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Abstract

The rate constants for vibrational relaxation of NO1 (v 5 1) and NO1 (v 5 4) in collisions with CH4 were measured from
thermal to 1 eV center of mass collisional energy using a selected ion flow drift tube. These experimental data are interpreted
theoretically using the semiclassical (classical path) approach of Billing and the potential energy surface, constructed on the
basis of the model of Gislason and Ferguson. (Int J Mass Spectrom 185/186/187 (1999) 559–563) © 1999 Elsevier Science
B.V.
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1. Introduction

The vibrational relaxation of diatomic ions has
been investigated in great detail experimentally over
the last decade [1,2]. In particular, the relaxation of
NO1 (v $ 1) to NO1 (v 5 0) in collisions with CH4

has been studied previously by Dobler et al. [3] and
Morris et al. [4] at thermal energies, and by Federer et
al. [5] and Richter et al. [6] in the energy regime from
thermal to about 1 eV mean relative kinetic energy,
KEcm, between the collision partners.

In our recent studies [7,8] within the framework of
the semiclassical method [9] we have undertaken an
attempt to study the physical relevance of the specif-
ically anisotropic interaction potentials resulting from
the application of the postulates of the model of

Gislason and Ferguson [10]. The satisfactory results,
concerning the vibrational relaxation of O2

1 and NO1

in collisions with He, obtained in these works, en-
couraged us to proceed with further experimental
studies of similar collision systems and, theoretically,
with the extension of our procedure for constructing
the global interaction potentials on other vibrationally
inelastic collision systems, one of which is the pres-
ently studied NO1–CH4 system.

In this article we report results on the energy
dependencies of quenching rate constantsk10 andk43,
respectively, for the vibrational relaxation processes

NO1~v 5 1! 1 CH43 NO1~v9 5 0! 1 CH4 (1)

NO1~v 5 4! 1 CH43 NO1~v9 5 3! 1 CH4 (2)

which were obtained both experimentally and theo-
retically within the range of mean relative collision
energies KEcm from thermal to about 1 eV.
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2. Experimental method

The measurements were done using the Innsbruck
selected ion flow drift tube (SIFDT) apparatus, which
was described elsewhere [5]. In order to obtain
quenching rate constants a monitor ion method was
applied which is identical to the one used by Bo¨hr-
inger et al. [11]. Briefly, a fixed flow of monitor gas is
introduced at the monitor gas inlet just in front of the
detection orifice. The resulting monitor ion signal,
which is proportional to the NO1 (v $ n) ion
concentration at the monitor inlet port, is then re-
corded as a function of the flow of quenching gas
added at the upstream reactant inlet. An exponentially
decaying monitor ion signal is observed from which
the quenching rate constant can be deduced in the
same way as reaction rate constants are derived [12].
In Fig. 1 the energy levels NO1 (v 5 0 2 4) are
shown together with the ionization potentials of sev-
eral monitor gases. CH3I and C2H5I can be used to
determine the concentration of NO1 (v $ 1), as NO1

(v $ 1) performs fast charge transfer with these
neutrals. NH3, and C2H5Br were used to monitor the
NO1 (v $ 4) ion concentration.

3. Theoretical model

The rigorous dynamical treatment of the vibra-
tional relaxation processes investigated in this study

should take into account all vibrational and rotational
degrees of freedom of CH4. But in the absence of an
accurate interaction potential the use of such compli-
cated and computer time consuming dynamical meth-
ods for the interpretation of the present experimental
data would be hardly meaningful. Thus, both the
procedure for the construction of the global potential
energy surface (PES) and the dynamical model, we
use in this study, are of approximate nature: Analyz-
ing the vibrational relaxation of NO1 (v) in collisions
with CH4, we regard CH4 as a structureless particle,
partially taking into account its complexity by the
appropriate adjustment of the potential parameters for
the corresponding effective “atom–diatom” PES.

