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Laser induced reaction (LIR) of C2H2
1 þ H2 in a 22-pole ion trap at 90 K has been employed to detect the n3

C–H stretching vibration and the n5 cis bending vibration of the acetylene parent ion using the wide tunability of
the free electron laser FELIX. The vibrational frequency of the bending vibration, o5, and the corresponding
Renner–Teller parameter, e5, are determined to be 710 cm�1 and 0.03, respectively. These results differ quite
substantially from previous experimental work but are in line with the most recent and advanced theoretical
work. The dependence of the LIR-signal of the two vibrational modes is studied systematically with respect to
the laser power, storage time, and number density of the hydrogen collision partner. A reaction scheme
describing all steps involved in the LIR process is set up. The corresponding rate equation system is solved
numerically. From this solution the lifetimes for the vibrational excited states, t3 ¼ (3 � 1) ms and t5 ¼
(200 � 50) ms and the vibrational dipole moments m3 ¼ 0.19(2) D and m5 ¼ 0.21(2) D are determined under the
assumption that the excited parent ion relaxes or reacts with a net rate coefficient equal to the Langevin limit.
The lifetime for the C–H stretching vibration is in agreement with a previous LIR experiment and with ab initio
calculations. C–H stretching turns out to be about an order of magnitude more efficient than bending in
promoting hydrogen abstraction. This strong mode dependence is discussed on the basis of the energetics for
hydrogen abstraction and a possible inhibition of complex formation in the entrance channel of the C2H2

1 � �H2

collision system.

1. Introduction

Laser induced reactions (LIR) belong to the family of ‘‘action
spectroscopy’’ methods where the influence of the laser light on
the investigated mass-selected trapped ions is monitored by
detecting induced changes of the ion cloud composition in a
high-efficiency ion counter. In the special case of LIR, changes
of the rate coefficient of an endothermic ion–molecule reaction
serve to detect the excitation of the parent ionic species. This
offers not only the possibility of doing very high sensitivity
spectroscopy on transient ions (a number of only 1000 ions per
trapping period is enough), but LIR can yield information on
state-selected reaction rate coefficients and lifetimes of excited
states. Examples of this method include the IR spectrum of the
highly fluxional CH5

1 molecule,1,2 the laser induced charge
transfer in the system N2

1 þ Ar,3 and the IR spectroscopy of
the asymmetric stretching vibration n3 of C2H2

1 4 by using the
abstraction reaction C2H2

1þH2 þ �ho3 - C2H3
1þH. In this

scheme, the endothermicity of about 50 meV (¼ 403 cm�1) is
overcome by the resonant laser photon. More recently we
report also on the first spectrum of the cis-bending vibration
n5 of C2H2

1 using LIR.5

In the present work the very same reaction scheme is used to
detect both the cis-bending vibration n5 and the asymmetric
stretching vibration n3 of C2H2

1. The purpose of this study has
been twofold: (i) determination of the bending vibration of
C2H2

1 with a detailed examination of the rotational structure
and (ii) comparison of the reactivity of the bending versus the
stretching vibration. Ionized acetylene is an important mole-
cule for the plasma chemistry not only in the laboratory, but

also in space. Therefore a lot of experimental and theoretical
work has been devoted to the spectroscopy and dynamics
of C2H2

1.
Acetylene is a simple hydrocarbon molecule, linear in its

neutral and ionized state. C2H2
1 is the only known example of

a tetra-atomic molecule exhibiting the Renner–Teller effect in
the ground state. The Renner–Teller effect, i.e. the splitting of
the doubly degenerate electronic ground state X2Pu of the
linear geometry through interactions with a bending mode has
only been verified experimentally for the trans-bending vibra-
tion n4,

6 but a detection for the infrared active cis-bending
mode n5 with spectroscopic accuracy has been missing.
Conventional HeI photoelectron spectra (PES) from ground

state neutral C2H2 has been used to examine the Renner–Teller
structure of the ion.7,8 Although these early experiments by
Reutt et al. were only taken at rather poor resolution, a feature
at 837 cm�1 above the ionization threshold has been assigned
to one component of the cis-bending vibration (v5 ¼ 1). More
recent studies used various REMPI schemes to resonantly
excite the Rydberg state converging to the ionic ground
state.9–11 Both ground states of C2H2 and C2H2

1 are linear
with slightly changing bond lengths, therefore only very weak
progressions in the bending vibrations have been observed. The
resonantly excited state Ã1Au employed by Pratt et al.,10

however, has trans-bent geometry. Therefore only the trans-
bending vibration of C2H2

1 has been observed. Later, Pratt
et al. refined their studies on the trans-bending vibrations via
the Ã1Au state in a two-color double resonance laser experi-
ment.6 Here they found three Renner–Teller components for
the trans-bending vibration (v4 ¼ 1) at 2S� ¼ 485 cm�1, 2S1 ¼
903 cm�1 and 2D ¼ 668 cm�1, with spin–orbit splitting
and rotational constants similar to the ground state, i.e. A B
�30 cm�1 and B¼ 1.1 cm�1. Using the theoretical treatment of

w Presented at the Bunsen Discussion on Chemical Processes of Ions,
Marburg, 15–17 September 2004.
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Petelin and Kiselev12 they obtained a frequency of the trans-
bending vibration of n4 ¼ 694 cm�1 and a Renner–Teller
parameter e4 ¼ 0.30. It is interesting to note that they also
detected a weak feature at 748 cm�1 which they tentatively
assigned to the 2S� component of the cis-bending vibration
(v5 ¼ 1). This value deviates substantially from the former
result by Reutt et al.7 Both results could only be consistent if
both experiments were detecting different Renner–Teller com-
ponents (2S�) which would call for a large Renner–Teller
parameter e5. It is quite surprising that neither study reveals
both components. This finding would rather suggest that the
Renner–Teller splitting of the antisymmetric bending vibration
is instead small and the two 2S components collapse at low
resolution. This idea is corroborated by the experimental LIR-
spectra as well as by theoretical work.

