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Imaging ion-molecule reactions: Charge transfer and C-N bond formation
in the C+ + NH3 system
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The velocity mapping ion imaging method is applied to the ion-molecule reactions occurring between
C+ and NH3. The velocity space images are collected over the relative collision energy range from 1.5
to 3.3 eV, allowing both product kinetic energy distributions and angular distributions to be obtained
from the data. The charge transfer process appears to be direct, dominated by long-range electron
transfer that results in minimal deflection of the products. The product kinetic energy distributions
are consistent with a process dominated by energy resonance. The kinetic energy distributions for
C-N bond formation appear to scale with the total available energy, providing strong evidence that
energy in the [CNH3]+ precursor to products is distributed statistically. The angular distributions for
C-N bond formation show pronounced forward-backward symmetry, as expected for a complex that
resembles a prolate symmetric top decaying along its symmetry axis. © 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4719808]

I. INTRODUCTION

The study of the reactions of gas phase ions with neu-
tral species, especially stable atoms and molecules, is a sub-
ject with a long history, dating back to the origins of mass
spectrometry.1 Ionic reactions have played a central role not
only in applications such as radiation chemistry,2 semicon-
ductor plasmas,3 and planetary atmospheres4 but also in fun-
damental studies of chemical reactivity. The earliest studies
of how energy placed in specific reactant degrees of freedom
controls reaction rates and the disposal of energy in the prod-
ucts were carried out in ionic systems.5 Kinetic measurements
have demonstrated that ion-neutral reactions are among the
fastest gas phase processes known.6 The related question of
how energy is utilized in such reactions is important in the
modeling of complex systems of coupled and consecutive re-
actions associated with the applications noted above, as well
as providing experimental benchmarks for theoretical meth-
ods that predict state to state reaction cross sections.

Probing the partitioning of energy in elementary reac-
tions is a topic that has been at the heart of the field of chem-
ical reaction dynamics for several decades.7 The requirement
that the nascent products of such reactions be probed under
single collision conditions has led to the development of a
number of powerful techniques.8 The crossed beam method
provides an ideal environment for examining single-collision
reactive processes in general, and ion-neutral processes in par-
ticular, providing data that complement rate constant determi-
nations. Crossed beam experiments may be implemented in a
number of ways, and a “traditional” experiment consists of
product velocity or energy distributions over a range of labo-
ratory scattering angles such that the velocity space center of
mass energy and angular distributions can be extracted from
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the data set. In any given time interval, the detector registers
a single velocity space element. Since a complete representa-
tion of the center of mass cross section may require the de-
termination of hundreds or even thousands of velocity space
intensities, the method is limited in scope.

The addition of product ion imaging detection to the
crossed beam method,9 allowing all elements of product ve-
locity space to be probed in a single time window, has made
significant inroads in the field of photodissociation and in bi-
molecular collision processes10 with neutral species, but ap-
plication to ionic interactions is much more limited, and only
two research groups have published velocity space product
distributions. Weisshaar and co-workers11 presented an early,
groundbreaking study of reactions of Co+ with propane and
butane in which the velocity space images of the products
resulting from hydrogen atom and methyl group elimination
were determined. Wester and co-workers have presented stud-
ies of charge transfer between Ar+ and N2 (Ref. 12) and the
nucleophilic substitution reaction of Cl− with CH3I (Ref. 13)
that provide velocity map images yielding new mechanistic
insights.

In this paper, we report first results from a new imaging
instrument in our laboratory. The reactions of C+ with NH3

provide a particularly appealing system to study via velocity
map imaging,14 owing to the existence of two kinematically
distinct reactive channels accessible at low collision energies.
The presence of significant concentrations of the carbon
cation in diffuse atomic and molecular clouds and translucent
clouds has focused attention on the role of this species in
interstellar molecule formation, and numerous rate measure-
ments of its reactions have been carried out.15 Collisions of
C+ with NH3 therefore not only inform studies of interstellar
chemistry but also provide a demonstration of the capabilities
of the velocity mapping method in ion chemistry.

Thermal rate measurements, summarized by Martinez
et al.15 show that the overall rate of C+ destruction is over
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10−9 cm3 s−1 and that the dominant reactions are shown
below:

C+ + NH3 → C + NH+
3 �H = −1.19 eV, (1)

→ CNH+
2 + H �H = −5.0 eV, (2)

→ HCN+ + H2 �H = −3.20 eV. (3)

Reaction (3) is clearly a minor channel, accounting for
only a few percent of the total C+ destruction, with charge
transfer (1) contributing 25%–30% of the total rate.

