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Reaction of carbon dication C>* with O, N,, CO, and HD at low temperatures:
Experimental study using a 22-pole ion trap
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We present experimental studies of reactions of doubly charged carbon cation (carbon dication, C>*, C 1i)
with O, N,, CO, and HD molecules. A temperature-variable cryogenic linear 22-pole radio frequency ion trap
was employed to obtain reaction rate coefficients and their temperature dependencies in the range from 40 to
300 K. The measured coefficients are almost independent of the temperature at the covered range. At 60 K the
reaction rate coefficients are 1.4(3) x 10™° cm?®s~! for O,, 1.9(4) x 10712 cm?®s~! for N,, 8(2) x 1072 cm?®s~!

for CO, and 1.5(5) x 1071 cm?®s~! for HD.
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I. INTRODUCTION

Reactions of doubly charged carbon cation have been a
topic of interest in many research areas such as astrophysics,
plasma chemistry, and high-temperature plasma [1-3]. The re-
actions of C2* with molecules are important for fundamental
theoretical physics because they greatly differ from reactions
of singly charged ions in dynamics. A general description of
bimolecular reactions of dications, their mechanism, dynam-
ics, and kinetics was given in recent reviews by Price et al. [4]
and by Herman [5].

From an astrophysical perspective, reactions of C>* with
molecules are relevant in regions where the dications are
produced in abundance—in the interstellar matter exposed to
x-ray radiation, for example. There, CH" ions were assumed
to be produced in reactions of C2* ions with dihydrogen
molecules [6,7]. The C*t jons have been detected in the
Galilean moon Io’s ionosphere [8], but their role in the plane-
tary atmospheric chemistry has not yet been elucidated.

Reactions of dications at 300 K and slightly above were
studied experimentally in an ion trap by Gao and Kwong [9]
and in SIFT apparatuses [10,11]. To understand the reactiv-
ity of C>* ions in a dilute dihydrogen gas at temperatures
relevant to astrochemistry (from 300 K down to 15 K), a
cryogenic ion trap was employed recently by Plasil et al.
[12]. The rate coefficient of the C** + H, reaction turned
out to be nearly constant in the temperature range covered,
ky, (100 K) = 1.5(2) x 1071% cm? s~!, with a value that is 4—
5% of the corresponding Langevin collisional rate coefficient.
The dominant product appeared to be the C* ion and only a
minor production of CH™ ions was observed.

Despite its importance for astrochemistry, plasma physics,
and fundamental theoretical physics, not too many experimen-
tal studies have been carried out on the topic of reactions
between C>* and neutral molecules.

Here we present results we obtained in experimental
studies of reactions of C2* dications with O,, N,, CO, and
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HD molecules at temperatures from 40 to 300 K. Reported are
temperature dependencies of the reaction rate coefficients. In
the text, the reaction-rate coefficients are distinguished by the
lower index, which indicates the reactant molecule. The new
results are compared with data from previous experiments if
available.

II. EXPERIMENTAL

To study the reactions of C>* dication with diatomic
molecules O,, N, CO, and HD, we used a temperature-
variable cryogenic linear 22-pole radio frequency ion trap
(22PT) that confines ions produced out of the confinement
volume in a so-called storage ion source. The apparatus and
its operation principles have already been described in earlier
works [12—16], so only a very short description will be given
here with an emphasis on some specific aspects of the present
study.

A. Production of carbon dication

Dications C>* are produced in the storage ion source by
the electron bombardment of a C;Hy gas. From there, they
are periodically extracted into a quadrupole mass filter and
then diverted by a quadrupole bender into the ion trap (for
a detailed description, see Refs. [12,15]). The kinetic energy
of C?>* ions entering the trap is typically not higher than
0.1 eV. Considering the radiative deexcitations of CZ[17], it
is obvious that more than 99.9% of all C>* ions are in the four
lowest internal states at the time of the injection to the trap.
In our previous work [12], we discussed the deexcitation of
the three excited states of C*™ (°P§, *P?, and *PY) in collisions
with helium. We concluded that it is very likely we measure
the reaction with C>* in the ground-state 'Sy.