Multiconfiguration ab initiomethods have been employed by
Lee et al.13 where predictions of the Renner–Teller components
have been calculated for the cis- and trans-bending vibrations.
They compare reasonably well with the experimental findings
for the trans-bending frequencies found by Pratt et al.6 Ab
initio investigations of the Renner–Teller effect beyond the
Born–Oppenheimer and the harmonic approximations have
been carried out over the years by Perić and Peyerimhoff.14,15

These authors also took the spin orbit coupling which is
present in the case of the X2Pu ground state of the acetylene
cation into account.16 More recently a second order perturba-
tional approach with explicit treatment of the vibronic and
spin–orbit coupling has been published. These results compare
very well with the former variational treatment and they also
show that the approximate analytical equations by Petelin and
Kiselev12 can be applied to model experimental data.

High-resolution infrared spectra became available for the
band of the asymmetric C–H stretching vibration in the
three isotopic acetylene ions C2H2

1(n3),
13C2H2

1(n3), and
C2HD1(n1) by using a difference frequency laser spectrometer
probing an AC glow discharge.17,18 From the study of Jagod
et al.18 high accuracy values of the vibrational frequencies, the
rotational and spin–orbit constants of the vibronic ground and
excited state have been derived. However, until recently no
spectra were available for the other IR active n5 cis bending
vibration. The LIR spectroscopy experiment described here in
more detail has been set up to obtain ro-vibrational spectra in
the range of the bending vibrations between 600 and 950 cm�1,
and a first spectrum has already been published.5

In LIR experiments the collision with the neutral reaction
partner is an integral part of the detection scheme. The
reactivity is strongly dependent on the level of excitation.
Due to the selected excitation, the LIR signal carries informa-
tion about the mode selectivity of the reaction. Since nuclear
rearrangement is associated with most chemical reactions it is
very interesting to investigate the influence of vibrational
motions on the reactivity. In former studies a comparison of
the bending and C–C stretching vibration as well as collision
energy effects on the reaction of C2H2

1 with D2 has been
carried out by Chiu et al.19 In these experiments, C2H2

1 ions
have been prepared by multiphoton ionization with excitation
in either the n2 C–C stretch vibration or in a combination of
ground state and two quanta of bending vibration. The so
prepared ions interacted with the neutral reactant in a guided
ion beam apparatus at selected collision energies. Formation of
C2H3

1 in its isotopic forms is found to be enhanced by
collision energy and C–C stretch vibration, but not by bending
vibration. In addition hydrogen exchange which is an addi-
tional reaction channel is inhibited by both collision energy
and vibrational energy. These results are in agreement with
earlier state-selected experiments of Honma et al.20 These
findings could be explained with an inhibition of C2H4

1

complex formation in case of vibrational excitation. In a
previous LIR experiment on the n3 C–H stretching vibration,4

the branching ratio between reaction of the laser excited species

and quenching has been determined to be roughly 1 : 5. This
dominance of quenching versus reaction is in line with the idea
of Chiu et al.19 that the reaction is hindered due to a process
happening in the entrance channel.
In the present work a comparison between the cis-bending

vibration and the C–H stretching vibration becomes possible
due to the wide tunability of the free electron laser FELIX,
which allows the excitation of cold parent C2H2

1 ions in all IR
active modes. The paper is organized as follows: In the experi-
mental section the basics of the trapping experiment and the
capabilities of FELIX are described. The obtained spectra and
the details for the modeling of the ro-vibrational spectrum of
the cis-bending vibration including Renner–Teller splitting are
given in Section 3. In Section 4 a kinetic model describing the
reaction system is laid out. Numerical simulations based on
this simple model are then used in the following result Section 5
for the interpretation of the data and in particular for compar-
ing the bending versus the C–H stretching vibration. Finally the
LIR process is discussed (Section 6) in terms of an interpreta-
tion of the spectral intensities and the dynamical implications
derived from the kinetics modelling. Conclusions for future
experiments round off this paper.

2. Experimental

2.1. Basics of LIR

The experimental setup used for LIR is explained in Fig. 1.
Details of the trapping technique are described thoroughly in
ref. 21. The method is based on storing mass-selected ions in an
environment of a cold reactant gas. For this, the ions are
generated and collected in a storage ion source, from where a
packet of slow ions is sent through a quadrupole mass filter for
mass selection into the 22-pole ion trap. In this trap, the ions
are cooled down to the desired temperature by a short He gas
pulse and stored for several seconds. The trap is constantly
filled with a suitable reactant gas. For LIR-spectroscopy to
work, the reaction between the ions and the gas should have a
barrier on the reaction pathway or be endothermic. The barrier
or the endothermicity can be overcome when the ions are
resonantly excited by tunable laser light. Thus, by counting

Fig. 1 Setup of the trapping apparatus as used for laser induced
reactions (LIR). The ions are generated and collected in the storage ion
source, mass selected in the quadrupole mass filter 1 and then stored in
the 22-pole ion trap. As shown in the enlarged inset, this trap consists
of 22 small rods which confine the ions in the radial direction when
suitable rf voltages (B17 MHz, 50 V) are applied. Control of the
injection and extraction of the ion cloud is achieved by the innermost
electrodes. On entrance, the ions are cooled down to the ambient
cryogenic temperature by a short intense helium pulse. During the
storage period of several seconds, the ions are subject to reactant gas
molecules and tunable laser light (coming from the right through the
axially transparent setup). The result of this interaction is detected by
extracting the stored ion cloud into mass filter 2 and counting the
number of product ions in the detector. By repeating this process while
scanning the IR laser, an IR action spectrum of the stored parent ions
is recorded.
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the mass-selected ionic reaction products as a function of the
laser wavelength, a LIR spectrum is recorded. In the following
subsections, more details are given for the basic reaction
schemes, the ion preparation, the 22-pole trap, and the laser
source FELIX.

