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Abstract. A high-temperature linear ion trap reactor with hexapole design was
homemade to study ion–molecule reactions at variable temperatures. The highest
temperature for the trapped ions is up to 773 K, which is much higher than those in
available reports. The reaction between V2O6

− cluster anions and CO at different
temperatures was investigated to evaluate the performance of this reactor. The
apparent activation energy was determined to be 0.10 ± 0.02 eV, which is consistent
with the barrier of 0.12 eV calculated by density functional theory. This indicates that
the current experimental apparatus is prospective to study ion–molecule reactions at
variable temperatures, and more kinetic details can be obtained to have a better
understanding of chemical reactions that have overall barriers.
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Introduction

Gas-phase ion–molecule reactions performed under isolat-
ed, controlled, and reproducible conditions have been

widely studied to uncover the mechanistic details of chemical
processes in the related condensed phase [1–3]. Generally,
chemical reactions that are overall barrierless can be studied
at room temperature [4, 5]. However, the reactions that are
thermodynamically favorable but kinetically slow or have
overall barriers are difficult to be detected, and alternative
technologies should be developed. For example, guided ion
beam technology, a method to increase the collision energy,
has been applied to measure not only the dynamic barriers of
exothermic reactions but also the thermodynamics of endother-
mic reactions [6, 7]. Increasing the temperature of reaction
systems is a prospective strategy to provide extra energies to
overcome the barriers, and it is commonly used in the con-

densed phase, such as the Haber process and the catalytic
transformation of methane [8, 9]. Thus, it is of great importance
to explore high-temperature ion–molecule reactions in order to
narrow the gaps between the gas-phase and related condensed-
phase reactions.

It is technically challenging to control the temperature of
gas-phase ions owing to the poor thermal conductivity of the
vacuum system. Over the past decades, a variety of approaches
have been explored to heat the ions [10–29]. The methods to
heat the ions can be typically divided into two types. The first
type is to heat the ions by passing through extension tubes of
which the temperature can be variable [12–15]. In this way, the
ions can be heated to a relatively higher temperature (~1200 K)
because of the high efficiency of heat transfer of the high-
pressure extension tubes. The second type is to use
temperature-variable ion storage devices, such as ion drift tube
[16–23], Fourier transform mass spectrometer [24], and ion
trap [25–27]. For instance, Barran and co-workers developed
a temperature variable ion mobility mass spectrometry to study
the folding energetics of the trapped ions and the temperature
of ions can be heated up to 520 K [18]. Ions trapped in a Fourier
transform mass spectrometer can be heated to 488 K by ele-
vating the temperature of the vacuum chamber [24]. Further-
more, various methods have been proposed to heat the ions
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trapped in an ion trap [25–29]. McLuckey et al. used a temper-
ature variable bath gas to heat the ions and the temperature of
the trapped ions can be up to 493 K [25]. A heater has been
inserted near the trapping electrodes by Glish et al. to heat both
of the bath gas and the electrodes, and the trapped ions can be
heated up to 443 K [26]. Gerlich et al. and Anderson et al. used
lasers to heat the ions in the quadrupole ion trap [28, 29].
Recently, Gronert et al. developed a temperature variable ion
trap mass spectrometer by applying polyimide-coated heating
elements to the end-cap electrodes of a Bruker Esquire ion trap
system, and the temperature of ions can be up to 373 K [27].
Note that the temperature of the trapped ions heated in the ion
storage devices was much lower with respect to that heated by
the extension tubes (520 K versus 1200 K) [12]. Thus, higher-
temperature ion storage devices should be developed to study
the reactivity of mass-selected ions in a larger range of
temperatures.

Herein, a high-temperature linear ion trap (LIT) reactor was
homemade by twining a resistive heater around the outside
shell of the ion trap reactor to heat the hexapole rods and
end-cap electrodes. With this design, the mass-selected ions
in the reactor can be heated up to 773 K. The performance of
the apparatus has been evaluated by studying the reaction of
V2O6

− cluster anions with CO at different temperatures. The
apparent activation energy of 0.10 ± 0.02 eV was determined,
which is consistent with the results of density functional theory
(DFT) calculations.