The procedure of constructing the PES for atom–
diatom systems is described in previous articles [7, 8]
and briefly reviewed here. In order to obtain the whole
three-dimensional (3D) PES for the AB1–M collision
system (AB1 5 O2

1, NO1), based on the postulates of
the model [10] of Gislason and Ferguson, we use the
functional form, which was proposed earlier by Tosi
et al. [13].

The essential information about the geometrical
structure of O2

1–M and NO1–M complexes is already
quantitatively estimated by Gislason and Ferguson
[10]. Using the lowest unfilled molecular orbital
highest occupied molecular orbital (LUMO)/(HOMO)
arguments, they calculated the equilibrium geometry
(values of geometric parameters in the subsequent
equations) of the complex. Then, introducing the
adjustable parameter which from the physical origin is
the electronic coupling between the state O2

1–M (or
NO1–M) and the charge-transfer state O2–M1 (or
NO–M1), Gislason and Ferguson estimated total
bond energiesD0 as well as incremental bond energy
contributionsDi (due to “chemical” interaction) for a
number of O2–M1 and NO–M1 complexes.

Postulating the equilibrium geometry of the com-
plex in accord with [10] and centering the minima of
the total and chemical interactions at this equilibrium
geometry, we will also find the values of parameters
a i, b, andE in the subsequent equations.

The potential function is represented as

V~R, r , w! 5 VAB1 1 Vis 1 Van (3)

Fig. 1. Energy levels of NO1 (v 5 0 2 4) and ionization energies
of monitor gases used.
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whereR is the center of mass distance,r the internal
diatom coordinate, andw the angle between theR andr
axes. The first term in Eq. (3) is a Morse function for the
isolated AB1 diatom, with parameters determined from
spectroscopic data [14]. The second term represents a
long-range ion-induced dipole attraction and a short-
range exponential repulsion between M and AB1

Vis~R! 5 E exp(2 bR) 2
C4

2R4 @1 2 tanh~R 2 Ro!#

(4)

The third, anisotropic term describes the chemical
interaction between the atom M and atoms A and B,
respectively. As described (though in verbal form) in
[13] we represent it as

Van~R, r , w! 5 O
i51

2

Di exp@ 2 ai~Ri 2 R*i!#$exp

3 @ 2 a i~Ri 2 R*i!#

2 2 exp@ 2 Di~g i 2 g*i!
2#% (5)

whereR1,2 are the distances between the atom M and
the atoms A and B, respectively, andgi are the angles
betweenRi and ther axes. (The relations betweenR,
r , w, andRi, andgi are given in [15]). The factorsDi,
for convenience, are presented in the form

D i 5 2ln~0.1!/ui
2

(6)

where the “anisotropy widths”ui, in the absence of
any additional information can be regarded as adjust-
able parameters, like in [13]. To obtain the values of
the potential parameters, we proceeded in analogy to
[7] and [8].

The only difference consists in some enlargement
(about 20%) of the values of the total bond energyDo

and in the incremental bond energiesDi, leaving the
electrostatic interaction unchanged. We believe, this
should partially take into account the complexity of
the CH4, which results in an enlargement of the
collision time and in enlarged vibrational relaxation
rate constants at low KEcm values.

The values of all interaction potential parameters
are given in Table 1. All dynamical calculations were
performed using theFORTRAN program ADIAV [16]
which realizes to the full extent the formalism of the

classical path model. The essence and the detailed
algorithm of the model are presented in Billing’s
publications (see, for review, [9]).

Thus only a very brief summary of the method will
be given here. The relative translational and rotational
motion of the diatom are treated classically, whereas
the vibration is quantized. The total wave function for
the quantum-mechanical part of the problem is ex-
panded in Morse eigenstates of the diatom. In turn, the
equations of motion for the classical part of the
problem are coupled through the effective intermolec-
ular potential to the differential equations for the
amplitudes of the vibrational transitions.

