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ABSTRACT: By implementing a vacuum ultraviolet laser-pulsed field ionization-
photoion ion source with a double quadrupole—double octopole ion guide mass filter,
we have obtained detailed quantum-vibrational-state-selected integral cross sections o,,,
v* = 02, for the ion—molecule reaction of N,*(X*Z,": " = 0-2) + C,H, in the center-
of-mass kinetic energy range of E_, = 0.05—10.00 eV. Three primary product channels
corresponding to the formation of C,H;", C,H,", and N,H" ions are identified with
their o,, values in the order of o,,(C,H;") > 6,,(C,H,") > 6,,(N,H"). The minor
6,.(N,H") channel is strongly inhibited by E,, and observed only at E,, < 0.70 eV. The
high 6,,(C,H;") and 6,,(C,H,") values indicate that C,H;" and C,H," product ions
are formed by prompt dissociation of internally excited C,H," (C,H,"*) intermediates
produced via the near-energy-resonance charge-transfer mechanism. The ¢,,(C,H;")
and 6,,(C,H,") are found to drop only mildly or stay nearly constant as a function of
E., in the range of 0.05—6.00 eV. This observation is contrary to the expectation of a
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steep decline for the o,, value commonly observed for an exothermic reaction pathway

as E, is increased. Significant vibrational enhancement is observed for the ¢,,(C,H;") and 0,.(C,H,") at v* = 2 and in the E,
range of ~0.20—7.00 eV. The branching ratios ¢,,(C,H;"):0,,(C,H,"):0,,(N,H") are also determined with high precision by
measuring the intensities of product C,H;", C,H,*, and N,H" ions simultaneously at fixed E_,, values. The o,, and branching
ratio values reported here are useful contributions to the database needed for realistic modeling of the chemical compositions
and evolutions of planetary atmospheres, such as the ionosphere of Titian. The quantum-state-selective results can also serve as
experimental benchmarks for theoretical calculations on fundamental chemical reaction dynamics.

1. INTRODUCTION

Gaseous ion—molecule reactions play an important role in
many gaseous chemical and physical environments, including
interstellar clouds,"” cometary comae,* terrestrial atmos-
pheres,® combustion flames,” and plasma discharges.” It is
recognized that an understanding of the chemical compositions
and the evolutions of the chemical compositions in these
environments requires detailed chemical modeling. However,
because accurate reaction rate constants (k,’s), integral cross
sections (¢’s), and product branching ratios (BRs) for relevant
ion—molecule reactions are mostly unavailable, reliable
laboratory measurements are thus required to establish the
database needed for the modeling effort. This work is
concerned with ¢ and BR measurements for the quantum-
vibrational-state-selected ion—molecule reaction N2+(X22g*: v
=0-2) + C,H, and can be considered as a continuation of our
recent experimental investigations of the reactions between
N,*(X’Z,": v = 0-2) and CH, (C,H,, H,0).*7'° These
reactions are recognized as key steps for the ion—molecule
reaction network proposed for simulating the chemical
compositions of Titan’s ionosphere.

Since its discovery in 1665 by Christiaan Huygens,"" Titan,
the largest moon of Saturn, has been an object of continuous
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curiosity and intrigue. First recognized in 1944, its substantial
atmosphere has been considered as having one of the richest
atmospheric chemistries in the Solar system."*~"” On the basis
of in situ measurements'*'® by the Voyager spacecraft in
1980s and the Huygens probe in 2005,'® the N, molecule was
determined as the dominant neutral species with about 94%
abundance, and the other 6% is made up of trace compounds
including CH,, C,H,, C,H,, and other hydrocarbon molecules.
It is well-known that N," ions in the ionosphere of Titian are
formed by ionization of neutral N, molecules by solar vacuum
ultraviolet (VUV) radiation, energetic particles, and cosmic
rays; and thus, the resulting N," ions can be formed in a wide
range of internal states. The interactions among these
molecular species are believed to be the basis for the complex
nitrogen-rich organic chemistry occurring in Titian’s atmos-
phere.

Unraveling the chemical compositions and the evolution of
the atmosphere of Titan requires detailed ¢ and BR
measurements for the ion—molecule reactions between N,*
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ions and hydrocarbon molecules. Being a homonuclear
diatomic molecule without a dipole moment, the radiative
lifetimes of internally excited N,"(X*Z,": %, N*) ions are long,
This, together with the fact that the chemical reactivity of the
N;(XZZg*: v*, N*) ion depends on its quantum-rovibrational
state, makes it necessary to take into account the center-of-
mass kinetic energy (E.,) as well as the quantum-vibrational-
state effects on the N,"(X*T.%; v*, N*) + C,H, reaction in
order to achieve reliable modeling of the chemistry occurring
in the ionosphere of Titan. However, quantum-state-selected ¢
and BR data, such as those presented here for the title reaction
covering a wide range of E_’s, have not been reported
previously.