Experimental and Theoretical Methods
Experimental Details

A schematic presentation of the experimental apparatus is
shown in Figure 1. The cluster source (Part 1), the quadrupole
mass filter (Part 2), and the time-of-flight mass spectrometer
(TOF-MS) (Part 21) are the same as those used in our previous
works [30, 31], whereas the high-temperature LIT assembly
(Parts 4–20) was newly designed in this work.

A brief introduction of the experiment is given below. The
vanadium oxide clusters were generated by pulsed laser abla-
tion of a rotating and translating vanadium disk in the presence
of 1.0% O2 seeded in a He carrier gas (99.999%) with a
backing pressure of about 5.0 atm. The V2O6

− anions were
mass-selected by the quadrupole mass filter and entered into
the LIT where they were confined, heated, and then interacted
with a pulse of CO for about 3.0 ms. Longer heating time did
not change the relative intensities of product ions, indicating
that the ions have been thermalized. The temperature of the LIT
reactor can be heated from 300 to 773 K. The ions ejected from
the LIT reactor were detected by the reflectron TOF-MS.

The principles to run the linear multipole ion traps can be
found in a previous study [32]. The LIT assembly contains a set
of hexapole rods (Part 13) and two end-cap electrodes (Parts 11
and 18). The hexapole rods were insulated from each other by
two pieces of Al2O3 ceramics (Parts 10 and 19) and they were
put together into a gas cell (Part 14) that can confine the bath

gas and reactant gas. Two quartz glass tubes (Part 5) were used
to deliver the bath gas and reactant gas into the gas cell, and the
pressure of gases were controlled by two pulsed valves (Part 4,
General Valve, Series 9). Al2O3 ceramics functions as a good
electric insulator and heat conductor. Thus, it is widely used in
our high-temperature LIT, as shown in Figure 1. Two pieces of
Al2O3 ceramics (Parts 12 and 17) were inserted between the
two end-cap electrodes and hexapole rods, and the gas cell was
hugged by two pieces of semi-circles of Al2O3 ceramics (Part
16). A resistive heater (Part 15, Nichrome 80/20) was crossed
around the semi-circles of Al2O3 ceramics to heat the ion trap
assembly. The electrodes and the gas cell are made of molyb-
denum that is stable at high temperatures. A K-type thermo-
couple (Part 8) that can function in the temperature range
between 73 and 1623 K was inserted into the wall of the gas
cell to monitor the temperature of the ion trap. A cooling water
system (Parts 6 and 7) was designed to protect the vacuum
chamber of the mass spectrometer. The entire ion trap assembly
was fixed by two pieces of SiO2 ceramics (Part 9), which is a
good thermal insulator at high temperatures. The power of the
resistive heater can be up to 100W. The temperature of ion trap

Figure 1. A schematic presentation of the high-temperature
ion trap reactor. Parts: 1, cluster source; 2, quadrupole mass
filter; 3 and 20, ion focusing assembly; 4, pulsed valves; 5,
quartz glass tubes; 6, cooling water container; 7, cooling water;
8, thermocouple; 9, thermal insulator (SiO2 ceramics); 10, 12,
16, 17, and 19, electronic insulator (Al2O3 ceramics); 11 and 18,
cap electrodes; 13, hexapole rods; 14, cell for confining the bath
gas and reactant gas; 15, resistive heater; 21, reflectron time-
of-flight mass spectrometer
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can be varied by 4–6 K in 1 min. However, in this study,
sufficient time was used to insure thermal equilibrium. The
temperature of the LIT can be varied from 300 to 773 K using
the resistive heater, which was controlled by a programmable
proportional-integral-derivative (PID) controller (YURON,
YL611).