II. EXPERIMENTAL

The experimental apparatus is a major modification of
the crossed beam instrument that has been described in the
literature.16 In the present experiment, ions for the primary
ion beam are produced with the electron impact source de-
scribed by Udseth, Gentry, and Giese,17 using a mixture of
10% CO in He. The primary product of electron impact of this
mixture is He+, which then reacts with CO to form ground
state C+ (2P) cations by dissociative charge transfer.18 Fol-
lowing extraction, the ions are accelerated to 300 eV and are
then mass-selected by a 60◦ magnetic sector. After decelera-
tion to the desired beam energy and focusing by a series of
ion optics, the continuous beam of ions is delivered to the
volume defined by the repeller and extraction electrodes of
a velocity mapped imaging detector, the operation of which
is described below. Following the interaction region, the total
ion current of the ion beam can be measured, or the ion beam
can be energy-analyzed by a 90◦ spherical sector electrostatic
energy analyzer. The analyzer is the same one employed in
previous studies from our laboratory16 and is well character-
ized and calibrated. The beam has a roughly triangular kinetic
energy distribution with a FWHM of ∼0.20 eV in the labora-
tory frame of reference. Experiments were performed at four
relative energies from 1.5 to 3.3 eV, employing ion beam en-
ergies ranging from 2.0 to 5.5 eV. This study extends earlier
work from our laboratory19 in which the C-N bond formation
process was examined at a single collision energy near 2 eV.

The neutral beam is produced by a pulsed solenoid valve
located 10 mm upstream from an electroformed skimmer
(Beam Dynamics). The stagnation pressure of the gas behind
the 0.1 mm diameter nozzle is 3 atm. The nozzle chamber is
pumped by a 25 cm diameter oil diffusion pump, maintaining
a pressure of ∼3 × 10−6 torr during operation at a repetition
rate of 10 Hz. The beam is injected directly in the main cham-
ber, pumped by a 15 cm diameter oil diffusion pump, which
maintains a pressure of ∼1 × 10−6 torr with the beams run-
ning. The total volume defined by the crossing of the ion and
neutral beams is estimated to be a cube ∼3–5 mm on a side.

Product detection was achieved by velocity map
imaging,14 ideally suited to the crossed beam geometry, be-
cause the method focuses ions of a given mass with the same
(Vx, Vy) velocity components to a single image point, irre-
spective of the location of an ion within the collision volume.

The method therefore removes the effect of the finite colli-
sion volume in planes parallel to the imaging plane, but does
not remove the chromatic aberration that arises from the finite
thickness of the collision volume perpendicular to the imag-
ing plane.

The ion and neutral beams cross in a field free region of
space in a specific time interval, but because the reactants and
products are charged, velocity mapping must be initiated by
pulsed electric fields applied to the collision volume after re-
action has taken place. The extraction pulse is synchronized to
the arrival of the central portion of the pulsed molecular beam
and has a rise time of 25 ns, fast enough for the reaction prod-
ucts to move only small fraction of a mm. The duration of the
pulse is sufficient for all charged products to leave the volume
between the repeller and extraction electrodes before turning
off. In practice, the pulse must be 1–2 μs long to achieve this
condition.

The electrode configuration in this experiment is equiv-
alent to the two-electrode version described by Suits et al.20

To achieve delayed pulsed extraction, the voltage on the re-
peller plate, V1, located 10 mm below the collision center,
is typically pulsed to +1000 V, although the precise value
depends on transverse velocity and the desired filling factor
for the MCP detector. The voltage V2 on the extraction elec-
trode, placed 10 mm above the collision center, is pulsed to a
value V2 = 0.64 V1. In conjunction with a grounded electrode
placed 13 mm above the extraction electrode, this lens config-
uration provides velocity mapping for the product ions at the
imaging plane, located 0.6 m downstream from the grounded
lens.