B. 22-PT cryogenic ion trap

The ion-trapping technique implemented in our apparatus
was developed by Gerlich and Horning [18]. In this design,
22 rods (with a diameter of 1 mm) are arranged into the
shape of a cylinder. An ion-trapping, ponderomotive potential
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is formed along the trap axis in the radial direction by applying
radio-frequency electric potentials with opposite phases to
neighboring rods. In the axial direction, the ion confinement
is secured by a static potential barrier formed by hollow
cylindrical electrodes. Applying a suitable potential to these
electrodes, the trap can be set open to ions coming from
the ion source or set to release the contents toward an ion
detection system (basically a quadrupole mass spectrometer).

The body of the 22-pole ion trap is placed in a copper
box that is attached to a cold head of a closed-cycle helium
refrigerator. The temperature of the copper box can be varied
from 300 to 10 K. The temperature on the body of the ion trap
(Typr) is directly measured with silicon diodes.

The ion source, the ion trap, the detection system, the
ion optics, and the cold head are placed in a UHV vacuum
chamber. During the measurements, a small amount of helium
gas (with a number density of 10'3 to 10'* cm™) is let into
the confinement region to cool the ions in collisions. For the
reaction studies, a small amount of the reactant gas (variable
in a range from 10'° to 10'?> cm~3) is mixed into the helium
buffer gas. The number density of molecules was monitored
by the spinning rotor gauge at room temperature connected
directly to the trap volume—the values were corrected for
thermal transpiration.

C. Thermalization and reaction of carbon dication

In the standard measuring procedure, a nearly constant
number of primary C>* dications is injected periodically into
the trap and allowed to react with reactant gas molecules for a
chosen period. On injection, the dications undergo the process
of thermalization in which they lose the initial 0.1 eV kinetic
energy in hundreds of collisions (on average) with buffer
gas molecules before meeting a reactant molecule of interest.
This equilibration justifies an assumption that ions can be
characterized by the Maxwell-Boltzmann velocity distribution
parameterized by the kinetic temperature. A difference be-
tween this and the temperature of the trap is usually caused by
the so-called radio-frequency heating. This happens during an
energy exchange between the ion and the oscillatory electric
field that takes place at turning points of ion trajectories in the
vicinity of trap rods.

In several recent experimental studies, the kinetic temper-
ature of ions stored in a trap was characterized by measuring
the Doppler broadening of absorption lines of the ions [19,20].
The measurements have shown that the collisional tempera-
ture (here denoted as 7') does not exceed Tropr by more than
10 K. In the present text we define the collisional temperature
as T = Typr + 5 K with an uncertainty of 5 K (for further
details and discussion, see Refs. [15,21-24]). The validity
of this approximation was also verified by measuring tem-
perature dependencies of reaction-rate coefficients of several
endothermic ion-molecule reactions (e.g., Refs. [15,25]).

D. Data analysis

The reactions of stored ions with reactant gas molecules
change the ion composition in the ion trap. To analyze the
kinetics of the ion-molecule reactions, reactant and product
ions are released from the trap, mass analyzed, and counted
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FIG. 1. Reaction of C** dication with O,: Time evolutions of the
numbers of ions as measured after the injection of C>* into the trap.
The sum of charges (X) is indicated by the stars. The dotted line
shows the fit of the monoexponential decrease to numbers of C2+
ions with characteristic time 7. The dashed line shows the decrease
of Neo+ without the reactant gas. The production of OF and CO™ was
also observed in the experiment but the relative populations of these
ions are below 0.5% of the initial number of the primary C** ions.

using a quadrupole mass spectrometer equipped with a mi-
crochannel plate detector. To judge how a proportionality
between the number of ions stored and the number detected
is maintained across a wide mass range, we calibrate the mass
spectrometer by measuring the rate coefficients of well-known
ion-molecule reactions. Based also on these measurements,
we can safely assume that the numbers of ions in the ion trap
and of those that make it to the detector are proportionally
linked. This allows us to use a simple relation to evaluate the
rate coefficients of reactions of C>* ions from a change of ion
number measured over a specific period.

