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Ton-molecule reactions of Ars*, N3*, and N4* cluster ions with CH4, C2Hz, C2H4, and C2Hg have been
studied by using a thermal ion-beam apparatus. Rate constants were determined and compared with
those obtained from Langevin theory. Rate constants of the Arz* + C2Hgz, Are* + C2Hy4, and N3* + C2Hs
reactions, which have not been measured, were determined to be 1.4, 8.1, and 3.6 X 1010 cm3 s},
respectively. These values correspond to 14%, 74%, and 28% of calculated rate constants from Langevin

theory, respectively.
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1. Introduction

Gas phase ion-molecule reactions at thermal
energy have been studied extensively by using
flowing afterglow (FA), selected ion flow tube
(SIFT), and ion trapping methods for use in
modeling the chemistry of gas discharge
plasma, planetary atmospheres, and
interstellar clouds. Anicich? complied product
ion distributions and reaction rate constants of
bimolecular ion-molecule reactions over 2,300
references in 2003.V

We have previously made a systematic mass-
spectroscopic studies on ion-molecule reactions
of Ar*, ArNg*, and COs* with simple aliphatic
hydrocarbons using a thermal ion-beam
apparatus.2® Reaction mechanisms were
discussed from product ion distributions and
reaction rate constants.

In this study, ion-molecule reactions of Ars*,
Ns*, and N4t cluster ions with such simple
aliphatic hydrocarbons as CH4, C2Hz, C2H4, and
C2He are investigated by using a thermal ion-
beam apparatus. Total reaction rate constants

*1 Institute for Materials Chemistry and Engineering,
and Research and Education Center of Green
Technology

*2 Department of Molecular Science and Technology

*3 Department of Molecular Science and Technology,
Graduate Student

*4  Department of Materials Science, Shimane
University

are determined and compared with those
obtained from Langevin theory.

2. Experimental

The thermal ion-beam apparatus used in this
study was essentially the same as that reported
previously.2?” The apparatus consisted of a FA
lon source, a low-pressure reaction chamber,
and a quadrupole mass spectrometer. The
ground-state Ar+(?Pss2) ions and metastable
(Ar")* ions were generated by a 2.45 GHz
microwave discharge of high purity Ar gasin a
quartz flow tube, and Nz was added about 10
cm  downstream from the center of the
discharge. The product ions were then
expanded into an interaction chamber through
a nozzle centered on the flow tube axis. At low
Ar buffer gas pressures, Ar* and Nz2* were found
as reactant ions, whereas besides these ions,
Arst, ArN2*, Ns*, and N4+ cluster ions were
observed at high Ar buffer gas pressures by the
following bi-molecular and ter-molecular

reactions.
Art + Ar + Ar — Aro* + Ar, (1)
Art + Ar + N2 — Ars* + N, (2
N*+ N2 + Ar — Ns* + Ar, 3
N*+ N2 + N2 — N3z* + No, (1)
Ng* + N2 + Ar — N4+ + Ar, (5)
Nzt + Nz + N2 — N4t + Ng, (6)
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N4t + Ar = ArNat+ N, (7
Arst+ N2 = ArNo+ + Ar. (®

Since the reactions of Ar*, No*, and ArN2* with
aliphatic hydrocarbons at thermal energy have
already been studied,’457® the present study
focuses on the reactions of Ars*, Nst, and Na*
cluster 1ons with aliphatic hydrocarbons.

The sample gas was kept at a constant mass
flow and injected into the reaction chamber
from a stainless-steel orifice placed 5 cm
downstream from the nozzle. The reactant and
product ions were sampled through a
molybdenum orifice (2 mm in diameter) placed
3 cm further downstream and analyzed using a
quadrupole mass spectrometer. The mass
spectra were averaged using a digital storage
oscilloscope and the data were stored in a
microcomputer. Typical operating pressures
were 1.5 Torr (1 Torr = 133.3 Pa) in the FA
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Fig. 1. Mass spectra obtained (a) before
and (b) after CH4 addition.
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Fig. 3. Mass spectra obtained (a) before
and (b) after C2Hs4 addition.
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ion-source chamber, 3 X 103 Torr in the
reaction chamber, and 2 X 105 Torr in the mass
analyzing chamber. The partial pressures of
the sample gases in the reaction chamber were
less than 1 x 105 Torr.

