]. In this configuration, the
regions of excess negative charges are exposed to the He" ion
and the electrostatic interaction is attractive.

(a) _ (b)

Na

Fig. 5 Schematic charge—quadrupole interaction between He* and N in
[JM) rotational states with M = J (a) and M = 0O (b).
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states with J ranging from 0 (a) to 5 (f). Panels (g) and (h) compare the rate coefficients of the M = 0 and |M| = J states, respectively. Panel (i) gives the rate

coefficients averaged over all M values for J = 0-2.

The rotational-state-specific modifications of the interaction
potentials caused by the charge-quadrupole interaction has a
significant effect on the capture rate coefficients. The state-
specific capture rate coefficients for the He" + N,(J, M) reaction
for rotational levels with j < 5 are displayed in colour in
Fig. 6(a)-(f) after normalisation to the Langevin rate constant
ki, represented by the horizontal black lines. The calculations of
capture rate coefficients were performed for collision energies
in the k-(0.01-12.01) K range, in steps of 0.2 K, following the
procedure described in Article 1."”

The rotational states can be classified in four types accord-
ing to the dependence of the capture rate coefficients on the
collision energy. (i) The first group of states contains only the
|0, 0) state. Its rate coefficient is approximately equal to k;, at
the lowest energies, and increases with increasing E.qy;, reach-
ing a value of 1.51 k;, at E.on/kg = 12 K. This effect is caused by
the mixing between the |0, 0) and |2, 0) states in the electric
field of the ion. (ii) The second group consists of (J, M ~ 0)
states, which exhibit reaction rate coefficients that are overall
higher than 4;. The rate coefficients are relatively collision-
energy-independent for collision energies E.oi/kg 2 2 K, but

This journal is © the Owner Societies 2022

sharply increase at collision energies below kg-1 K. This effect is
most pronounced for the (1, 0) state, which reaches a rate
constant of 4.1k;, at E.op/kg = 0.01 K, and gradually decreases
with increasing J value, as can be seen in Fig. 6(g), which
compares the rate coefficients of all M = 0 states. (iii) The third
group of states comprises the states (J, |M| ~ J) which have
vanishing rate coefficients for collision energies E.; <
VEMmMaX  Bor these states, the rate coefficients increase with
increasing E o beyond E.o) = {/;M),max [panel (h)]. (iv) The last
group of states includes states of relatively high values of j and
intermediate values of |M|, such as the |5, £3) and |4, £3)
states, for which the interaction potentials do not strongly
deviate from the pure Langevin potential, indicating that the
role of the charge-quadrupole interaction is minor. These
states are characterised by capture rate coefficients that are
very close to k;, and are almost independent of E.;. At high
collision energies the rate coefficients of all states converge to
the value of k;, (see, e.g., left panel of Fig. 9 below for J = 0, 1).

To highlight the effect of the sign of Q. on the rate
coefficients, calculations for the D, + H, ion-molecule reaction
were performed following the same procedure as for the

Phys. Chem. Chem. Phys., 2022, 24, 2843-2858 | 2851
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Fig. 7 (a)-(f) Comparison of the calculated interaction potentials between D»* and H,(J, M) for J < 5 (coloured lines, as indicated in the different panels)

with the Langevin potential. The potentials for # = 0 and 11 are indicated by full and dashed lines, respectively. Panels (a)-(f) present the results for |J, M)
states with J ranging from 0 (a) to 5 (f). Panels (g) and (h) compare the potentials of the M = 0 and |M| = J states, respectively.

He' + N, reaction [the He" + H, reaction is a slow reaction that
does not follow Langevin behaviour, see, e.g., ref. 75. We therefore
replaced He" by D," because of their almost equal mass]. H, has a
positive quadrupole moment of Q, = 0.638 DA ' and a rotational
constant of Bo(H,) = 59.3398 cm ',”® more than an order of
magnitude larger than By(N,). The relevant interaction potentials
are presented in Fig. 7 and the rotational-state-specific reaction
rate coefficients are depicted in Fig. 8.