In our experiments, both of the collision gas (He) and
reactant gas (CO), were delivered with the pulsed rather than
the continuousmode. This design can save the gases and keep a
good vacuum for the TOF-MS. However, it becomes difficult
to measure the instantaneous number density inside the trap
reactor. The following equations can be used to estimate the
number density (n) inside the ion trap [33]:

n ¼ Nmax

V
e− t−tcð Þ=τ ð1Þ

Nmax ¼ Ntotal
τ
δt

1−e−δt=τ
� �

ð2Þ

τ ¼ V

2CS
ð3Þ

whereNmax is the instantaneous molecular number in the trap at
the time (tc) that the pulsed valve is closed, which corresponds
to a maximal molecular number caused by the gas pulse, τ is the
decay time for the flowing of the gas from the trap to the
vacuum, Ntotal is the number of molecules injected into the trap
within the pulse width of δt, V (1.62 × 104 mm3) is the volume
of the trap, S (12.56 mm2) is the cross-sectional area defined by
the aperture through which the cluster ions enter into and come
out of the trap, and the speed of sound C can be calculated
under the approximation of ideal gas as C = (γkT/m)1/2, in
which γ is the adiabatic index, k is the Boltzmann constant, T
is the temperature, and m is the mass of the gas molecule.

The reaction time tR is set to be smaller than or on the order
of the decay time τR so that the molecular number does not
change greatly during the reaction in the trap. Assuming
pseudo-first-order reaction between the cluster and the reactant
molecules, the rate constant (k1) can be determined by the
following equation of which the derivation is omitted for clarity
[33]:

ln
IR
IT

¼ −k1
Nmax

V
τR 1þ δtR

2τR
−e− tR−δtRð Þ=τR

� �
ð4Þ

in which IR is the intensity of the reactant cluster ions after the
reaction and IT is the total ion intensity including product ion
contribution. It can be seen that the ln(IR/IT) value is propor-
tional to molecular number Nmax rather than reaction time tR.

The uncertainties of ln(IR/IT), τR, V, and tR are about 10%,
15%, 5%, 5%, respectively. The Nmax can be systematically
under- or overestimated by 40% in our experiments. As a
result, the uncertainties of relative rate constants in this study
are within 20%, whereas the uncertainties of the absolute

values are within 50%. The pseudo-first-order rate constants
(k1) determined in this study can be compared with those in our
previous reports. For example, the k1 values determined herein
for the reactions of V2O6

− anions with C2H4 and C3H6 at room
temperature are 3.7 × 10−13 and 3.8 × 10−12 cm3 molecule−1 s
−1, respectively, which are comparable with the values of 5.3 ×
10−13 and 5.9 × 10−12 cm3 molecule−1 s−1 determined in our
previous study [33]. The discrepancy between the rates that are
reported in this study and the one used in our previous study
can be attributed to two factors: (1) the experimental uncer-
tainties, and (2) the different pressures of the collision gas (He).
In recent studies [34], we found that the larger pressure of
collision gas benefits the formation of adsorption product. For
the reactions of V2O6

−with C2H4 and C3H6, the major reaction
channels are molecular adsorption. When V2O6

− reacts with
C2H4 and C3H6, the number density of collision gas (He)
becomes much smaller than the previous study because of the
shorter decay time. Thus, the rate constants can be smaller than
the ones in the previous study.

Computational Details

The DFT calculations using the Gaussian 09 program [35]
were carried out to study the mechanism for the reaction of
V2O6

− anions with CO. The B3LYP functional [36, 37] with
TZVP basis sets [38] was used. The same functional and basis
sets have been adopted successfully for many reaction systems
involving vanadium oxide clusters [33, 39, 40]. The relaxed
potential energy surface scans [41] were used to obtain the
good guess structures for the intermediates (IMs) and the
transition states (TSs) along the pathways. The TSs were
optimized using the Berny algorithm method [42]. Vibrational
frequency calculations were performed to check that each of
the IMs or TSs has zero or only one imaginary frequency,
respectively. Intrinsic reaction coordinate calculations were
carried out so that each TS connects two appropriate local
minima. The zero-point vibration corrected energies (ΔH0)
are reported in this work.