Compared with the N2+(XZE Ut =0-2) + CH4 (C,H,,
H,0) reactions,” '° very few experlmental studies'”~** have
been made on the reaction of N," + C,H,, and almost all of
them are on reaction kinetics rather than dynamics measure-
ments. In 1998, by using an ion cyclotron resonance mass
spectrometer, McEwan et al."” reported a k, value of 1.30 X
107 cm® s7' for the N," + C,H, reaction leading to the
formation of five product ions of C,H;", C,H,", HNC',
HCNH', and N,H", with the corresponding intensity ratio or
BR of 0.50:0.20:0.10:0.10:0.10 at room temperature (T = 300
K). The same group later employed the selected ion flow tube
method and published an updated k, value of 7 X 107'% cm?
s71. In the latter study,”® only two product ions species C,H;*
and C,H," were observed with a corresponding branch ratio of
0.64:0.36. In 2011, Gichuhi et al.*' reinvestigated the N," +
C,H, reaction in a supersonic beam using a velocity map
imaging TOF mass spectrometer. Two product ions C,H;" and
C,H," were observed in the latter experiment, giving a BR of
0.74:0.26 at T = 40 + 5 K. Recently, this reaction system was
reviewed by Dutuit et al,”* who recommended a k, value of
1.30 X 107 cm® s™" with +15% uncertainty. Three product ion
species C,H;", C,H,", and N,H" were also recommended with
a corresponding BR of 0.67:0.23:0.10. Comparing these results
reveals large discrepancies for both product ion identification
and product BR measurements in previous experimental
studies. These discrepancies have partly motivated the present
0,, and BR measurements for the quantum-vibrational-state-
selected ion—molecule reaction N2+(X22g+: v =0-2) + C,H,.

The development of quantum-state-selected ion—molecule
reaction studies in the past decades has rendered a major
platform for the investigation of the E_, and the quantum-
rovibronic-state effects on chemical reacthlty23 %% of ions. The
most challenging task for these experiments is to prepare
reactant ions into single quantum-rovibronic states and still
maintain a sufficiently high intensity for the state-selected ions
to undergo single-collision measurements.”’ Recently, we
introduced a novel VUV laser pulsed field ionization-photoion
(VUV-PFI-PI) ion source,”* in which a sequence of pulsed
electric fields is designed to cleanly separate the non-state-
selected prompt ions from the state-selected VUV-PFI-PI ions.
The high kinetic energy resolution achieved for the VUV-PFI-
PIs has also made possible o-measurements down to E_, =
30—40 meV. Employing this VUV-PFI-PI technique, we have
successfully prepared N,"(X’Z,": v'= 0-2, N*), H,0"(X’B;:
vy, 'yt = 000, 020, 100; N I(Mm) H," ()(22+ T = 1-3;
N¥), 0,*(a* Wasn3/0,1/2-1/2: V' = 1=2;] *), and Oz (X Hg3/21/2
vt 22-23; J*) ions into single rovibronic-quantum
2539732 By coupling this high-resolution VUV laser

states.
PFI-PI ion source with the double quadrupole—double
octopole (DQDO) ion guide mass filter developed in our
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laboratory, we obtained detailed ¢ and product BR values for
the reactions N,*(X) + Ar,”’ N,*(X) + CH,,* N,*(X) + C,H,,’
N,"(X) + H,0,'° H,0*(X) + D,/H,/HD,” * H,0"(X) +
CO,* H,"(X) + Ne,”' H,0*(X) + N,,"* 0,(X) + Ar,** and
0,"(a) + Ar,** covering the E,,, range of 0.03—10.00 eV. The ¢
and BR measurements reported here are aimed to provide
reliable and relevant chemical dynamics data for establishing
the database needed for chemical modeling of planetary
atmospheres.””~*

2. EXPERIMENT

A detailed description of the VUV laser PFI-PI DQDO ion—
molecule reaction apparatus and the procedures employed for
the present experiment was reported in detail previously.”>*’
Briefly, the ion—molecule reaction apparatus consists of a VUV
laser PFI-PI ion source coupled to a DQDO mass filter, which
is equipped with a dual set of radio frequency (rf)-octopole ion
guides.

The VUV laser radiation used in this work is generated by
four-wave frequency mixing schemes using Kr gas as the
nonlinear medium. Here, the VUV laser in the range of
125 500—130200 cm™' generated by sum-frequency (2w, +
®,) mixing is used, where @, and ®, represent the outputs of
the ultraviolet (UV) and visible (VIS) dye lasers, respectively.
The second and third harmonic outputs of an identical
Nd:YAG laser (Spectra-Physics, Model PRO-290) operated at
1S Hz are employed to pump the UV and VIS dye lasers,
respectively. The two-photon frequency 2, matches the 4p —
Sp resonance transition of the Kr atom, and the VIS @, output
is tuned in the range of 30 770—37 040 cm™" to generate the
VUV sum-frequencies required for the experiment.

The quantum-rovibrational state-selected N;(Xzzg*: v
0—2; N* = 0-9) reactant ions are produced by PFI-PI of
excited N,*(n) molecules in high-n Rydberg states, which are
formed by VUV laser photoexcitation of N, in the form of a
supersonic molecular beam. By employing the sequential
electric field pulse scheme, we achieved PFI-PI energy
resolution of 2—4 cm™ (full width at half-maximum, fwhm),
which is sufficient to resolve single rotational transitions to the
N* = 0—9 states associated with the N{'(XZZg*: vt =0-2)
vibrational bands. Here, for each PFI-PI vibrational band, N,*
ions were prepared by setting the VUV laser frequency at the
strongest rotational peak position, i.e., the Q-branch. Thus, the
vibrationally selected N,*(2* = 0—2) ions thus prepared are in
a distribution of the N* = 0—9 rotational states.”