Because of the positive value of Q,, in the case of H,, the
states with M = 0 (|M| = J) are now the states that experience a
repulsive (attractive) electrostatic interaction, as can be imme-
diately understood from the considerations based on the vector
model (see Fig. 5). An approach in the helicoptering (|M| = J)
configuration indeed now exposes the negative partial charge
near the molecule geometric centre and an approach in the
cartwheeling configuration exposes to the ion the positive
partial charges at the ends of the molecule. Attractive and
repulsive contributions to the interaction potential result,
respectively. Consequently, the behaviour of the states in
categories (ii) and (iii) is exchanged when N, is replaced by

2852 | Phys. Chem. Chem. Phys., 2022, 24, 2843-2858

H,. In contrast to the situation encountered in N,, however, the
height of the potential energy barrier for M = 0 states, ,0)max
decreases with increasing J. This difference is the result of the
larger rotational constant in H,, which increases the energetic
separation between adjacent J levels and reduces the state
mixing caused by the charge-quadrupole interaction. For the
same reason, the interaction potentials involving |M| = J states
become more attractive for increasing J value. The deviation of
the V3Y(R) potential from Vi in H, is also strongly reduced
compared to the situation encountered in N, because the larger
rotational constant in H, leads to a much reduced mixing
between the |0, 0) and |2, 0) states.

The rotational-state-dependent capture rate constants for
the D," + H, reaction displayed in Fig. 8 reflect these considera-
tions. Because the |0, 0) state hardly gets mixed with the |2, 0)
state, its rate coefficient is almost E.,; — independent and does
not significantly deviate from k;, [Fig. 8(a)]. It weakly increases
with increasing E.,; and reaches a value of 1.02k;, at E.on/ks =
12 K. The rate-coefficient enhancement of the |M| = J states at
the lowest collision energies increases with the jJ value

This journal is © the Owner Societies 2022
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[see panel Fig. 8(h)], reaching a value of 3.49k;, for the (5,5) state
at 0.01 K. This effect can be understood in terms of the reduced
precession angle « and the resulting energetically more favour-

The rate coefficients associated with M = 0 states of H,
[Fig. 8(g)] increase faster with increasing E., than those
associated with |M| = J states of N,, because for these states

able configuration for H, [see Fig. 5(a)]. the potential-energy barriers are smaller in H, than in N,
+
D, +H,
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Fig. 9 Calculated reaction rate coefficients for the |0, 0), |1, 0), and |1, [M| =

energy regime. The curves labelled "J = 1" are averages over all M levels.
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1) states in the He* + N, (a) and D,* + H; (b) reactions, in the high collision-
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[compare Fig. 8(g) with Fig. 6(h)]. A second important differ-
ence between the reactions of He" with N, and D," with H,
concerns the behaviour of the j-dependent capture rate coeffi-
cients after averaging over the M states, as depicted for J =0, 1,
and 2 in Fig. 6(i) for N, and in Fig. 8(i) for H,. At the lowest
collision energies, the rate coefficients for the J = 1 and 2 states
are highest but they rapidly decrease as the collision energy
increases and then start growing again. In the case of N,, the
rate coefficients become larger than &;, and reach a maximum at
collision energies in the range between kp-50 K and kp-100 K,
before decreasing again towards k;, at high collision energies,
see left panel of Fig. 9. In the case of H,, the rates do not
significantly increase beyond k;, and remain constant at colli-
sion energies beyond kz-10 K, see Fig. 8(i) and right panel of
Fig. 9.

The collision-energy dependence up to kg-10° K of the rate
coefficients involving the J = 0 and 1 rotational levels of N, and
H, are compared in Fig. 9. These levels are the ground states of the
two nuclear-spin isomers and have nuclear-spin statistical factors of
1 (J =0, para) and 3 (J = 1, ortho) in H,, and 6 (J = 0, ortho) and 3
(J =1, para) in N,. The main difference in behaviour concerns the
J =1 levels and originates from the opposite sign of the quadrupole
tensor element Q,, as discussed above. The charge-quadrupole
interaction is attractive for M = 0 in N, and for |M| = 1 in H,, which
leads to an enhancement of the rate coefficients compared to k;, at
the lowest collision energies. In contrast, the interaction is repulsive
for |M| =1 in N, and M = 0 in H,, which leads to the complete
suppression of the reaction rates. The second difference originates
from the mixing of rotational levels induced by the field of the ion,
which induces a red Stark shift of the lowest rotational levels (J = 0,
1) with M = 0 in N, and |M| = 1 in H, and an increase of the rate
coefficients compared to &;. In Ny, this effect is twice stronger than
in H, because the rotational levels are much more closely spaced.