3. Results and Discussion

3.1 Mass spectra obtained before and after
addition of reagent aliphatic hydrocarbons

Figures 1(a)—4(a) show typical mass spectra
observed before addition of reagent gases,
where N2o*, Art, N3*, N4t, ArN2*, and Ars* ions
are observed. The relative concentrations of
[N2*], [Art], and [ArNz*] ions are much higher
than those of [Ns*], [N4*] and [Arz*] ions in our
conditions. Figures 1(b)-4(b) show mass
spectra obtained after addition of CHs4, C2Ho,
C2H4, and C:2He, respectively, where the
following primary and secondary product ions
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Fig. 2. Mass spectra obtained (a) before and
(b) after C2Hz addition.
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Fig. 4. Mass spectra obtained (a) before and
(b) after C2Hs addition.
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are detected for each reagent:

CH4: CHst*, CH4*, CH5*, CoH5*
C2Hz: C2Ho*

C2H4: C2Hst, C2Hst, C2H4t, C2Hs*
Cz2He: C2Hsat, C2Hst, C2H4t, C2Hs*

These products ions are dominantly formed
by the ion-molecule reactions of major Nat,
Art, and ArN2* ions with the above four
aliphatic hydrocarbons, denoted as C»Ha.

3.2 Rate constants of ion-molecule reactions
of Arz*, Ns*, and N4* cluster ions with simple
aliphatic hydrocarbons

Total rate constants k¢ u (R*) are
determined from the decay of reactant ions,
which is governed by the pseudo-first-order
rate law.

I(R*) = Io(R")exp (—k¢, u, (R)[CrnH,10) 9

Here, I,(R™) represents the initial R* ion
current and ¢ is the reaction time. Because of
the difficulty in evaluating the accurate ¢
value, the k¢ y, (R*) values are evaluated by
reference to known rate constants of the Art +
CmHn and No* + CnmHn, reactions, ke, (Art)
and ke, y, (N7).V

Figures 5-8 show the decay of ArNa2*, Ars*,
Not, Art, N3*, and N4t upon addition of CnHn.
Satisfactory linearities are found, indicating
that relation (9) holds for all cases. The rate
constants obtained from slopes are summarized
in Table 1. The accuracy of the present value
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Fig. 5. Variation in the reactant
ion currents with CH4 flow rate.

was estimated to be +25%. The kobs values
obtained in this study are in reasonable
agreement with reported data except for the
kobs values for the reactions of N3+ and N4+ with
C2Hs. The kobs values for the reactions of Ns*
and N4t with C2Hz obtained in this study at low
pressures (3 X 103 Torr) are smaller than those
of SIFT datal® at a He buffer gas pressure of
0.47 Torr by factors of 5.5 and 7.1, respectively.
The stabilization of intermediates by collisions
with third-body He atoms may enhance the
reaction rate in the SIFT experiment. The Aobs
values of the Ars* + C2Hz, Aret + C2H4, N3t +
C2Hs reactions, which have not been measured,
are determined to be 1.4, 8.1, and 3.6 X 1010
cm3 s'1, respectively. It should be noted that the
kobs value for the N3t + CH4 reaction, 4.5 X 1011
cm3 s'1is small. Since the recombination energy
of N3+ (11.06 eV) is lower than the ionization
energy of CHs (12.61 eV), as shown in Table 1,
the charge-transfer channel is energetically
closed for the Nst + CHu reaction. Therefore,
only the following N* insertion product
channels are open.?