The key to achieve high kinetic energy resolution or a
narrow laboratory kinetic energy spread (AE,,) for the PFI-
PIs is to turn off the PFI and ion extraction electric field pulse
before the PFI-PIs exit the photoionization/photoexcitation
(PI/PEX) region, such that all PFI-PIs gain the same linear
momentum during the PFI and PFI-PI extraction processes. As
a result, the AE,, +30—50 meV>® achieved in this
experiment is mostly limited by the supersonic cooling of the
N, molecular beam. Because prompt ions formed by direct
photoionization of N, have lower kinetic energies than that of
the PFI-PIs due to application of the retarding electric field
pulse in the beginning detection cycle, we are able to cleanly
separate and reject all background prompt ions from state-
selected VUV-PF-PIs by using a simple potential energy barrier
downstream of the ion source. Thus, only N," PFI-PIs can
enter the rf-octopole ion guide reaction gas cell, where the
N," (XL v* = 0-2) + C,H, reaction occurs.

+ o
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In the present experiment, the C,H, pressure used in the gas
cell was in the range of from 1.0 X 107 to 1.0 X 10™* Torr as
monitored by a MKS Baratron. When the C,H, pressure was 1
X 107* Torr, the number density of C,H, molecules (p) was
about 3.5 X 10'* cm™. The gas cell effective length (I) was
about 5.6 cm. Therefore, the number of collisions (1) per
reactant N," ion could be estimated roughly by using formula n
= plo. Given the above values of p and I, the single-collision
condition (n < 1) is considered to be satisfied for 6 < 510 A%
The reaction gas cell is situated between two rf-octopole ion
guides, which are powered by the same rf power supply. A
small dc electric field can be applied between the two rf-
octopoles, such that slow product ions formed in the gas cell
can be effectively extracted from the reaction gas cell. All
product ions produced in the reaction gas cell, along with the
attenuated N," reactant PFI-PIs, are guided into the product
quadrupole mass filter (QMF) for mass and intensity
measurements. Here, the E_ is converted from the laboratory
kinetic energy (E,,;,) using the formula E., = E,, [M/(m" +
M)], where m* and M represent the masses of the N," ion and
the C,H, molecule, respectively.

The o values are calculated by using the formula o = [(kT)/
(PD)][In((I + i)/I)], where k is the Boltzmann constant; T and
P stand for the temperature and the pressure of the neutral
reactant in the reactant gas cell, respectively; [ represents the
effective length of the gas cell;”*" I is the intensity of the
unreacted reactant N," ions; and i is the intensity of the
product ions. The ¢’s determined in the present study are the
average of at least six independent measurements. The run-to-
run uncertainty is in the range of 5—15%. The error limits for
absolute & values are estimated to be 309%.>%*’

As pointed out in previous studies,”*** in an ion beam gas
cell study, such as this one, the thermal motions of neutral
C,H, molecules in the reaction gas cell can be the main
contribution to the AE,,, especially at the low E,, range.”" For
the reaction N," + C,H,, the estimated uncertainties for E_,, =
0.05, 0.10, and 0.5 eV are 0.08, 0.12, and 0.26 eV, respectively.
The AE_, spread can have the effect of smoothening structures
of the 0, curves, but the general trends for the ¢,, curves are
not expected to be greatly affected.

N (X255 0" = 0) + CH, » CH" + N, + H - AE = —2.378 + 0.006 eV

— C,H," + N, + H, AE = —2.443 + 0.0030.009 ¢V

- N,H" + C,H,

Reactions 1 and 2 can be rationalized to occur by a dissociative
charge-transfer reaction mechanism, and reaction 3 can be
ascribed to proceed via a H atom transfer pathway. All of these
reactions are highly exothermic with exothermicities of >2.20
eV. The AE values for the v* = 1 and 2 vibrational states of N,*
can be obtained accordingly by using the known N,*
vibrational energy levels (v = 1 and 2 vibrational states of
N," are about 0.271 and 0.53S eV higher than that of the "= 0
state, respectively).”

All these reaction channels are verified by the mass spectra
observed at E_, = 0.10 eV, as shown in Figure 1a,b. Figure la
shows the mass spectrum of the N," PFI-PI ions (i.e., without

AE = —2.284 + 0.009 eV

6493

T T T T T
@) N6 =0)
200 | . -
N, \
100 0 15N14N+ T
8 '/ x 10 + 25
: l
= e}
(0] ot =
= N, (v =0)+CH
£ 200 - (b) 2 2 .
& . .
C2H3 / N2
100 | CH, \ NH'/C,H,"/*N"N"]
J\Aj A x 10 + 25
0
1 " 1 " 1 " 1 " 1
16 20 24 28 32 36 40
m/z

Figure 1. (a) Mass spectrum of reactant N," VUV-PFI-PI ions
observed without filling the neutral reactant C,H, gas in the rf-ion
guide reaction gas cell. Besides the N," ion peak observed at m/z =
28, the minor ion peak for the isotopic molecules *N'*N* at m/z =
29 is also evident, where the relative intensities for m/z = 28 and 29
are consistent with the natural abundances of N/MN. (b) Mass
spectrum recorded by filling the gas cell with C,H, gas at a pressure of
1.0 X 107* Torr. In addition to N,* and "*N'*N* ions, four more ion
species are detected, which are C,H,", C,H;", N,H", and C,H;". For
both spectra of (a) and (b), the ion energy is set at E_,, = 0.10 eV.