States with |M| > 0 and M = 0 have degeneracy factors of 2 and
1, respectively, and J > 1, M = 0 (|]M]| = 1) states have attractive
(repulsive) potentials in H, and repulsive (attractive) potentials in
N,. Consequently, the overall dependence of the rate coefficients on
the collision energy after averaging over the M sublevels is different.
In H,, the ¥~ capture rate coefficient only slightly decreases with
decreasing energy, reaching a minimum of approximately 0.95k;, at

Econ'ks = 1.55 K [see inset of Fig. 8(i)] before increasing again to a
value of 1.6k;, at 10 mK. In N,, the decrease of the rate coefficient
below kg-10 K is more pronounced and amounts to about 30%. This
behaviour reflects the fact that rate coefficients of the M = +-1 states
become zero when the collision energy drops below the barrier in
the interaction potential. It is only at extremely low collision
energies, below kg-50 mK, that the effect of the rate coefficient of
the M = 0 state becomes dominant again, causing the M-averaged
rate coefficient to rise again and reach a value of 1.35k;, at kz-10 mK.

5 Discussion
5.1 Comparison with experimental results

In the case of the ion-molecule reactions involving H, and D,,
the validity of the adiabatic capture model had already been
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verified prior to this work by comparing the results of the
calculations of Dashevskaya et al'® with experimental
results.*>”!

For comparison with the experimental data reported in
Section 3 for the He® + N, reaction, the rotational-state-
specific and collision-energy-dependent rate coefficients must
be averaged to account for the finite energy resolution of the
measurements and for the fact that several rotational states of
N, are populated in the supersonic expansion. In the range of
collision energies probed experimentally (E.on/kg between 0 and
12 K), the averaged capture rate coefficients depend strongly on
the rotational temperature T}, of the N, sample in the super-
sonic beam. This dependence is illustrated in Fig. 10 which
displays the collision-energy-dependent rate coefficients k(Ecoy)
after averaging over the rotational-state-population distribution
according to

T 1 E ,0
~ 0 [Egn:m exp( kaT ? /p> ki(Econ). (10)

i=JM

k( coll

In eqn (10), gnsa represents the nuclear-spin statistical factor,
i.e., 6 for rotational levels with even J value (ortho N,) and 3 for
rotational levels with odd J value (para N,), E,p is the
rotational energy of the ground state of ortho (0) or para
(2h¢By) N,, and Q¢ is the molecular rotational partition func-
tion constructed so that ortho and para N, represent 2/3 and
1/3 of the total population, respectively.

At the rotational temperature of 7.0 K, the average rate
coefficient k(E..;) decreases by more than 30% from a value
of about 1.5 k;, at E.oy/kg = 12 K to ~ kg, at E.on/ks ~ 0.2 K before
growing again at the lowest collision energies, as explained in
the previous section. At higher rotational temperatures (Tyo; >
20 K), k(E.on) becomes much less dependent on the collision
energy and its value gradually decreases in the collision-energy
range investigated experimentally.

At the rotational temperature of 7.0 £ 1.0 K determined
experimentally (see Section 2), only the = 0, 1, and 2 levels of
N, are significantly populated [see inset of Fig. 3(b)].

He" + N, reaction
1.6 T T T T T
15k e T =3K e 30K ]
7K ® 50K
1_4¥ » 10K 100K 000 |
, 20K

Eeon/ks (K)

Fig. 10 Calculated reaction rate coefficients for the He™ + N, averaged
over all |J,M) states for the indicated rotational temperatures. The dashed
horizontal line corresponds to the Langevin rate, k.
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A comparison of the calculated rate coefficients presented in
Fig. 10 with the experimental data in Fig. 3(b) shows qualitative
agreement for rotational temperatures below 10 K. The sharp
rise of the calculated rate coefficients near zero collision
energies is indeed not observable experimentally because of
the limited collision-energy resolution. A quantitative analysis
requires averaging over the distribution of collision energies
given by eqn (4). The dependence of k(Eon) on Ty is large.
Optimizing the value of Ty, to best reproduce the experimen-
tally observed rate coefficients led to the same value for T,
(7.0 £ 1.0 K) as obtained by 2 + 1 REMPI spectroscopy (see
Section 2). The result of the quantitative analysis are presented
with the experimental data in Fig. 3(b). The violet circles in
Fig. 3(b) are weighted sums of the calculated rotational-state-
dependent reaction rate coefficients (see Section 4), for a
rotational temperature of T, = 7.0 K, which was found to best
describe the experimental data. The inset displays the corres-
ponding rotational population distribution of N,, including
nuclear-spin-statistics effects. The solid black line depicts the
Gaussian convolution of the calculated weighed sum of the
rotational-state-dependent rate coefficients taking into account
the experimental energy resolution, as described in ref. 26. This
curve reproduces the experimental data well. Given that the
analysis does not contain any adjustable parameter other than
Tror and the collision-energy resolution at the lowest collision
energies [AE,s in eqn (4)], we conclude that the adiabatic
capture model presented in Section 4 is adequate to describe
the capture rate coefficient at low collision energies, where the
charge-quadrupole interaction plays an important role.