In principle, detailed monitoring of the chemical composi-
tion of the ion cloud measured at multiple confinement time
steps (over many repetitions of the experiment) enables us
to evaluate branching ratios of the reactions as well. How-
ever, in the case of C>*-molecule chemical reactions, quite
a few product ions escape the trapping volume immediately
on the reaction event because they gain high kinetic energy—
see Refs. [4,5,26] for reviews on the dynamics of chemical
reactions of multiply charged cations. Therefore, we will de-
termine the reaction-rate coefficients and their temperature
dependencies, not branching ratios, here. We will illustrate our
data analysis procedure with an example of the C** + O, re-
action. Figure 1 represents a typical ion composition evolution
measured in our trap. A decline of C>* number in time—
to which we further refer as Nq+(¢) following the rule of
putting corresponding chemical species in subscripts— along
with Nx (¢) for several other species X is drawn. The plotted
data were obtained at temperature 7 = 85 K, helium number
density [He] = 1.3 x 10'* cm~3, and oxygen number density
[05] = 9.5 x 10" cm~3. Among the ions detected (C>*, O,
Cct, O; , and CO™), the dominant product ions were measured
to be O" and C*. Tons with relative populations below 0.5%
of the initial number of primary C2* are not included in
the figure. This is partly because it is difficult to distinguish
between primary and secondary products on this timescale
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FIG. 2. The dependence of the time evolutions of the number
Nca+ (t) of the C2* ions on the number densities of O,. The plot-
ted data were measured at 7 = 86 K and [He] = 1.3 x 10" cm~3.
The lines represent the exponential fits of the individual data sets.
The nearly horizontal dashed line represents the time evolution of
the number of C?>* ions in the absence of the O, reactant gas—
normalized to 100 ions. The dependence of the obtained reaction-rate
ro, versus [O,] is shown in the inset.

and because the corresponding signal is already at the level
of noise.

Also plotted is the sum of charges carried by the ions (two
charges on C** are considered). The time evolution of the
sum indicates that the number of charges in the trap is not
constant and decreases during the reaction of C>* dications.
The decrease is caused by the escape of the product ions (as
mentioned above). The decrease of Nc+(¢) indicates that the
C™ ions further react with O, [27].

A rough estimate is that nearly 90% of the ions produced
in the reaction of C** with O, escape from the trap, mak-
ing it impossible to evaluate the individual reaction branches
quantitatively from the product yields. Consequently, we only
assessed the overall reaction-rate coefficient from Nca+ (¢).

The dashed line in Fig. 1 indicates a normalized Nc2+ ()
decay line measured with no O, reactant gas present in the
trap (while all the other parameters were kept the same).
The decay time constant obtained is larger than 15 s and
quantifies the influence of reactions with a background gas
from the vacuum system. We observe that the value depends
on the temperature of the trap. Note that the characteristic C>*
reaction time, measured in the experiments with the reactant
gas, is many times shorter (for the data in Fig. 1 it is be-
low 10 ms). The monoexponential nature of the C>* decays
observed throughout a range of O, number densities, illus-
trated in Fig. 2, allows for a straightforward evaluation of the
C%* + O, reaction-rate coefficients ko, as demonstrated by a
dependence of the reaction-rate ro, on [O,] in the inset of the
figure. To compare the decays measured with and without the
reactant gas, the time evolution measured without the reactant
gas is also included in Fig. 2.

To investigate whether ternary He-assisted reactions take
place, the dependence of ko, on the He number density was
measured at several temperatures. We did not observe any
dependence of ko, on [He] in a range from 3 x 10" to
3 x 10" cm™3. Similar measurements were also made for
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FIG. 3. Dependencies of the reaction-rate rco of the reaction
of C** dications with CO on the number density of CO. The data
were measured at 7 =59 K and 7 =72 K with [He] = 1.54 x
10 cm™ and [He] = 1.44 x 10" cm™3, respectively. The corre-
sponding values of the binary reaction-rate coefficients k¢ are given
by the slopes of the obtained dependencies.

reactions of CZ+ with the other three reactants; the results
were the same—no observed dependence on [He].