3. RESULTS AND DISCUSSION

Mass Spectra. On the basis of previous studies,” the
observation of product C,H;*, C,H,*, and N,H" ions can be
attributed to reactions 1-—3, respectively. Assuming that
previous studies of the N," + C,H, reaction mostly involved
the N,"(X*Z,"; v* = 0) ground state, we have calculated the
heats of reaction (AE’s) for the three product channels as
shown below.”

(1)
)
©)

neutral C,H, filled in the reaction gas cell), and Figure 1b
depicts the mass spectrum for the reaction of N," + C,H,
observed when the reaction gas cell is filled with neutral C,H,
gas at a pressure of 0.1 mTorr. As expected, only the ion peaks
at m/z = 28 and 29 are observed in the mass spectrum of
Figure la, which are assigned to the N," and its isotopic form
of "N'"*N*, respectively. Four ion peaks are observed at m/z =
26, 27, 28, and 29, of which the first two can be assigned as
C,H," and C,H;" ions, respectively. For ions appearing at m/z
= 28 of Figure 1b, we have assigned them as the unreacted N,*
ions. We note that one previous study'® has reported the
observation of HCNH* ions, which also have a m/z value of
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28. However, a most recent review work*? suggested no
HCNH" formation for this reaction system. It should be noted
that our results alone cannot rule out the possible formation of
HCNH" ions. Here, our mass spectrometric assignment
follows the recommendation of the most recent review.”

Another possible ion observed at m/z = 28 in the spectrum
of Figure 1b is the C,H," ion, which could be produced by the
charge-transfer collision. However, previous studies, including
the unimolecular dissociation studies*~* of the C,H," ion
and the mass spectrometric study”' of the N,* + C,D, isotopic
reaction, strongly suggest that no stable C,H," ions were
formed in the N, + C,H, reaction. Actually, the ration-
alization of rapid unimolecular dissociation**~* of excited
C,H," ions populated in a near-resonant charge-transfer
collision of N,” + C,H, is consistent with the present
experiment of finding C,H;" and C,H," as the dominant
product channels, which also supports that stable C,H,*
product ions may not be formed.

For ions detected at m/z = 29, the possible ion structures are
N,H"/C,H;"/"N"N*. Figure 2 depicts the time-of-flight

- N,"(v'=0)+CH, ]
—_ —m/z =29
2 i
g + 150 1 14) 1+
2 NH7 NN
2]
.0
7 .
8 | /CZH5 i
=

0 200 400 600 800 1000

Time of Flight (us)

Figure 2. TOF spectrum of m/z = 29 ions. The fast and sharp TOF
component is assigned as N,H" and *N'*N* ions, and the slow and
broad TOF component is attributed to C,H;" ions produced by
secondary reaction of C,H;" + C,H,, occurring in the reaction gas
cell. E_, is set at 0.30 eV for this measurement.

(TOF) spectrum for m/z = 29 ions. The salient feature of
this TOF spectrum is that it consists of a fast and sharp
component and a slow and broad one. In addition, the peak
intensity of the sharp component at the m/z = 29 position is
higher than that when there is no C,H, gas in the gas cell,
which is verified by the reaction cross section measurements,
indicating that new species with m/z of 29 are formed through
reactions rather than C,H,"/'’N'N*. On the basis of the
energetic analysis and previous studies,”® as well as our
experimental observations, the fast and sharp component can
be assigned as N,H* product ions and the unreacted *N'"*N*
ions. The TOF peak profile for N,H" product ions formed via
the H atom transfer stripping mechanism is observed to
broaden only mildly compared to that of ''N'*N* reactant ions
(as well as ""N'*N" reactant ions). Thus, the fast and sharp ion
peak of Figure 2 can be assigned to N,H'/"*N'"*N*, whereas
the broader TOF component of the m/z = 29 ions is assigned
as C,H;" ions, which are formed by secondary reaction 4
between C,H;" product ions and neutral C,H, molecules in
the reaction gas cell. According to known energetic
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information, reaction 4 is exothermic with AE = —2.378 eV,
a value comparable to that from reactions 134246

C,H," + C,H, —» C,H," + C,H, AE = —2.378 + 0.006 eV

(4)

The broad component of the TOF spectrum of Figure 2 is
indicative that the secondary C,H;" ions have near-thermal
kinetics energies. In a previous study of the N," + CH,
reaction, identification of secondary C,H" ions with near-
thermal energies formed in the reaction gas cell has also been
made by the TOF technique.®

In the present experiment, if the secondary reaction between
C,H;" and C,H, occurs, it seems straightforward to anticipate
that another secondary reaction between C,H," and C,H,
could also take place. On the basis of one of the previous
studies,” three product ions, C,H,*, C;H;*, and C,H;", with a
corresponding BR of 0.30:0.48:0.22, are expected to be formed
by the C,H," + C,H, reaction. However, because we did not
observe any product ions at m/z = 39 and 53 in the mass
spectrometric measurements, such as that shown in Figure 1b,
we have assumed that occurrence of the latter secondary
reaction of C,H," + C,H, is negligible. We note that the
assignments of the mass spectra of Figures 1b and 2 are
consistent with the recommendations given in the most recent
review”” on the title ion—molecule reaction system.