2.2. Reactions

In the present contribution, the dynamics of the LIR-process
for the IR-active cis-bending vibration n5 and asymmetric
stretch n3 of C2H2

1 are reported. Some details of the corres-
ponding LIR-spectra have been already summarized by
Asvany et al.5 and Schlemmer et al.4 For LIR of the acetylene
cation, C2H2

1, the H-atom abstraction reaction

C2H
þ
2 þH2 �!

k
C2H

þ
3 þH ð1Þ

has been utilized. This reaction is endothermic by about 50
meV (B403 cm�1), thus its rate coefficient k is very small at low
temperatures. This fact renders LIR-spectroscopy feasible by
first exciting the ion

C2H2
1(vi ¼ 0,J00) þ �hoi - C2H2

1(vi ¼ 1,J0) (2)

into an IR-active vibrational motion (i ¼ 3,5) and then
counting the products of the reaction

C2H
þ
2 ðvi ¼ 1; J 0Þ þH2 �!

k�
C2H

þ
3 þH: ð3Þ

Usually, the reaction is substantially enhanced by the laser
excitation, i.e. k* c k. As a small complication, at very low
temperatures the loss of primary ions by radiative association

C2H
þ
2 þH2 �!

krad
C2H

þ
4 þ �ho ð4Þ

and also ternary association

C2H
þ
2 þ 2H2 �!

kter
C2H

þ
4 þH2 ð5Þ

become important. To find an optimum for minimal loss of
primary ions into these association channels or into reaction
(1), trap temperatures around 90 K and hydrogen densities less
than 1 � 1012 cm�3 have been chosen. The trapping time was
typically 2–4 s. Other experimental parameters are summarized
in Table 1.

2.3. Ion preparation and mass selection

The C2H2
1 ions were generated in an external rf ion storage

source by electron bombardment of acetylene gas highly
diluted in hydrogen with a ratio of around 1 : 100. The
acetylene gas used (Indugas, purity 2.5) was purified in a dry
ice/acetone trap. For ionization, electrons with low kinetic

energies (o17 eV) were utilized to avoid internal excitation
or fragmentation of the ions. Collecting the ions in this storage
source makes it possible to operate at pressures below 10�5

mbar of the gas mixture. Furthermore, vibrationally excited
C2H2

1 ions are removed by reactions of type (3). Non-reactive
collisions with H2 cool the acetylene cations to the source
temperature of about 350 K. After extracting the ions through
a pulsed electrode, they are mass selected by a quadrupole mass
spectrometer and injected into the 22-pole ion trap where they
are finally cooled to the desired low temperature by a short
intense He pulse (B10 ms).

2.4. 22-Pole ion trap

The central part of the experiment, the 22-pole ion trap, is
shown schematically in the enlarged inset in Fig. 1. It consists
of 22 stainless steel rods, each 1 mm in diameter and 36 mm
long, circumscribing a circle of 10 mm diameter. The rods are
alternately connected to a supply electrode each of which
connected to the two ends of an inductive coil (11 rods to each
end), forming a LC-circuit with a resonance frequency of
17 MHz. This circuit is excited by an external rf generator.
The hereby generated rf field in the trap confines the ions in the
radial direction, while confinement in axial direction and the
control of ion filling and extraction is achieved by the shown
inner cylindrical electrodes. The shown outer electrodes are
used for focusing the ion beam. The structure is surrounded by
a copper box (not shown) which can be cooled to 10 K via a
closed cycle refrigerator. The reactant gases and He pulses are
admitted to the inside of the trap region by pre-cooled tubes.
The number density of the target gas has been determined from
the pressure increase in the trap chamber. The relation between
number density at the trap temperature and pressure in the
trap chamber has been carefully calibrated.

2.5. Laser source

The experiments were performed with the Free Electron Laser
for Infrared eXperiments FELIX.22 FELIX is capable of
delivering pulsed infrared radiation tunable in the range from
40 cm�1 to 2000 cm�1, and using third harmonic generation
even above 3000 cm�1. Tuning of the laser wavelength (in a
limited range) can be made by the user by moving the
undulator gap. The wavelength setting can be controlled by a
spectrum analyzer contained in the FELIX beamline. This
spectrum analyzer has been used to calibrate the wavelength
scale of the experiment. Reproducibility, precision and accu-
racy are of similar size (B4 cm�1). The maximum repetition
rate of the macropulses, 10 Hz, has been chosen, and the pulses
have a typical length of 7 ms, with a 1 GHz microstructure (in
all presented cases) originating from electron bunching in the
linear accelerator. The macropulses have an energy content up
to 30 mJ, giving a cw power in the range of 300 mW at the user
side. The resolution of FELIX was bandwidth–limited and on
the order of 0.5% FWHM, i.e. the typical bandwidth in our
experiment was Do ¼ 15 cm�1 (FWHM) in the C–H stretching
region (3100 cm�1) and about Do ¼ 3 cm�1 (FWHM) around
700 cm�1.
At the user station, the IR radiation has been coupled into

the 22-pole trapping machine via two mirrors and a ZnSe
window. The laser pulses of FELIX and the ion pulses of the
22-pole trapping machine have not been synchronized. This is
not necessary due to the long ion trapping time of several
seconds and the high macropulse repetition frequency.