Results and Discussion
The TOF mass spectra for the interactions of laser ablation
generated and mass-selected V2O6

− cluster anions with CO at
different temperatures are shown in Figure 2. The TOF mass
spectra for the reaction of V2O6

− cluster anions with CO at
different reaction times are shown in Figures S1 and S2
(Supporting Information). On the interaction of V2O6

− anions
with Ar at 773 K, no product peak was generated (Figure 2a).
This indicates that the V2O6

− cluster is stable enough at the
high temperature up to 773 K. Upon the interaction of V2O6

−

with CO at 298 K, a very weak peak that can be assigned as
V2O5

− can be observed, suggesting that V2O6
− can oxidize one

CO molecule to give rise to product V2O5
− (Reaction 5). The

relative ion intensity of V2O5
− increased apparently with the

increase of the reaction temperature. It should be noted that the
ions will keep heated by the thermal radiation of the gas cell
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and electrodes after the collision gas is removed (Supporting
Information, Figure S3).

V2O6
− þ CO→V2O5

− þ CO2 ð5Þ

The k1 value for the reaction of V2O6
−with CO determined at

298 K is only 3.5 × 10−14 cm3 molecule−1 s−1, whereas at 667 K,
the k1 value is increased to be 3.4 × 10−13 cm3 molecule−1 s−1.
The logarithm of the reaction rate constant and the reciprocal
temperature have an excellent linear relationship, as shown in
Figure 3. The linear equation was fitted to be lnk1 = −27.0052 –
1194.88/T with the coefficient of determination (R2) of

0.981126. According to the Arrhenius equation ln(k) = ln(A) −
Ea/(RT), the apparent activation energy (Ea) for Reaction (5) was
determined to be 0.10 ± 0.02 eV.

DFT calculations have been performed to explore the
mechanisms for the reaction of V2O6

− with CO, and the
calculated reaction pathway is presented in Figure 4. Previous
studies [43] have determined that the lowest energy isomer of
V2O6

− is in the doublet state and the spin density is distributed
evenly on two terminally bonded oxygen atoms, as shown in
Figure 4. One of such terminal oxygen atoms can interact with
CO loosely at the first step with a binding energy of only
0.03 eV (I1). Then, a positive barrier of 0.12 eV should be
overcome to form the bent CO2 unit (I1→TS1→I2). The
subsequent steps are accompanied with the structure relaxation
of the CO2 unit and the final release of the gas-phase CO2 is
kinetically favorable. The rate-determining step for the reac-
tion of V2O6

− with CO is the formation of O–CO bond in the
CO2 unit. The calculated overall barrier of 0.12 eV is consis-
tent with the apparent activation energy of 0.10 ± 0.02 eV
determined in the experiment. This good agreement between
the calculation and the experiment lends more credence to the
reliability of this newly desinged high-temperature LIT reac-
tor. In addition, the apparent activation barrier of the reaction
C2H5

+ + CH4→ C3H7
+ + H2 has been determined to be 0.14 ±

0.03 eV by our experiment, which agrees with the value of
0.11 eV reported in the literature [44] (Supporting
Information, Figures S4 and S5). This agreement on the acti-
vation barrier of the C2H5

+ + CH4 reaction further supports the
reliability of our experiment.

The oxidation of CO into CO2 is a simple but an important
prototypical reaction investigaed widely in both the condensed
phase [45] and the gas phase [46–49]. In the gas phase, the
reactions between metal oxide clusters and CO are generally
performed at room temperature [46–49]. The CO oxidation
studied at higher temperatures has not been reported to the best
of our knowledge. The temperature is an important factor to
control the behavior of chemical reactions [8, 9], and the
apparent activation energy that is closely related to the reaction
rate constant can be obtained by performing the experiments at
different temperatures [50]. Herein, the CO oxidation at tem-
peratures up to 773 K was studied and the apparent activation
energy of about 0.10 eVwas obtained, which is consistent with
theoretical calculations.