The contribution of "N'*N* ions to the observed intensity of
the m/z = 29 ion peak can be corrected by taking the
difference of the m/z = 29 ion peak intensities observed with
and without reactant C,H, gas filled in the reaction gas cell.
After subtracting out the “N'N' ion contribution, the
remaining m/z = 29 ions can be ascribed to the sum of the
N,H" and C,H;" ions, where the C,H:" ions can be
determined by gating the ion counts measured within the
slow and broad TOF components shown in Figure 2.
Measurement of these C,H;" ions allows determination of
the actual intensities for product N,H" ions. On the basis of
the interpretation and thus assignment of the mass spectra, we
attributed the observed C,H;" ion signal as part of that for the
product C,H;" ion. The contributions from C,H;" ions to the
final 0,,(C,H;") values shown in Figure 3a (which are
discussed below) are about in the range of 15 + 5% in the E,
range reported in this work.

Kinetic Energy Dependence. The o5,,(C,H;"),
6,,(C,H,"), and o,,(N,H"), v* = 0—2, curves determined in
the E_, range of 0.05—10.00 eV based on intensity measure-
ments for the three primary product ions C,H;", C,H,", and
N,H" are depicted in Figure 3a—c, respectively. Their ¢ values
are in the order of 6,,(C,H;") > 6,,(C,H,") > 6,,(N,H). As
shown in Figure 3a,b, the trends and profiles of the o, (C,H;")
and 0,,(C,H,") curves are very similar. As E_, is increased, a
slow decrease is observed for both ¢,,(C,H;*) and 6,,(C,H,")
at E, < 0.10 eV. In the E_, range of 0.20—3.00 eV, both the
6,.(C,H;") and the 6,,(C,H,") become nearly constant. The
6,0y (CH3Y) [6,,,(CH,")] is found to decrease rapidly
from about 110 A* [70 A*] at E_, = 3.00 eV to about 10 A* at
E., = 10.00 eV. As shown in Figure 3c, the minor 6,.(N,H")
appears to decrease exponentially as E_, is increased, from
about 10 A% at E_,, = 0.0S eV to vanishingly low values (<0.05
A?) at E_, > 0.7 eV.

The sum of the integral cross sections for all of the product
channels, ie, o,,(sum) = 06,,(C,H;") + 0,,(C,H,") +
0,,(N,H"), is a measure of the overall chemical reactivity of
N{(XZZg*; v") toward C,H,. We obtained the 6,,(sum), v* =
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Figure 3. Absolute integral cross sections for (a) C,H;*, (b) C,H,*,
and (c) N,H" reaction channels, plotted as a function of E,, and v*
vibrational excitation of N, ions. The 6,, values for v* = 0, 1, and 2
are shown as black square, red dot, and green triangle curves,
respectively. For comparison, a scaled LGS curve®” by a factor of
0.065 is also shown in (c) with a dashed purple line. In addition, 6,, =
0 when E_, > 0.7 eV in (c) means that the experimental values are
below 0.05 A%,

0—2, curves as shown in Figure 4 to compare with the results
of previous kinetics measurements as well as the ¢ predictions
[6(LGS)’s] based on the Langevin—Gioumousis—Stevenson
(LGS) capture model."” Due to the significantly smaller value
of 6,,(N,H") than those of ¢,,(C,H;") and 0,,(C,H,"), the
profile for o,,(sum) is similar to those for 6,,(C,H;") and
0,.(C,H,"). In the present study, the k, values obtained from
previous chemical kinetic studies are converted to ¢ values
using the approximated formula k, = o(v), where (v) is the
average velocity of the colliding pair, which can be calculated
for a given E_. Because the reaction temperatures were not
mentioned in the previous k, measurements, we assume that
the temperature involved is room temperature (300 K) for all
kinetics work cited here. According to the LGS model, the
integral cross section can be calculated using the formula
o(LGS) = (27e/(v)) X (a/p), where e is the electron charge, &
stands for the polarizability (4.252 X 107** cm®) of the C,H,
molecule,” and y is the reduced mass for the colliding pair.
Thus, the LGS model predicts that the 6(LGS) falls as a
function of (E_,)~"/%

The o,,(sum) values obtained here (shown in Figure 4) are
significantly higher than the ¢ values converted from previous
kinetics measurements as well as the 6(LGS) predictions. Such
discrepancy indicates that the LGS model may be over-
simplified for the N, + C,H, reaction system. The LGS model
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Figure 4. Comparison of the ¢,,(sum) obtained here with ¢ values
converted from k, values obtained in previous kinetics measure-
ments'*?° as well as 6(LGS) predictions.”” The 6,,(sum) curves for
the v* = 0, 1, and 2 vibrational states of N," ions are shown as the
black square, red dot, and blue triangle curves, respectively. The
theoretical 6(LGS) predictions are depicted with the dashed purple
line in the figure.

only treats the ion—molecule interaction as one between a
charge and an induced dipole (without taking into account any
internal quantum level structures). The much larger ¢,,(sum)
compared to the o(LGS) observed here suggests that a
different reaction mechanism, which may include a long-range
electron jump process, results in high chemical reactivity.