3. Spectroscopy

The LIR spectrum of the cis-bending (600–950 cm�1) and the
C–H stretching vibration (2800–3200 cm�1) of C2H2

1 is shown
in Fig. 2. The C–H stretching region around 3150 cm�1 has

Table 1 Typical conditions for LIR-spectra shown in Fig. 2 and

physical parameters for the LIR-process derived from numerical

simulations

Bend (n5) Stretch (n3)

Center frequency o/cm�1 710 3136

FELIX resolution FWHM Do/cm�1 3 15

Number injected C2H2
1 ions B2200 B1800

Iterations 10 8

Storage time t/s 4 2

Laser pulse power/mJ B30 B10

Laser frequency/Hz 10 5

10�11 � H2 density/cm
�3 1.2 1.5

Number C2H3
1 background ions 340 170

Lifetime t/ms (200 � 50) (3 � 1)

Vibrational transition dipole moment/D 0.21 � 0.02 0.19 � 0.02

Integrated band intensity/cm�1 9209 4242

k3*/k5* 7
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been observed in high resolution before by Jagod et al.18 and
by a previous LIR study.4 Despite the poor resolution of the
present experiment it is gratifying to see that LIR works with
the use of quite different laser excitation schemes. More
importantly the lower frequency spectrum shows the detection
of the n5 bending vibration of C2H2

1. This spectrum exhibits a
main peak at 710 cm�1 with a full extension of signal from 650–
780 cm�1. This region is shown in more detail in Fig. 3. Here a
distinct substructure becomes apparent. No intensity is ob-
served outside this range. In particular no LIR signal is
detected at the proposed value of 837 cm�1.7,23 Instead the
spectrum lies in the range of the previously observed weak
band detected by Pratt et al.6 and assigned to the S� compo-
nent of the cis bending vibration. Without any analysis the
comparably narrow LIR spectrum shows that all vibronic
components of the vibrational transition fall in this frequency
range, indicating that the size of the Renner–Teller parameter,
e3, for the cis-bending vibration is rather small. Assuming that
some vibronic components would lie even outside the wide
spectral range covered in this experiment, leads to a rather
large Renner–Teller parameter, e3 Z 0.3. This finding would
be in great contrast to the most advanced calculations avail-

able.15 Therefore for the current analysis it is assumed that the
full spectrum is covered by the spectrum shown in Fig. 2.
Due to the limited resolution of the spectrum shown in Fig. 3

the rotational structure is buried in the envelopes connecting
the peak structure described above. In order to determine
reliable values for the frequency of the n5 vibration and the
associated Renner–Teller parameter the vibronic spectra have
been simulated. The coarse structure of the spectrum is gov-
erned by the energy level diagram for the vibrational ground
and first excited state of the X2P electronic state of C2H2

1. The
term energies have been calculated using the perturbative
description by Perić and Peyerimhoff.24 A detailed figure of
the vibronic levels can be found in ref. 5. Each vibronic state is
split by the spin orbit interaction which in the present case has
been assumed to vary little comparingP, S and D. The Renner–
Teller distortion leads to a further shift of the spin orbit terms
of the vibronic states. However, the influence is only substan-
tial in the S state while it is rather small in D. This is well
known from several cases including the trans bending vibration
of C2H2

1. The diagram of the vibronic states is shown in the
left part of Fig. 4. For the case shown the electron spin S ¼ 1/2
couples either to the molecular axis (Hund’s case (a)) or to the
rotational axis (Hund’s case (b)). Transitions between ground
and vibrational exited states have to obey the general selection
rule, DL ¼ 0, �1, which is valid for both, case (a) and case (b)
molecules. Furthermore in addition for Hund’s case (a), the
projection O of spin and electronic angular momentum along
the intermolecular axis has to follow DO ¼ � 0, 1. These rules
lead to seven vibronic transitions, four 2S–2P and three 2D–2P.
Each transition has a rotational structure with P-, R-, and
strong Q-branches. For the S state the coupling of the spin to
the molecular axis is much weaker and O is no longer a good
quantum number. With increasing rotational quantum number
the electron spin couples to the rotation axis and thus the
energy levels are better described as a Hund’s case (b). Transi-
tions from case (a) to (b) have a more complicated band
structure with less prominent Q-branches. Hougen25 found
that 2S states behave as Hunds case (a) states when the spin
orbit splitting constant A is much larger than both BJ and eo
where o is the bending frequency, and will behave as case (b)
states when A is very much smaller than either BJ or eo. For
intermediate situations, the 2S states will behave in a more
complicated fashion. In the case of the n5 bending mode e is

Fig. 2 Raw LIR-spectra of the IR-active bending and stretching
modes of C2H2

1 as obtained by counting the number of C2H3
1

product ions of reaction (3) as a function of the FELIX laser frequency.
Per storage cycle, around 2000 C2H2

1 parent ions have been trapped
for several seconds in the cold 90 K hydrogen gas environment, in
which they were subject to the FELIX laser pulses. For better statistics,
up to ten iterations have been recorded. The background counts due to
hot C2H2

1 parent ions coming from the source were subtracted in this
figure. The experimental conditions used for the detection of these two
vibrational modes are summarized in Table 1.

Fig. 3 Fortrat diagram of the n5 Q-branches of C2H2
1 (upper panel).

Triangles indicate D–P transitions, crosses the S–P Q-branches. The
measured (grey curve) and the simulated spectrum (black curve) are
shown in the lower panel. Molecular parameters of the simulated
spectrum are given in Table 2.

Fig. 4 Energy level diagram displaying the most important kinetic
steps in the LIR-process of the cis-bending motion of C2H2

1. The
kinetic processes and their corresponding rates are shown for the D5/2–
P3/2 transition at 710 cm�1. These are absorption of a laser photon
(rate Rabs), relaxation back into the ground state either by collision
with a H2 molecule (krlx[H2]) or by fluorescence (rate A). Reaction of
ground state C2H2

1 with H2 to yield C2H3
1 is very slow (thus not

shown) as it is endothermic by about 400 cm�1, but an excited molecule
can react (k*[H2]). At the low temperatures of the experiment, associa-
tion loss reactions (kass[H2]) have to be taken into account.
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small, a best fit of our simulated spectra to the low resolution
spectrum is obtain for e5 ¼ 0.032. One finds that e5o5 ¼ 21
cm�1 is in the order of A and thus the 2S states belong to an
intermediate case between Hund’s case (a) and (b). For analysis
each of the bands of the 2S–2P transition can be divided into
two sub-bands, 2S–2P1/2 and 2S–2P3/2. A general expression
for 2S energy levels of vibrational state v can be written as (see
Herzberg,26 vol. III, p. 79):