(102)
(10b)

N3+ + CHsy — HCNH+* + N2 + H2 (95%)
CH:2NH2* + N2 (5%)

The small rate constant probably arises from
an existence of relatively high energy barrier in
the reaction pathway leading to the major
HCNH-* ion from the (N3 + CH4)* intermediate.

Total rate constants of thermal-energy ion-
molecule reactions have been evaluated by
using Langevin theory for nonpolar molecules
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Fig. 6. Variation in the reactant

ion currents with C2Hz2 flow rate.



B4R TUNRFERF PR A B Ll H45 HBls 15
10°E 10°E
10°= E
ey g N,* =
il e S o S0 e
- - E - :
i [ A o o r
T 107 e F
2 E o Argy
8 E N, 8 =
o
- -7
2 w 8" F
10

Ng*

0 10 20
SAMPLE FLOW RATE (SCCM)

Fig. 7. Variation in the reactant
ion currents with C2H4 flow rate.

with small dipole moments,!0
ko= 2rze(alpr? (11)

where e, the elementary charge, «, the
polarizability of the reagent, and p, the reduced
mass of the ion-reagent pair. The « values for
aliphatic hydrocarbons used here are the same
as reported previously.? The ratio of the
observed and calculated rate constants serves
as a measure for the efficiency of a reaction.
The kobs/kealc ratios are 0.52—1.3 in most cases,
indicating that the ion-molecule reactions of

Table 1.
CH4, C2Hs, C2H4, and C2Hs at thermal energy
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Fig. 8. Variation in the reactant
ion currents with C2Hs flow rate.

Aro*, N3*, and N4* cluster ions with CHs4, C2Ho,
C2H4, and CzHs occur efficiently. The kobs/Kealc
ratio for the Ns* + CH4 reaction is exceptionally
small, 0.041. It may be due to the existence of
some energy barrier along N* insertion and
rearrangement reaction pathway.

4. Summary and Conclusion

Ion-molecule reactions of Ars*, N3*, and N4*
cluster ions with CHa4, C2Hs, C2H4, and C2Hs
have been studied by using a thermal ion-beam
apparatus. Rate constants were determined
and compared with those obtained from

Rate constants of ion-molecule reactions of Ars*, Nst, and N4+ cluster ions with

Reactant Arg*
cluster ion (14.46 V)2

(11.06 eV)

Ns* Nyt
(14.51 eV)

kobs kca]c kobs

kcalc kobs kcalc

Reagents ( X 109 cm3s1) Jeobs | kecalc

(X 109 cm3s1)

kobs | keale ( X 109 cm3 S-l) Kobs | keate

CH4 1.3 Thiswork 1.0 1.3

(12.61eV)?  0.93 Ref. 1 0.058
0.048
Cz2H2 0.14 Thiswork 0.97 0.14 0.22
(11.40 eV) 1.2
C2Hy 0.81 Thiswork 1.1 0.74 0.75
(10.51 eV) 1.1
C2Hs 0.70 Thiswork 1.1 0.64 0.36
(11.52 eV) 0.71 Ref. 1

0.045 This work 1.1 0.041

1.2 This work 1.1 1.1

Ref. 1 1.1 Ref. 1
Ref. 1

This work 1.1 0.20 0.13 This work 1.0 1.3
Ref. 1 0.92 Ref. 1

This work 1.3 0.58 0.62 This work 1.2 0.52
Ref. 1 1.1 Ref. 1

This work 1.3 0.28 0.62 This work 1.2 0.52

1.24 Ref. 1

a) Recombination energy
b) Tonization potential
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Langevin theory. Rate constants of the Ars* +
CoH2, Arst + C2Ha4, and Ns+ + CoHs reactions,
which have mnot been measured, were
determined. The Aobs/keale ratios are 0.52—1.3 in
most cases, indicating that the ion-molecule
reactions of Ars*, N3+, and N4* cluster 1ons with
CH4, C2He, C2Hy4, and C2Hs occur efficiently.
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