As pointed out above, the trends and profiles of the
6,.(C,H;"), 6,,(C,H,"), and 6,.(sum) curves obtained here
are very similar, but they are quite different from that of the
o(LGS), which is predicted to fall as a function of (E,) "%
This observation also indicates that the mechanism for the N,*
+ C,H, reaction is quite different from that predicted based on
the LGS model. The similar profiles observed for the

0,.(C,H;") and 6,,(C,H,*) strongly suggest that the C,H;*
and C,H," product channels are governed by a similar reaction
mechanism. Observation of high ¢,,(C,H;") and 6,,(C,H,")
values suggests that the collision-assisted dissociative charge-
transfer mechanism is operative in the formation of C,H;" and
C,H," product ions. This mechanism has also been suggested
to be operative in the ion—molecule reactions of N2+(XZZ
= 0-2) + CH, (C,H, and H,0).*’ For the present reactlon,
the dissociative charge-transfer reaction mechanism would first
involve the production of internally excited C,H,™*
intermediates by energy-resonance or near-energy-resonance
charge-transfer collisions of N2+(X22g+; v*) + C,H,. This is to
be followed by the rapid unimolecular dissociation of C,H,"*
into the C,H;" + H and C,H," + H, product states.

To assist the discussion below, we show in Figure S the
potential energy diagram for the N2+(X22 vt = 0-2) +
C,H,(X) reaction system in the heat of formatlon scale Here,
the reactant states N,"(X: v* = 0—2) + C,H,(X) (shown in
black), along with the observed product states, C,H;"(X) +
N,(X) + H, GH,"(X) + No(X) + Hy(X), and N,H*(X) +
C,H;(X) (shown in red), and the unobserved product state
C,H,"(X) + Ny(X) (shown in blue) are shown in the figure.
On the left-hand side of Figure 5, we post a vibrationally
resolved Hel photoelectron spectrum covering the formation
of vibronic bands of the C,H,*(X, A, B, and C) states.”” As
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Figure 5. Potential energy diagram for the N{'(Xzzg*: vt =0-2) +
C,H,(X) reaction system in the heat of formation scale. Here, the
reactant states N,"(X: v* = 0-2) + C,H,(X) (shown in black), along
with the observed product states, C,H;"(X) + N,(X) + H, C,H,"(X)
+ N,(X) + Hy(X), and N,H"(X) + C,H;(X) (shown in red), and the
unobserved product state C,H,"(X) + N,(X) (shown in blue) are
shown in the figure. On the left-hand side, a vibrationally resolved Hel
photoelectron spectrum™® covering the formation of vibronic bands of
the C,H,"(X, A, B, and C) states is shown in purple.

shown in the figure, the N,"(X: " = 0—2) + C,H,(X) reactant
states are in energy-resonance with the C,H,*(C) + N, states,
which is more than 2 eV above the onsets for the production of
C,H;"(X) + N, + H and C,H,"(X) + N, + H, product states.
Thus, the formation of C,H;*(X) and C,H,"(X) product ions
from the unimolecular dissociation of excited C,H,™*
intermediates is expected to be prompt.*>~* On the basis of
the potential energy diagram, the excitation to both C,H,*(B,
C) states is strongly dissociative. The previous quantum-state

or energy-selected unimolecular dissociation measure-
ments®”>' of the breakdown curves for the formation of
C,H," and C,H;" ions from C,H," also support this
conclusion. We note that the C,H,"(B, C) states involved in
this discussion also include rovibrational excitations. The near-
energy-resonance C,H,"(B) state can be populated by
collision-induced or E_ -assisted processes. Without a detailed
theoretical interpretation for this reaction system, we have
attributed the high o6,,(C,H;*) and o6,,(C,H,") values
observed to E_,-assisted nonadiabatic interactions between
the N,"(X: v* = 0—2) + C,H, reactant states and near-energy-
resonance C,H,"(B, C) + N, states. The E_, -assisted
nonadiabatic coupling is expected to enhance the interaction
between the reactant states and the C,H,"(B, C) + N,
intermediate states with finite energy mismatches and thus
results in the formation of C,H,"* intermediates [or C,H,"(B,
C)] with higher intensities. Because charge-transfer C,H,"*
intermediates thus formed would undergo rapid dissociation,
the production of more intense C,H,"* intermediates would
translate into higher C,H;" and C,H," ion intensities. This
nonadiabatic pathway can compensate the decrease of the o,
due to the increase of E_, in the LGS model. However, the
trend of maintaining high 6,,(C,H;") and 0,,(C,H,") seems
to end at E_, > 3.00 eV.