For the upper state, 2S1:

Tþ½v�ðJÞ ¼Gþ B½v�ðJ þ 1=2Þ2

þ1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDnÞ2�4B½v�ðJþ1=2Þðvþ 1Þeoþ4B2

½v�ðJþ1=2Þ2
q

ð6Þ

and for the lower state, 2S�:

T�½v�ðJÞ ¼Gþ B½v�ðJ þ 1=2Þ2

�1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDnÞ2�4B½v�ðJþ1=2Þðvþ1Þeoþ4B2

½v�ðJþ1=2Þ
2

q
;

ð7Þ

where G is the ordinary vibrational energy. Although these
formulae have been developed for three atomic linear mole-
cules in a 2P electronic state they still hold for linear tetra-
atomic molecules, as long as only one of the two bending
modes is vibrational excited. Dn is the expression for the overall
splitting between the two S states which is defined as:

Dn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ ðvþ 1Þ2e2o2

q
: ð8Þ

In Fig. 3 (upper panel) a Fortrat diagram of the Q-branches is
shown. The three D–P transitions are indicated as triangles,
whereas crosses are used for the S–P Q-branches. The splitting
of the two sub-bands, 2S–2P1/2 and

2S–2P3/2, increases rapidly
with the rotational quantum number. Due to the very small
Renner–Teller shifts in the D state some of the vibronic band
centers coincide and it turns out that the main peak at 710
cm�1 consists of two D–P transitions which have a consider-
able overlap in their Q-branches. This pile up effect for the two
Q-branches makes the determination of the vibrational fre-
quency rather good and argues that the spin orbit constant for
the P and D state are rather similar. Due to this spin orbit
coupling of about �30 cm�1 the third D–P band appears at
about 740 cm�1 with a similar rotational structure which is in
good agreement with a peak observed at 743 cm�1.

Due to the larger shifts in the S states associated with the
Renner–Teller effect the S–P transitions have contributions
over the range of 667 to 754 cm�1. In addition, simulations
show that the four transitions are rather variable in position
when varying e5. In summary the ro-vibronic structure of the
low resolution spectrum is well described by the few spectro-
scopic constants given in Table 2. Future high resolution
spectra will give a more detailed and complete picture of a
tetra-atomic Renner–Teller molecule.

4. Kinetic model for LIR of C2H2
1

The energy level diagram adapted for the LIR-processes of the
cis-bending vibration n5 is shown in Fig. 4. It based upon the
results from the spectroscopy section. A similar diagram for
the asymmetric stretching vibration n3 can be found in refer-
ence.4 The laser induced kinetics starts with the excitation of
the ion, i.e. reaction (2) at a rate Rabs. It has been shown in
more detail in the previous LIR study that to first approxima-
tion the number of product molecules, i.e., the LIR signal, as a
function of the excitation frequency is

[C2H3
1](o)do B Rabs(o)do B rmv0v00

2SAB (o)do. (9)

Here mv0v00 is the vibrational dipole moment, a property of the
molecular transition under consideration. r is the spectral
energy density, a property of the exciting laser. SAB(o)do is
the intensity of the ro-vibronic spectrum. Numbers of impor-
tant quantities for the simulation of the LIR process are given
in Table 1. mv0v00 for the different vibrational transitions have
been derived from the Einstein A coefficient which will be
determined independently below from the density dependence
of the signal. For r in the simulations the cw equivalent value
derived from the FELIX parameters during the specific study
have been used.
The quantity SAB(o)do is related to the Hönl–London

factors, SOJ0J00, of the corresponding transition by the following
relation

SAB(o) do ¼
P

O,j0j00 SO,j0j00f(o � oJ0,J00,O)do. (10)

with f(o � oJ0,J00,O)do the line profile of the individual rota-
tional lines (J0,J00) of the vibronic components (O), e.g. D–P.
Due to the normalization of each term the integral is also
normalized,

R
SAB(o)do ¼ 1. Because of this normalization,

the integrated band intensity of the LIRspectrum,R
[C2H3

1](o)do, is a measure for the product of the square
of the vibrational dipole moment, m2v0v00 and the rate coefficient
for hydrogen abstraction of excited C2H2

1, k*. In the simula-
tions it has been assumed that k* is a constant for all excited
rotational and vibronic states of one vibrational mode. This
assumption is of course questionable as there is no a priori
knowledge on this. However, since the main interest here is the
vibrational mode dependence of k*, this is a reasonable first
approximation which in future simulations might be easily
lifted. As a result, taking the different vibrational dipole
moments into account, the ratio of the k* for the two modes
has been determined, see Table 1.
When C2H2

1 is excited, via the process described above, it
will fluoresce back to the vibrational ground state, with a rate
determined by the Einstein A coefficient

C2H
þ
2 ðvi ¼ 1; J 0Þ �!A C2H

þ
2 þ �ho: ð11Þ

While in the excited state, it can collide with a H2 molecule
occurring with the collision rate, kc, which has been assumed to
be its maximum value, the Langevin rate coefficient kL ¼
1.59 � 10�9 cm3 s�1. As a result of the collisions, C2H2

1 can
react to the desired LIR-products with the rate coefficient k*,
reaction (3), or it can be quenched

C2H
þ
2 ðvi ¼ 1; J 0Þ þH2 �!

krlx
C2H

þ
2 ðvi ¼ 0; J 00Þ þH2: ð12Þ

In the simple model described here, it is assumed that every
collision leads to either reaction or quenching, i.e. kL ¼
k* þ krlx. In ref. 4, it has been found that for the acetylene

Table 2 Spectroscopic constants

Symbol Value Remarks

o5 (710 � 4) cm�1 This worka

e5 0.032 This workb

A �30.91 cm�1 18c

B 1.1046 cm�1 18c

a The error relates to the systematic error in the determination of the

absolute value. b The error of this quantity is of the order of its value.