In gas-phase studies, some high-temperature experiments
have been performed and very useful information has been
obtained [24, 25, 51–58]. The rates of unimolecular dissocia-
tion as a function of ion temperature (about 298–500 K) have
been studied byWilliams et al. to obtain the apparent activation
energies of large biomolecule ions [24]. Jarrold and co-workers
have studied the reactions of metal clusters heated in the
extension tube, such as Al44

+/− and Aln
+ (n = 100, 114, 115,

and 117), with N2, CO2, or C6D6 at different temperatures
(298–1200 K), and they identify that the metal clusters in liquid
phase are different in reactivity from their solid phase [51–54].
Mafuné et al. have developed a thermal desorption spectrom-
etry that combines the mass spectrometry with a post-heating

Figure 2. TOF mass spectra for the interactions of laser abla-
tion generated and mass-selected V2O6

− cluster anions with (a)
Ar and (b)-(e) CO at different temperatures. The reaction time is
about 2.0 ms (b) and 3.0 ms (c)-(e). The maxmum molecule
density of CO in the ion trap reactor is estimated to be 3.0 ×
1014 molecule cm−3

Figure 3. Arrhenius plot for the reaction of V2O6
− with CO
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aperture. Using their experimental apparatus, they have studied
the stability of variousmetal oxide clusters at high temperatures
(300-1000 K) and the desorption of oxygen from vanadium
[57], niobium [58], copper [55], rhodium [14], and palladium
[56] oxide clusters have been observed. Though the high-
temperature experiments have been previously performed, the
chemical reactions of mass-selected and ion trap heated ions
with small molecules at variable temperatures are scarcely
reported. The highest temperature of such reactions reported
in the literatures is about 500 K [17, 27]. Herein, the highest
temperature can be up to 773 K. It is noticeable that for the
reactions of ion trap heated ions, both the ions and reactant
molecules are internally heated. In contrast, only the ions are
internally heated in the extension tube heating experiments
[51–54].

Heating the ions in the ion trap to high temperatures has
to suffer from many technological difficulties and the suit-
able materials should be considered in the design of the ion
trap. For instance, the ions in the temperature-variable
quadrupole ion trap can be heated up to at most 473 K
if Teflon materials are used [27]. In this study, the Al2O3

and SiO2 ceramics that are stable at high temperatures were
used as the electrical insulators. While the Al2O3 ceramic
was adopted to insulate the hexapole rods and end-cap
electrodes because of its good thermal conductivity, the
SiO2 ceramic was adopted to fix the ion trap assembly
and decrease the thermal conduction from the ion trap
assembly to vacuum chamber. This design is of great
importance to guarantee the rapid thermal equilibration of
the ion trap system and minimize the thermal losses. How-
ever, thermal radiation can occur through the vacuum and
the power of thermal radiation is directly proportional to
the fourth power of the temperature (P = σAT4, P is power

of thermal radiation, σ is the Stefan-Boltzmann constant, A
is the radiating surface area, and T is the temperature in the
ion trap). As the ion trap temperature increases from 500 to
773 K, the power of thermal radiation will increase signif-
icantly (by a factor of about 6). In this design (Figure 1),
the cooling water system was indispensable to protect the
vacuum system of the mass spectrometer from the damage
by thermal radiation. Furthermore, the inner surface of our
cooling water system was plated with silver in order to
improve its infrared reflectivity. With the combination of
these designs, the current LIT is stable at temperatures up
to 773 K. Note that higher temperatures up to 873 K have
also been tested; while the system is unstable, for example,
the resistive heater (Part 15, Figure 1) will be broken in a
short time. In the future, new materials and designs have to
be tested in order to run the LIT at higher temperatures
(>773 K).

Conclusion
A high-temperature LIT has been newly designed and installed
into a reflectron time-of-flight mass spectrometer coupled with
a laser ablation cluster source and a quadrupole mass filter. The
LITwas twined by a resistive heater and the trapped ions can be
internally heated up to 773 K, which is much higher than those
in similar studies. The reaction between V2O6

− and CO has
been studied at different temperatures and the apparent activa-
tion energy was determined to be 0.10 ± 0.02 eV, which is
consistent with the theoretically calculated barrier of 0.12 eV.
These results show that the current apparatus can be used to
study the gas-phase reactions that have overall barriers.

Figure 4. DFT calculated potential energy profile for the reaction of V2O6
−withCO. The relative energies for intermediates, transition

states, and products are in unit of eV. Bond lengths are given in pm
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