We also measured the dependencies of the reaction rates
(rx) on the number density of a reactant gas [X]. Figure 3
represents two such measurements carried out with CO as the
reactant at temperatures of 59 and 72 K. The linearity of the
dependences reveals that the reaction of C>* ions with CO
is predominantly of a binary nature. The temperature depen-
dencies of the rate coefficients of all four studied reactions
were measured for temperatures from 40 up to 300 K. As an
example, the raw data obtained for the rate coefficient of the
C?* + 0O, reaction are plotted in Fig. 4. We can see that the
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FIG. 4. Temperature dependence of the measured C>* + O,
reaction-rate coefficient ko,. Small circles indicate values of the
reaction-rate coefficient ko, obtained from the time evolutions of
the number of C>* jons due to their reaction with O, in the ion
trap. The large rhomboids indicate the binned values of kgo,. Here
the vertical error bars indicate a statistical error that originates
from the binning uncertainty propagating from the temperature
uncertainty of =5 K. In addition, there is a 20% systematic uncer-
tainty in the values due to the inaccuracy of the reactant pressure
measurement.
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FIG. 5. Temperature dependencies of the rate coefficients of the
reactions of C** dications with O,, N,, CO, and HD molecules
(molecules of the reactant are indicated next to symbols). The ver-
tical error bar here includes the 20% systematic uncertainty in the
reactant pressure measurement as an independent effect. The plotted
temperature dependence of the rate coefficient ky, (indicated by
crosses) for the reaction of C>* with H; is adopted from our previous
study [12]. The thermal values of the rate coefficients of the reactions
with O,, N;, and H, obtained in previous SIFT experiments [10]
are plotted as an open rhomboid, an open triangle, and an open
star, respectively. The thermal value of the rate coefficient ky, of the
reaction with H, measured in a SIFT experiment [11] is plotted by a
full square.

reaction-rate coefficient is nearly constant in the temperature
range covered.

III. RESULTS AND DISCUSSION

In Fig. 5, we summarize the results we have obtained from
measurements of reactions of C** with O,, N,, CO, and HD
molecules. We can see that the values of the reaction-rate
coefficients are very different.

A simple qualitative explanation of the electron transfer
reactions between neutral and dication is possible using the
Landau-Zener model [4,5]. This considers the relatively flat
polarization attraction potential and the repulsive Coulomb
potential of the products. If the curve crossing lies at a large
interspecies separation, the coupling between the two poten-
tials will be small and the electron transfer inefficient. On the
other hand, too small of a separation leads to a very effective
electron transfer at each pass. As a result, the probability of
final electron transfer after two passes is small.

The electron transfer is effective in the reaction window,
which is defined by the exothermicity (AE) of the reaction.
The typical reaction window for dications lies between 2 and
6 eV [4]. The favorable exothermicities of the individual reac-
tion channels in this range are written in bold in Eqs. (1)—(4).

In the case of molecular targets, a reaction may be more
probable at low collision energies with a longer interaction

time between dication and neutral. In addition, a smaller
amount of translational energy needs to be distributed among
the degrees of freedom of the products. However, more
accurate theoretical treatments of these collisions are compli-
cated due to the vibrational and rotational structures of the
molecules.

The reaction of C>* with O, is fast with a nearly constant
reaction-rate coefficient, the value of which is close to the
corresponding Langevin collisional rate coefficient k;.o, =
2.0 x 107° cm3 s,

Ct+ 05 AE =123eV
C*4+0,—> {Ct+0"+0 AE=56eV (1)
C+0O"+0" AE =32eV.