As appropriate for the whole energy range studied,
the following values of the input parameters were
adopted: the initial center-of-mass distance was set to
Rinit 5 20 Å, the maximum impact parameter was
estimated to bebmax 5 5 Å, the number of Morse
oscillator states included in the expansion of the total
wave function was set toN 5 7. In the final dynamic
calculations the batches of about 500 trajectories for
each energy value were calculated, which yields
statistical error bars smaller than 20% for the cross
sections, and even less for the rate constants.

4. Results and discussion

The experimental results obtained for the quench-
ing rate constantsk10 andk43 for processes (1) and (2)
are shown in Fig. 2 together with earlier results [6].
Both rate constants show a pronounced minimum at
several tenths of an electron volt, andk43, is larger
thank10 at all energies investigated.

The accuracy of the present data is assumed to be
630%. The main uncertainties arise from the mobility
data of NO1 (v) in He [we assume that the mobility

Table 1
Potential parameters of the NO1 (v)–CH4 interaction potential

E 8802 eV R*1 3.695 Å
b 3.292 Å21 R*2 3.713 Å
C4 18.43 eV Å4 g*1 104°
Ro 15.0 Å g*2 105°
Di 0.2905 eV u i 20°
1. a i 1.647 Å21
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of NO1 (v 5 0) is the same as the one of NO1 (v 5
1, 2, 3, . . .) which is not necessarily the case] and
from the inaccuracy in the flow rates of CH4 added to
the buffer gas. Furthermore, in the case of process (1)
also contributions from quenching of NO1 (v 5 2, 3,
4, . . .) to NO1 (v 5 0) in sequential or direct
processes may contribute to the apparent rate con-
stant. These contributions however are limited due to
the strongly declining population of NO1 (v) with
increasingv. The total concentration of NO1 (v 5 0)
was about 50% of all NO1 and the concentration of
NO1 (v $ 4) was less than 10% of all NO1 thus we
assume that the density of NO1 (v $ 2) only makes
up for about 25% of all NO1. Part of that, NO1 (v 5
2), is quenched to NO1 (v 5 1) which then needs a
second quenching step to contribute tok10. Even if
the quenching rate constantk21 is higher thank10 by

a factor of 2 the overall contribution of higher
vibrational states NO1 (v 5 2, 3, 4, . . .) tok10

should be less than 15%. Thus the assumed overall
accuracy of the present experimental data being
630% seems to be justified.

For comparison of the theoretical results with the
experimental data for both investigated vibrational
transitions, also the calculated valuesk43 andk10 are
shown in Fig. 2. The theoretical data reproduce the
overall shape of the corresponding experimental ones,
showing pronounced minima in the kinetic energy,
KEcm, dependence of the rate constants, though at
lower energies than in the experimental case. Also
quantitatively the experimental and theoretical rate con-
stants agree within a factor of about 2 in the middle and
high energy ranges. A somewhat larger deviation be-
tween experimental and theoretical data in the low
energy range finds its partial explanation in our simpli-
fication of the actual collision dynamics. Taking fully
into account the complexity of NO1–CH4 interaction
would facilitate the complex formation, and hence the
vibrational relaxation of NO1 (v) at low energies.

Summarizing, the experimentally found kinetic
energy dependence of the rate constants for vibra-
tional relaxation of NO1 (v) in collisions with CH4,
showing a pronounced minimum at some tenths of an
electron volt, is confirmed by the present calculations
in the framework of realistic, though approximate,
theoretical models for both interaction potential and
collision dynamics. Taking into account the complex-
ity of the studied collision system, the achieved
semiquantitative agreement between theory and ex-
periment can be regarded as satisfactory in the whole
energy range investigated.

Acknowledgements

This work was supported by the Austrian Fonds
zur Förderung der Wissenschaftlichen Forschung un-
der project no. P12429 and by the Danish Natural
Sciences Research Council. One of the authors
(V.A.Z.) expresses his gratitude to the Institut fu¨r
Ionenphysik for financial support and warm hospital-
ity during his stay in Innsbruck.

Fig. 2. Comparison of experimental (present work and Ref. [6]) and
theoretical (present work) rate constantskq for vibrational relax-
ation of NO1 (v) in collisions with CH4.
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