The trends and profiles of the o,,(C,H;*) and 6,,(C,H,")
curves are different from those of the 6,,(N,H") curve, which
exhibits an exponential decreasing trend as E_, is increased
from thermal energy. For the formation of the N,H" product
ions, a reaction path of H atom transfer is needed that requires
short-range collisions between the N,* ion and C,H, molecule.
Therefore, the reaction mechanism for forming the N,H"
product ions is different from that for C,H,* and C,H;" ions
discussed above. The 6,,(N,H") is the minor product channel,
which represents <5% of the total product ion intensity. The
N,H" ion signal is found to nearly disappear at E_, > 0.70 eV

cm —

Table 1. BRs of the C,H;*, C,H,", and N,H* Reaction Channels of the Quantum-Vibrational-State-Selected ITon—Molecule
Reaction of N,"(X*Z,"; v* = 0-2) + C,H, Measured in the E_, Range from 0.05 to 10.00 eV*

v'=0 V=1 V=2
E.n(eV) C,H," C,H," N,H* C,H," C,H," N,H* C,H," C,H," N,H*
0.05 0.65 = 0.05  0.30 + 0.04 0.05 + 0.01 0.66 + 0.04 029 +0.04  0.05+ 001 064 +005 032+ 004 0.04 + 0.01
0.10 0.65 + 0.05 031 + 0.04 0.04 + 0.01 0.68 + 0.04 028 +£0.04  0.04 £001  065+005 032004 0.03 + 0.01
0.20 0.66 + 0.04 031 + 0.04 0.03 + 0.01 0.65 + 005 0314004 0.04+001 064 +005 034+ 0.04 0.02 + 0.01
0.30 0.65 + 005 0.32 + 0.05 0.03 + 0.01 0.65 + 005  032+004 0.03+001 064+005 033+0.04 0.03 + 0.01
0.40 0.65 + 005 033 + 0.05 0.02 + 0.01 0.64 + 005 034+ 004 002 +001 0.64+005 034+ 0.04 0.02 + 0.01
0.50 0.62 £ 005 036 + 0.05 0.02 + 0.01 0.63 £0.05 034 +0.04 002+00l 0.65+005 034+004 001+ <0.01
0.60 0.62 £ 005 037 +0.05 00l +<001 062 +005 036+005S 002=+00l 066+004 033+004 001+ <0.01
0.70 0.58 +0.05 042 + 0.05 <0.01 0.64 + 005 036 + 0.05 <0.01 0.63 +0.05 037 = 0.05 <0.01
0.80 0.62 + 0.05  0.38 + 0.05 <0.01 0.64 + 005 0.36 + 0.05 <0.01 0.64 + 0.05 036 + 0.05 <0.01
0.90 0.58 £ 0.0S 042 + 0.05 <0.01 0.64 + 005 036 + 0.05 <0.01 0.64 + 0.05 036 = 0.05 <0.01
1.00 0.58 + 0.05 042 + 0.05 <0.01 0.63 + 005  0.37 + 0.05 <0.01 0.63 + 0.05 037 + 0.05 <0.01
2.00 0.61 +0.05 039 + 0.05 <0.01 0.61 + 005 039 + 0.05 <0.01 0.63 +0.05 037 + 0.05 <0.01
3.00 0.63 + 005 0.37 + 0.05 <0.01 0.61 + 0.05  0.39 + 0.05 <0.01 0.63 + 005  0.37 + 0.05 <0.01
4.00 0.67 + 0.04  0.33 + 0.04 <0.01 0.63 +0.05 037 + 0.05 <0.01 0.61 + 005  0.39 + 0.05 <0.01
5.00 0.71 +£0.04 029 + 0.04 <0.01 0.60 + 0.0S  0.40 + 0.05 <0.01 0.61 +0.05 039 + 0.05 <0.01
6.00 0.72 + 0.04 028 + 0.04 <0.01 0.57 + 005 043 + 0.05 <0.01 0.61 +0.05 039 + 0.05 <0.01
7.00 0.68 + 0.04 032 + 0.04 <0.01 0.50 + 0.05  0.50 + 0.05 <0.01 0.55 +0.05  0.45 + 0.05 <0.01
8.00 0.69 + 0.04 031 + 0.04 <0.01 0.58 + 0.05 042 + 0.05 <0.01 0.58 + 0.05  0.42 + 0.05 <0.01
9.00 0.67 + 0.04 033 + 0.04 <0.01 0.59 + 005 041 + 0.05 <0.01 0.60 + 0.05  0.40 + 0.05 <0.01
10.00 0.58 £ 0.0S 042 + 0.05 <0.01 0.52 £ 005 048 + 0.05 <0.01 0.61 +0.05 039 + 0.05 <0.01

“The standard deviations are estimated based on the reproducibility of independent measurements.
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(6,,(N,H") < 0.05 A*). We note that the almost exponential
deceasing trend of 6,,(N,H") observed as a function of E_,
does not agree with the prediction from the classical LGS
model,*” which predicts ¢ to be proportional to (E,) /% For
comparison, a scaled LGS curve by a factor of 0.065 is shown
in Figure 3c with a dashed purple line. Below E_,, = 0.3 eV, the
scaled LGS curve fits well with our experimental values.
However, deviations start to be observed when E_, > 0.3 eV.
Therefore, rigorous theoretical chemical dynamics calculations
are called for in order to better understand the detailed E_,
effects observed here.