Rowe et al.’ have measured the thermal rate constant of the
He" + N, reaction at temperatures of 8, 20 and 28 K in uniform
supersonic flows (CRESU technique). To compare with these
experimental results, thermal capture rate constants were
determined from the collision-energy-dependent rotational-
state-specific rate coefficients presented in Section 4 using
eqn (20) and (21) of Article I.'” The comparison is presented
in Fig. 11, which depicts the experimental results of ref. 9 as
violet squares with error bars and the calculated thermal rate
constants as black open circles and full line. The calculated
capture rates are larger than the measured reaction rates, which
suggests that not all capture processes lead to a reaction. If one
assumes that the discrepancy between the calculated and
measured reaction rate constants originates from a less-than-
unity reaction probability upon close encounter of the reactants
and that the reaction probability is independent of the collision
energy, the reaction probability can be estimated by scaling
down the calculated thermal capture rate constants until they
match the experimental data (see orange open circles and full
line). This procedure suggests that the reaction probability is
0.65(20). Unfortunately, the experimental error bars are too
large for any conclusion to be drawn concerning the predicted
temperature dependence of the thermal rate constant.

5.2 Comparison with earlier calculations

Troe and coworkers have reported detailed calculations of the
capture rate coefficients of ion-molecule reactions involving
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Fig. 11 Comparison of the calculated thermal capture rate constant for
the He* + N, reaction (black line and open circles) with the Langevin rate
(dashed horizontal red line) and the thermal rate constants measured by
Rowe et al.® at temperatures of 8, 20 and 28 K using the CRESU technique
(violet squares with error bars). The orange open circles and line represent
the calculated rate constants scaled by a factor of 0.625.

molecules having an electric quadrupole moment.>*¢3%31

These calculations introduced and tested several approxima-
tions in the treatment of the interaction potentials and served
as reference to validate our results. In contrast to the present
calculations, the calculations of Dashevskaya et al.*>'**! also
considered the effects of quantum scattering and of the Cor-
iolis interaction, which mixes rotational levels of the neutral
molecule of different M values. These effects were found to lead
to (i) an increase of the ¥~° capture rate coefficients to a value of
2k, at very low collision energies (below kg-0.3 mK for the He" +
N, reaction), regardless of the sign of the ¢Q,, product, and (ii)
a suppression of the divergence of the ¥~ capture rate coeffi-
cients at very low temperatures, such that the K/=bHe ™™
(=147 H2) rate coefficient averaged over all M states stabilises
to a finite value at the lowest collision energies ~kg-10 nK,
ie, to ~11k; (~5.6ky). As explained in ref. 15, these effects
only become significant at extremely low collision energies, and
they are not detectable at the collision energy resolution of
~kp-250 mK of our experiments (see Section 2) and were
therefore ignored in our calculations.

The calculated capture rate coefficients presented in the
previous section are consistent with the calculations of
Dashevskaya et al.,"® in which the perturbed-rotor (PR) approxi-
mation was used to calculate the Stark shifts of the rotational
levels of the neutral molecule. In the case of the capture of H,
by an ion, the PR approximation accurately describes the Stark
shifts of the |1, 0) and |1, 1) rotational levels and the ¥*(*) and
k124D capture rate coefficients. A small difference between the
PR approximation and the exact calculation is observed for the
|1, 0) level. In the PR approximation, the k(%) rate coefficient
is predicted to be exactly equal to k;, over the temperature range
considered, whereas the exact treatment through diagonalisa-
tion of the Stark Hamiltonian leads to a small (about 2%)
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increase of k2% as E., increases up to k12 K [see inset of
Fig. 8(a)]. For reactions involving N, the K% and ™% rate
coefficients are accurately predicted using the perturbed-rotor
approximation, but deviations from the rate coefficients calcu-
lated with the exact method are apparent for the (1, 1) state,

with kb2 (Eeon/ks = 12 K) & 0.5k020 (Beon/ks = 12 K).