This is because deficiencies in the simulated spectrum can also be

attributed to a variation of spin orbit splitting, A, and the rotational

constant, B. In general, good simulated spectra are obtained for e5 o
0.037. c The spin orbit constant, A, and the rotational constant, B,

have been kept constant and equal for all three vibronic states. Their

values have been taken from the vibrational ground state as determined

by high resolution IR spectroscopy.
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cations excited in the stretching motion the reaction and
quenching rate coefficients are k*B (1/6)kL and krlx B (5/6)kL.

As mentioned in eqns. (4) and (5), one has also to account
for the loss of primary ions by radiative and ternary associa-
tion processes leading to the formation of C2H4

1. The corre-
sponding reactions are denoted as kass ¼ krad þ kter [H2] in
Fig. 4. The values used for the association rate coefficients at a
temperature of 90 K have been measured independently to be
on the order of krad¼ 10�13 cm3 s�1 and kter ¼ 10�25 cm6 s�1.27

These above described processes, characterized by their rate
coefficients or rates, have been numerically simulated by
following the number of the species C2H2

1(v ¼ 0), C2H2
1

(v ¼ 1), C2H3
1 and C2H4

1 in time. For the initial conditions at
time zero, the time when the ions enter the trap, the number of
primary C2H2

1(v ¼ 0) ions and background C2H3
1 ions have

been set to the measured values. Usually there were 2000
C2H2

1 ions and about 200 C2H3
1 generated by hot C2H2

1

ions entering the trap. The time development has then been
obtained by setting up a coupled rate equation system contain-
ing the five processes in Fig. 4, and doing small time steps (on
the order of ms), in which the infinitesimal number changes due
to the processes have been subtracted or added to the number
of the involved species. As mentioned above, in this numerical
procedure the laser has been treated to operate in cw mode for
simplicity. If necessary, the simulations could be extended to
include processes like stimulated emission of one photon from
the upper vibrational level or rotational inelastic collisions.
These numerical simulations are presented in the following
sections together with the experimental results.

5. Measurements and kinetics results

Several systematic studies of the LIR-signal dependencies have
been carried out. In first approximation, the LIR-signal should
increase with the number of primary ions, the number density
of H2 target molecules, the trapping time and the laser in-
tensity. But as the preceeding section showed, the occurring
processes can be quite complex, thus the measurements were
accompanied by numerical simulations applying the presented
simple kinetic model. These measurements and simulations
served not only to guarantee that the measured C2H3

1 signal
originated from the successive processes described in eqns. (2)
and (3), but also to extract valuable parameters such as
radiative lifetimes and reactivities.

At first it was verified for the bending vibration that the laser
induced increase of daughter ions C2H3

1 is correlated with a
decrease of parent ions C2H2

1. Furthermore, the dependence

on laser power has been carefully checked. Fig. 5 shows the
number of C2H3

1 products as a function of the pulse energy at
a fixed laser frequency (710 cm�1, 10 Hz repetition rate), a
trapping time of 3 s and a H2 number density of 1.6 � 1011

cm�3. Tuning of the laser power has been achieved by the use
of calibrated, selectable attenuators integrated into the FELIX
beamline. Linearity of these attenuators has been checked
independently. The LIR-signal shows a linear power depen-
dence for pulse energies up to 15 mJ pulse�1. This shows that
LIR is associated with the absorption of one photon as
described in eqn. (2). For higher pulse energies some saturation
of the process becomes visible. This saturation of the LIR-
signal is probably associated with the fact that at a high instant
laser power of FELIX stimulated emission processes are start-
ing to play a role.
It is obvious that the LIR signal should also exhibit a linear

increase with trapping time as the number of collisions in-
creases. Fig. 6 shows the number of C2H3

1 products as a
function of the storage time at a fixed laser frequency (710
cm�1), a constant laser power (20 mJ/macropulse, 10 Hz
repetition rate) and a H2 number density of 1.5 � 1011 cm�3.
The LIR signal increases linearly with trapping time. A simula-
tion of the reaction kinetics leads to the solid line which
exhibits a small nonlinear contribution. It has been checked
in the numerical calculations that this slight curvature is only
related to the influence of the association processes (eqns. (4)
and (5)), by which the parent ions are lost to C2H4

1 products.
Also the correlation with the number of primary ions has

been checked. Special care has been taken that only the number
of primary ions was varied while leaving all other experimental
conditions invariant. For this purpose the trapping potential of
the storage ion source has been varied. Disabling the storage
capability of the ion source in this way lead to a total
disappearance of the C2H3

1 counts. This procedure made sure
that the same amount of spurious neutral C2H2 from the
source chamber could reach the trap. Special care had to be
taken about the neutral acetylene since the spectra of the
bending vibration of the neutral, centered around 730 cm�1,
and the ionic species partly overlap. Even assuming a 100%
excitation efficiency for the neutral acetylene it becomes clear
that at the low densities of neutral acetylene in the trap
chamber the ‘‘poor’’ duty cycle of the laser excitation leads
to vanishing contributions of a charge transfer from the cold
trapped C2H2

1 ions to the excited neutral acetylene which, by a
secondary reaction with H2, could lead to C2H3

1 products. In
the 22-pole ion trap, excited neutrals are always rapidly relaxed
by collisions with the walls.

Fig. 5 Dependence of the LIR-signal for the cis-bending vibration at
710 cm�1 on laser power. The primary C2H2

1 ions have been stored at
90 K in 1.6� 1011 cm�3 H2 and exposed to the 10 Hz laser pulses. After
3 s storage time, the C2H3

1 product ions have been counted and the
laser power has been varied by means of an attenuator. The C2H3

1

counts for zero laser power are due to hot C2H2
1 parent ions coming

from the ion source.