There are two channels of the reaction (1) in the fa-
vorable energy window. We assume it is the reason for
the high reactivity of carbon dication with molecular oxy-
gen. The values of reaction-rate coefficients measured at
100 and 300 K are ko, (100 K) = 1.5(3) x 10~ cm?s~! and
ko, (300 K) = 1.6(3) x 10~ cm?s~!, respectively. For com-
parison with previous studies, we also included the value of
ko, measured in the SIFT experiment at 300 K by Viggiano
et al. [10] in Fig. 5. The agreement with the present results is
very good.

The reaction of C** with N, (2) is very slow compared
with the Langevin collisional rate coefficient kN, = 2.1 X
1072 cm? s~!. This may be due to the lack of direct favorable
reaction channels with exothermicity in the suitable energetic
window and inefficient energy dissipation into the NJ vibra-
tional states.

Ct + Ny AE =8.8eV
C*"4+N, > {Ct+NT+N AE=0.1eV (2
C+ Nt +N*  endothermic.

The reaction-rate coefficients at 100 and 300 K are
kn,(100 K) = 1.4(3) x 1072 ecm?®s™!  and  kn,(300 K) =
3.3(8) x 1072 ecm®s™!,  respectively. The measured
temperature dependence of the reaction-rate coefficient
has a minimum at 7 = 160 K. At temperatures above
this minimum, the rate coefficient ky, increases with an
increasing temperature toward 300 K. At 300 K, we can
compare the present value with the value obtained in the
SIFT experiment by Viggiano et al. [10]—the agreement
between both results is very good. The reaction of C>* with
N, was experimentally studied also by Gao and Kwong [9]
using a cylindrical radio frequency ion trap. At a temperature
of 1.17 x 10* K, they obtained reaction-rate coefficient
kn, = 1.08(7) x 1071 cm?® s~!. Their value is nearly two
orders of magnitude higher than the values measured at low
temperatures in the present study and the study of Viggiano
et al. [10]. This can indicate a very steep temperature
dependence of ky, at temperatures above 300 K. That
happens to be in accordance with a theoretical model of
Bacchus-Montabonel and Tergiman [28] for temperatures
400-50, 000 K, which seems to predict the value of Gao
and Kwong well. However, the value calculated for 400 K,
kn, = 2.5 x 107 cm?®s™!, is lower than what had been
measured by Viggiano et al. [10].
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The collisional rate coefficient for a reaction with a
molecule with a permanent dipole is higher than the
Langevin’s estimate and depends on temperature. The the-
oretical value for the reaction (3) changes slightly with
temperature from 2.6 x 1072 cm®s™' at 60 K to 2.4 x
10~° cm? s7! at 150 K [29]. The experimental values are more
than two orders of magnitude lower as only one channel of
reaction (3) is at the bottom margin of the suitable energetic
window.

ct 4+ cot AE =10.4eV
C*"4+CO— {Ct+CT+0 AE=20eV (3
Ct+0T +C endothermic.

The rate coefficient kco of the reaction (3) was measured
to be nearly constant, kco (100 K) = 7(2) x 1072 ecm?s7!, in
the temperature range of 60—150 K. To our knowledge, this
reaction was not studied previously at low temperatures. Gao
and Kwong [9] mentioned above obtained the reaction-rate
coefficient kco = 4.6(3) x 10719 cm?s~! at the temperature
of 1.17 x 10* K, which is, again, in good agreement with the
model [28] that predicts a steep rise with increasing tempera-
ture. However, the value calculated for 400 K, kco (400 K) =
6 x 10713 cm?s™!, is more than one order of magnitude lower
than the value measured in this study for temperatures below
150 K.

The rate coefficient of the reaction of C>* with HD is
nearly constant for temperatures below 200 K, kyp (100 K) =
1.6(3) x 10719 cm3s~!, as it was observed in the case of
C2* 4+ H, reaction in experiments carried out by Plasil et al.
[12] (also plotted in Fig. 5).

Ct+HD*  AE =89eV
Ct+HY+D AE =63eV
C*t + HD 4
THD = e gt Dt AE—39ev P
CH* +D+*  AE =104eV.

Since the permanent dipole of HD is very small, the theo-
retical collisional rate coefficient for the reaction (4) is close to
Langevin’s estimate 2.7 x 107 cm?s~! at the covered tem-
perature range.