6 Conclusions

We have presented the first experimental measurements of the
N" and N," product yields of the He" + N, reaction for a range of
collision energies between 0 and kp-10 K. The reaction was
studied within the orbit of the helium Rydberg electron. The
product-ions ratio was determined to be N':N," =
0.50(5):0.50(5), whereas most previous studies had shown a
consistent bias towards the generation of N', with N":N," =
0.60:0.40.%7#1:50752:5% We attribute the higher fraction of N,
ions observed in our experiments to the absence of collisional
dissociation in the supersonic beams during the short reaction-
observation time of 7 ps. The dissociation of metastable N,"
molecules into an N* ion and an N atom induced by secondary
collisions has been observed in earlier experiments carried out
in the presence of higher background gas densities.***>°

A ~30% decrease of the reaction yield was observed when the
collision energy was decreased from kp-10 K to 0. To explain this
observation, calculations of the rotational-state-specific capture rate
coefficients were performed using a statistical adiabatic-channel
model inspired by earlier works''> and explicitly calculating the
Stark shifts of the rotational levels of the neutral molecule in the
field of the ion. The excellent agreement obtained between
the calculated and observed energy dependence of the rate coeffi-
cients [see Fig. 3(b)] indicates that the treatment of the charge-
quadrupole interaction through diagonalisation of the Stark Hamil-
tonian in the realm of the adiabatic channel model leads to reliable
interaction potentials and capture rate coefficients in the range of
collision energies investigated experimentally. The comparison of
experimental and theoretical results for the He" + N, reaction and
with results obtained on ion-molecule reactions involving H, mole-
cules enabled the first clear observation and quantification of the
role of the sign of the quadrupole moment of the neutral molecule
in the capture rate coefficients of ion-molecule reactions. At low
collision energies, the capture rate coefficients of ion-molecule
reactions characterised by a positive (negative) gQ,, product were
found to increase (decrease) with decreasing collision energy.

For low J values and intermediate collision energies, i.e., in
the range beyond kg-10 K (see Fig. 9), quadrupolar molecules
with a small rotational constant, such as N,, were found to have
rate coefficients that are larger than the Langevin rate constant
k1, whereas molecules with a large rotational constant, such as
H,, have capture rate coefficients that are much closer to k;.
This behaviour can be explained by the fact that in quadrupolar
molecules with small rotational constants the Stark shifts
originating from the interaction between the electric quadru-
pole and the field of the ion are stronger than in molecules with
large rotational constants. The nonlinear Stark shifts become
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significant at much lower fields and are on the average nega-
tive, which effectively reduces the heights of the centrifugal
barriers compared to the pure Langevin case and increases the
rate coefficients. The calculations also indicate that the devia-
tions from Langevin capture behaviour rapidly decrease with
increasing collision energy and rotational excitation of the
neutral molecule.

The comparison of calculated thermal capture rate coeffi-
cients for the He" + N, reactions with thermal reaction rate
constants measured in uniform supersonic flow® suggests that
the probability of reaction upon close encounter of He" and N,
is less than unity, probably in the range 0.63 £ 0.20.

Calculations of the rotational-state-specific and collision-
energy-dependent rate coefficients of ion-molecule reactions
involving H, and N, revealed a large sensitivity on the absolute
value of the magnetic rotational quantum number M of the
neutral molecule. Moreover, changing the sign of the quadru-
pole was found to exchange the role played by rotational states
with M = 0 and |M| = J. This behaviour was explained qualita-
tively by simple electrostatic considerations based on the
angular-momentum vector model (see Fig. 5).

The calculations reveal that a rich behaviour could be
explored in experiments using neutral-molecule samples pre-
pared in states with aligned rotational angular momentum. In
the future, efforts should also be invested to further improve
the collision-energy resolution of the experiments, with the
prospect of observing the effects of quantum scattering and
Coriolis coupling predicted in ref. 15 and 16. These effects
decrease rapidly with increasing reduced mass of the collision
system. In this respect, the H," + H, reaction (¢ ~ 1 u) offers
advantages over the He" + N, reaction (¢ = 3.5 u) and work on
the H," + H, reaction is currently under way in our laboratory.
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