Fig. 6 Dependence of the LIR-signal for the bending vibration on the
storage time t. In this experiment, the primary ions have been stored at
90 K in 1.5 � 1011 cm�3 H2 and exposed to the laser pulses (10 Hz,
20 mJ, 710 cm�1) for varying storage times t. The solid line represents
a numerical simulation as in Fig. 7.
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Finally the correlation with the neutral H2 target gas has
been determined. The density dependence of the LIR-signals
for the cis-bending and the C–H stretching vibrations is dis-
played in Fig. 7. In both cases the density dependence is
characterized by a linear increase, followed by a saturation
and a further decrease of the signal at higher H2 number
densities. Numerical calculations have been applied to repro-
duce this complex behavior using the model described in
Section 4 and depicted in Fig. 4. The resultant simulations
are shown as solid lines in Fig. 7. In these calculations, the laser
absorption rates Rabs for n3 and n5, the association rate
coefficients kass, krad þ kter[H2], and the Langevin collision
rate coefficient kL have been used as given in Section 4. The
number of initial ions N0 injected into the 22-pole trap were
around 1800 for both vibrational cases.

As it turns out, the shape of the LIR-signal for low densities
depends predominantly on the radiative lifetime t of the
excited vibration (as long as 1/t is much larger than the
collision frequency, kL[H2]). On the other side, parameters like
the initial number of parent ions N0, the absorption rate Rabs,
the LIR rate coefficient k*, and the fraction of pumped states g,
determine the magnitude of the signal in the saturation region.
In fact simulations only serve to determine the value of the
product of these quantities. Therefore it is necessary to deter-
mine the individual parameters separately. For Rabs this be-
comes possible due to the link to the radiative lifetime t (see
below). Once saturation of the LIR-signal is reached, it de-
creases for higher H2 number densities due to increasing loss
reactions into ternary association (5), which is nicely repro-
duced in the simulation. These facts have been used to obtain
values for the lifetimes t of the bending and stretching vibra-
tions of C2H2

1.
For the stretching vibration, a radiative lifetime of t3 ¼ (3 �

1) ms is obtained from the numeric simulation. Similar sys-
tematic measurements for this vibrational mode have been
conducted in a previous series of experiments4 where a differ-
ence frequency scheme has been employed to generate the
appropriate IR radiation. It is gratifying that the correspond-
ing experiments using FELIX lead to the same quantitative
result. For the lower-energy bending vibration, a longer life-
time is expected and also measured, as can be seen on the much
steeper increase of the signal in Fig. 7. Its lifetime is determined
to be on the order of t5 ¼ (200 � 50) ms. Apparently the

determination of longer lifetimes t turns out to be less sensitive
in the simulations. Nevertheless it is clear that t5 is much longer
than t3. Based on the o3-dependence of A, the corresponding
dipole moments for the bending and stretching vibration are
very similar. The corresponding Einstein A coefficients, A ¼
1/t, have been used to determine the vibrational transitions
dipole moments, see Table 1, and together with r, the absolute
value for Rabs. As a final result the product of the LIR rate
coefficient k* and the fraction of pumped states can be
determined from the simulations. Therefore it is difficult to
determine the reactivity of the two vibrational modes. Addi-
tional modelling of the population of the rotational states
would be necessary. This problem has been solved by compar-
ing the integrated band intensities. In this case all states are
pumped at some stage and therefore the ratio compares the
two rate coefficients as desired.
Although the trap apparatus has been the same in all LIR-

experiments some uncertainties arise from the fact that the
laser power is measured prior to entering the trap apparatus. In
addition the different time profiles of the laser schemes used
here and in the previous study should also be taken into
account. It has been seen from Fig. 5 that saturation effects
start to play a role. Further investigations along this line are
necessary. Despite this open question it is interesting to
compare the reactivity of the two modes. The rate coefficient
k5* has been determined to be a factor of about ten smaller
than k3*. Some dynamical restrictions may be associated with
this finding and will be discussed in the following.

6. Discussion and conclusion

Two major results arise from the present LIR study. (i) From
the spectrum of the cis bending vibration it can be concluded
that the Renner–Teller parameter is rather small. (ii) The rate
coefficient for hydrogen abstraction is strongly mode depen-
dent, highly in favor of the C–H stretching mode when
compared to the bending vibration. Due to the limited resolu-
tion of FELIX the absolute value of e5 has to be taken with
some care, especially since several assumptions on the other
spectroscopic constants have been made. In order to lift these
uncertainties it will be necessary to detect a LIR-spectrum
using a high resolution laser. First attempts using a diode laser
system were unsuccessful, probably since the spectral energy
density of the diode laser is smaller than that of FELIX and
also because only a single state of the parent molecule is excited
at a time. Thus the partition function can be rather unfortunate
in case of the finite number of parent molecules in the trap. One
obvious way to remedy this problem is to conduct the experi-
ment at low temperatures, e.g. 10 K, which are accessible in
the trap apparatus. A LIR signal for low temperatures has
been detected when the stretching vibration was excited.
However, as an additional surprising result no sufficient LIR
signal could be detected for the bending vibration at tempera-
tures below 50 K.
At the low collision energies of the trap experiment it is

common to assume that any reaction of C2H2
1 with hydrogen

proceeds via an intermediate complex. Complex lifetimes for
ground state C2H2

1 � �H2 have been determined from rate
coefficients for ternary association. At 90 K the lifetime is of
the order of a microsecond.28 These complexes represent
intermediate states to the C2H4

1 molecule which is bound by
2.6 eV.29 The reverse reaction of C2H4

1 to C2H2
1 þ H2 occurs

as well at the appropriate excitation energies.30 H-atom scram-
bling is a process which occurs readily in the C2H2

1 � �H2

complex and also in the decomposition of the C2H4
1. This

scrambling mediates an effective isotope exchange of C2H2
1 in

collisions with HD which under interstellar conditions leads to
the well known isotopic fractionation of C2H2