Unlike in the reaction involving H,, the value of the rate
coefficient with HD starts increasing at 200 K, reaching the
value kyp (300 K) = 6(2) x 10719 cm? s~! at 300 K. The dif-
ference between the reactions with HD and H; is surprising.
Petralia et al. [30] observed a similar strong inverse isotope
effect in the charge transfer reaction of xenon cations with
an ammonia molecule or its deuterated isotopologue. To ex-
plain this result, they proposed that during the ion-molecule
reaction, kinetic energy can be dissipated into the vibrational
modes of the resulting complex, a process called intramolec-
ular vibrational redistribution (IVR). Since the rate of IVR in
such a complex depends on the density of vibrational states
[31], deuteration can lead to lower vibrational frequencies
and thus faster IVR due to a higher density of vibrational
states at given energy [32]. This would result in a longer
lifetime of the deuterated complex. Since a larger lifetime
and more states are involved in the energy dissipation of the
deuterated complex, the deuterated complex may react faster
than the nondeuterated one. We speculate that the observed

temperature dependence may be due to the difference in the
occupation of the lowest rotational states of H, and HD.

C* has been observed to be the dominant product ion
species in the reaction (4), but we cannot present a value for
the branching ratio due to the escape of energetic product
ions from the trap mentioned in the previous section. Exper-
iments with HD were performed at temperatures as low as
15 K, but a secondary production of D} ions—which hap-
pens to have the same mass to charge ratio as C>*—becomes
prominent at low temperatures. That is why we can give
kyp just for temperatures above 45 K. For the same reason,
we have not measured the rate coefficient for the C2* + D,
reaction.

IV. CONCLUSION AND OUTLOOK

We used a temperature variable 22-pole radio frequency
ion trap to perform a series of experiments showing how
the gas-phase reactions of C2* dication with chosen diatomic
neutral molecules (O,, N,, CO, and HD) are influenced by
changes in variables such as a temperature or a reactant num-
ber density. The data, predominantly rates and rate coefficients
for O, N, and HD molecules, were obtained for temperatures
from 40 to 300 K. The rate coefficient of reaction with CO
was measured in a smaller temperature range (60—150 K) to
avoid an effect of condensation of CO on the walls of the
trap.

The reaction-rate coefficients were evaluated from C>*
number decays and the number densities of neutral reactants.
The evaluation from product yields was not possible because a
part of the charged products escapes the trap as they gain high
kinetic energy in the reactive collision. That also prevented us
from identifying product branching ratios.

The rate coefficient for the reaction with O, has a nearly
constant value ko, ~ 1.5(3) x 107 cm®s~! in the tempera-
ture range covered in our experiments. That is approximately
two-thirds of the value of the corresponding Langevin colli-
sional rate coefficient k.o, = 2.0 x 107 cm?s~1.

The rate coefficient of the reaction of C>* dications with
HD also appeared to be nearly constant kyp ~ 1.7(4) x
10719 ecm?®s™! for T < 200 K. At these temperatures, it is
very close to the value for the reaction with Hj, ky, =
1.5(2) x 10719 cm3s™! recently measured by Plasil et al.
[12]. However, at temperatures above 200 K kyp increases and
becomes two to three times higher than &y, at 300 K.

The rate coefficient kco of the reaction with CO was mea-
sured to be nearly constant kco ~ 7(3) x 1072 cm® s~ in the
temperature range covered, 200 times lower than the value of
the rate coefficient for reaction with O,.

Even smaller is the value of the rate coefficient of the
reaction with Nj. The measured temperature dependence has
a rather broad minimum at 7 ~ 160 K with value kn, =
1.1(3) x 10712 cm3®s~!. The rate coefficient is about 2000
times lower than the corresponding Langevin collisional rate
coefficient kyn, = 2.4 x 107 cm?s71.

We hope that the presented experimental results will en-
courage further theoretical research. Experimental studies
of reactions of C>* with other diatomic and polyatomic
molecules important for astrochemistry are in preparation.
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