Vibrational-State Dependence. The v*-vibrational effect
for the title reaction can be observed in the comparison of the
V" = 0-2 curves for ¢,,(C,H;"), 6,,(C,H,"), and 6,,(N,H"),
as shown in Figure 3a—c, respectively. No vibrational effect is
observed for the minor ,,(N,H") channel. The comparison of
the ¥ = 0—2 curves reveals very similar v*-vibrational effects
for 0,,(C,H;") and 6,,(C,H,*), which again indicates that
these product channels are formed through similar reaction
mechanisms. For the o,,(C,H;*) and 6,,(C,H,") reaction
channels, excitations to the ©* = 0 and 1 vibrational states of
the N, reactant ions yield very similar o,, curves. Excitation to
the v* = 2 state shows clearly the enhancement effect at 0.20 <
E, < 7.00 eV. At 0.20 < E_,, < 1.00 eV, the 6,,(C,H;") and
0,.(C,H,") values for v* = 2 are about 15% higher than those
for v = 0 and 1, while at 1.00 < E,, < 7.00 eV, the
enhancements for 1" = 2 are found to increase to 30—40%.
Such vibrational enhancement on reactivity for the " = 2 state
may be rationalized by a long-range “near-resonance”
dissociative charge-transfer reaction mechanism. As shown in
Figure S, the energetic level of the N," + C,H, with N," at " =
2 state is more “resonant” with the peak positions of the
C,H,"(C) state, compared to that of N,* at * = 0 or 1 states.
The fact that 6,,(N,H") has different vibrational effects from
that of 0,,(C,H;") and 6,,(C,H,") also suggests that different
reaction mechanisms are involved for these reaction channels.
The vibrational effects observed for the 6,,(sum), v* = 0-2,
curves shown in Figure 4 are similar to those for the
0,.,(C,H;") and 0,,(C,H,"), v* = 0-2, curves plotted in
Figure 3a,b. As pointed out above, this observation is due to
the fact that C,H;* and C,H," ions are the dominant product
ions in the E_, range of interest. Better understanding of the
complex v*-vibrational effects observed in Figures 3a—c and 4
would require a rigorous theoretical investigation. In addition,
similar to our previous works of N,*(X) + Ar,”’ N,"(X) +
CH,* N,*(X) + C,H,,” and N,"(X) + H,0,"” no rotational
dependence has been observed for the present reaction system.

Branching Ratios. Table 1 lists detailed BRs for the three
reaction channels determined as a function of both v*-
vibrational excitations of N," and E_, covering the E_, range
from 0.05 to 10.00 eV. These BRs were obtained by comparing
the relative intensities of the C,H;", C,H,", and N,H" product
ions measured at selected E_,, values, and thus, the uncertainty
can achieve a value of +5%. At E_,, < 0.60 eV, the BRs for all
three vibrational states (z* = 0—2) are nearly identical at the
same E_,. At E_, = 0.05 eV, which corresponds to a reaction
temperature of ~580 K, the BR of C,H;":C,H,"'N,H" is
determined here to be 65%:30%:5%, which is close to the
recommended value®® of 0.67%:0.23%:10% determined at a
reaction temperature of 300 K. As E_,, is increased from 0.05 to
0.70 eV, the branching fraction of the N,H" ion gradually
decreases from 5% to 0, the branching fraction of the C,H,"
ion increases from 30 to 35%, and the branching fraction of the
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C,H;" ion remains at about 65%. At 0.70 < E_,, < 10.00 eV,
the BR of C,H;":C,H," is found to be almost constant with a
value of (60 + 5%):(40 + 5%).

4. SUMMARY AND CONCLUSIONS

The quantum-vibrational-state-selected ion—molecule reaction
N, (X’Z,": v* = 0-2) + C,H, has been investigated by
employing a novel VUV-PFI-PI ion source together with a
DQDO mass filter developed in our laboratory. Three product
channels leading to the formation of C,H;*, C,H,", and N,H"
ions are identified. This experiment has allowed detailed
measurements for the o,,(C,H;"), 0,.(C,H,"), and
0,.(N,H"), v* = 0—2, and product BR (C,H,":C,H;":N,H")
values in the E,, range from 0.05 to 10.00 eV. The o,,(C,H;*)
and 6,,(C,H,") curves are found to be very similar, indicating
that they are governed by a similar reaction mechanism. On
the basis of this observation, we suggest that both C,H;" and
C,H," ions are formed by the collision-assisted dissociative
charge-transfer mechanism. The o,,(N,H") curve obtained
here has a different profile compared to those of the
0,.(C,H;") and o6,,(C,H,") curves, indicating that the
formation of N,H" is governed by the direct H atom transfer
mechanism. Complex E_, and vibrational dependences are
observed for ¢,,(C,H;*) and 0,,(C,H,"), v* = 0—2. Clear
vibrational enhancements are observed for the ¢,,(C,H;*) and
6,,(C,H,") channels with excitation to the v* = 2 state. The
0,. and BR measurements obtained in the present work are
valuable contributions to the database that can be used for
modeling of the chemical compositions and their evolutions of
Titan’s atmosphere and for benchmarking state-of-the-art
theoretical calculations on the chemical reaction dynamics of
the title reaction system.
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