1.
In the present as well as in the previous study4 also the LIR

process of the vibrationally excited C2H2
1 has been assumed to

Fig. 7 Density dependence of the C2H3
1 counts measured at the

center frequencies of the two investigated molecular vibrations
(crosses: cis-bending, squares: asymmetric stretch). In this experiment,
about 1800 C2H2

1 ions have been stored for 3 s and exposed to the
laser light. The pulse energy has been about 27 mJ at 10 Hz repetition
rate and 710 cm�1 as well as 6 mJ at 5 Hz repetition rate and 3135
cm�1. Numerical simulations including five contributing processes
(laser excitation, fluorescence, reaction, association, and relaxation)
are shown as solid lines. The lifetimes t resulting from this simulation
are summarized in Table 1.
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proceed via a collision complex. According to the Langevin–
Gioumousis–Stevenson capture theory31 such a complex is
formed irrespective of the vibrational excitation of the parent
ion. Its lifetime with respect to decomposition, tdis may,
however, strongly depend on the excitation state. The present
analysis is based on this simple mechanism. Most sensitively
the simulations of the density dependencies shown in Fig. 7
react on changes of the rate coefficients. In fact the fluorescence
lifetimes would vary substantially giving in on the assumption
of a complex formation at a rate coefficient of kL. On the
contrary the good agreement of the fluorescence lifetime of the
C–H stretch vibration with theoretical predictions by Lee
et al.13 foster the assumptions made.

As pointed out already in the introduction, rather similar
results concerning the mode dependence of the reaction of
C2H2

1 with hydrogen have been obtained in a series of detailed
guided ion beam experiments by Chiu et al.19 Effects of
vibrational excitation and collision energy on the cross sections
and branching ratios for the reaction of C2H2

1 with D2 have
been studied and reveal that C–C stretching vibration enhances
the reaction rate while bending vibration does not. The inter-
pretation of the branching ratios for the different isotopic
reaction channels is based on the formation of an intermediate
complex. The inhibition of the reaction in case of the bending
vibration has been associated with a bottleneck in the entrance
channel which circumvents the complex formation. This inter-
pretation, that the complex might not be formed is quite
different from the scenario drawn here: The complex forms,
however, quenching of the vibrationally excited state is rather
efficient. On the contrary reaction would in effect only play a
minor role.

One possible reason for finding this branching fraction is
that quenching reduces the lifetime of the excited species which
has sufficient energy to overcome the endothermicity of reac-
tion. In case of the C–H stretching vibration quenching to the
vibrational ground state is already many times more efficient
than reaction. The same number of products would be detected
if one would assume that the complex would only be formed in
a small fraction of the cases but reaction would proceed with
100% efficiency. However, a simple analytical expression for
the number of product molecules as a function of the H2

number density can be derived. In first approximation this
number rises as k* [H2]/(A þ (k* þ krlx)[H2]), with A the
Einstein A-coefficient and (k* þ krlx)[H2] the total rate at
which the excited state is depopulated. In the present case
(k* þ krlx) ¼ kL has been assumed. In contrast, the assumption
of a hindered complex formation is represented by (k* þ krlx)
{ kL. It is obvious that both assumptions lead to largely
different fluorescence lifetimes, t ¼ 1/A. Therefore they are
quite distinct.

Under the assumption k*{ krlx B kL, which is in agreement
with the complex formation scenario, the branching ratio could
also be explained by a mode dependence of k*. When discuss-
ing this mode dependence it has to be taken into account that
hydrogen abstraction is an endothermic process and that the
excitation of the n3 mode supplies about four times more
energy than excitation of the n5 mode. An effective temperature
increase as a result of the laser excitation can be calculated on
the basis of the heat capacity of the C2H2

1 � �H2 complex and
under the assumption that the vibrational energy added to the
parent ion is redistributed in the collision complex during its
lifetime. Taking into account the endothermicity of reaction a
ratio of about four for k3*/k5* is determined using an Ar-
rhenius type expression to model k*. This ratio compares
reasonably well with the ratio determined from experiment.
Therefore the mode dependence of k* could be explained on
the basis of energetic reasoning. On the contrary, no specific
mechanistic mode dependence is necessary. This interpretation
is in agreement with the concept of complex formation. In fact
the lifetime of the collision complex is long compared to

timescales related to internal motions. Therefore no memory
effects on the excitation mode is expected under these condi-
tions and details of the potential energy surface would not play
a significant role for the outcome of the reaction. As a
consequence no specific dynamical restrictions leading to a
mode dependence are expected. The present results are con-
sistent with this scenario. However, care has to be taken when
drawing final conclusions.
Five processes have been accounted for in the kinetics model

simulating the LIR-process. When trying to unravel the nature
of the mechanisms at work during collision it might be
necessary to include even more processes or the ones used to
a greater detail. One example is the explicit treatment of the
time structure of the exciting laser, another the rotational
redistribution of the hole in the ground state population which
appears upon laser excitation. A third process which might be
of some importance concerns rotationally inelastic collisions
within the vibrational excited species. LIR-experiments with
more specific excitation, in particular high-resolution studies
are necessary to obtain a more detailed understanding. Based
on the fact that the value for the fluorescence lifetime for the
stretching vibration is in rather good agreement with theory
one would hope that high quality ab initio calculations of IR
intensities also for the bending vibration will be conducted.
Such a value could be used in a refined simulation of the
current experiments. As a result it could be possible to con-
clude that complex formation might indeed be inhibited for the
bending vibration, whereas the competition between quenching
and reaction governs the role of the stretching vibration.
It becomes clear from this study that LIR is a very useful

tool for spectroscopy of ions as well as for the dynamics of ion–
molecule reactions. Other interesting examples for LIR-experi-
ments involve complex molecules such as CH5

1, C3H
1 and

other carbon containing species. Also more general reaction
schemes as discussed in ref. 2 can enlarge the number of ions
accessible to LIR.
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