The imaging plane of the detector is defined by the front
face of a pair of chevron-mounted microchannel plates (Pho-
tonis USA, Inc), held at −1900 V. A grounded grid precedes
the MCPs. The MCPs are gated by a 50 ns pulse, which is
timed to allow an equatorial slice of the product ion cloud to
be recorded by the phosphor screen following the MCP anode.
The light image from the phosphor screen, which is held at a
potential of +4000 V, is recorded by a CCD camera, which
transfers the image via a USB interface to a lab computer con-
trolled by a LabVIEW program. A typical image represents
the accumulation of 5000–20 000 repetitions of the pulsed
valve. All high voltage pulses are provided by commercial
pulse generators (DEI PVX-4140, 4150). The drift space and
imaging detector are in a separate chamber pumped by a tur-
bomolecular pump (Pfeiffer Balzers).

Calibration in a velocity mapping experiment requires
care, since the method impresses an unknown magnification
on the spatial image recovered at the detector. The experi-
ments reported here rely on direct energy analysis for the de-
termination of the primary ion beam velocity, and collision
kinematics for establishing a marker at low velocity that es-
tablishes the neutral beam velocity scale. The kinematics of
resonant charge transfer between an atomic beam of Ar+ and
a neutral beam of Ar produced by supersonic expansion re-
quire that an Ar+ signal occurring at precisely the velocity
of the neutral Ar beam be detected at 90o in the laboratory
coordinate system.21 In the present experiment, a supersonic
expansion of Ar at a stagnation pressure of 1 atm produces
a beam with a most probable speed of (5 kT/m)1/2 or 5.54
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FIG. 1. Ar+ + Ar thermal charge transfer image used for calibration. The
image is superimposed on the most probable Newton kinematic diagram. The
tip of the Ar neutral beam corresponds to a velocity of 5.54 × 102 m s−1.

× 102 m s−1 under our operating conditions, corresponding
to a lab energy of 0.064 eV. Figure 1 shows the Ar+ signal
produced by charge transfer at a collision energy of 1.3 eV;
the position of this image is dependent only on the velocity
of the neutral beam. The sharpness of the image is illustrative
of the quality of experimental data that this implementation
of delayed extraction provides. The quality of the image al-
lows us to establish the accuracy and precision of the image
velocities to within ±0.2 × 102 m s−1.

Several experimental factors contribute to the resolution
of the raw images. The velocity spreads in the ion and neu-
tral beams result in a 10% width in the initial relative velocity
distributions. The finite width of the equatorial slicing pulse
also contributes to the broadening of the velocity space im-
age. For example, the charge transfer products formed at a
collision energy of 2 eV define a sphere in velocity space with
a radius of 3 mm/μs. The transit time of the products to the
imaging plane is ∼5 μs, producing a sphere of diameter 30
mm. The 50 ns slicing pulse results in an equatorial slice of
width 5 mm, ∼15% of the sphere diameter. Products at the
upper and lower edges of the slice have speeds ∼1.5%–2%
smaller than the product speed at the equator. Thus, the image
aberrations arising from the finite slicing pulse are small. The
largest experimental factor contributing to experimental reso-
lution comes from the finite thickness of the collision volume.
Reaction products formed at various depths within the colli-
sion volume are accelerated to different extents and therefore
do not satisfy a unique velocity-mapping condition. SIMION
calculations suggest that this effect is comparable to the ve-
locity broadening of the beams, and studies to investigate this
factor quantitatively are underway in our laboratory.

III. RESULTS AND ANALYSIS

Figure 2 shows velocity space images for the NH3
+

charge transfer products and the HCNH+/H2CN+ conden-
sation products at all collision energies. Mass resolution is
insufficient to resolve the individual condensation products

from one another; extant studies15 suggest that the dominant
condensation product is H2CN+, and the discussion of this
paper will be based on that assumption. The charge transfer
image is centered at the position of the neutral beam, indica-
tive of a process that occurs primarily through energy res-
onance, in which the initial kinetic energy of NH3 and the
product kinetic energy of NH3

+ are essentially equal. In the
vicinity of energy resonance, the Franck-Condon factors are
consistent with the formation of NH3

+ in a sequence of bend-
ing vibrations.22, 23 The condensation products are distributed
symmetrically about the centroid of the collision system, con-
sistent with their formation from a collision complex that lives
at least several rotational periods.

The images represent product ion flux in laboratory
Cartesian coordinates,24 and a simple translation to the center
of mass yields barycentric distributions in Cartesian coordi-
nates, symbolized by P(ux, uy). Barycentric recoil speed and
scattering angle are given by the following expressions:

u = (
u2

x + u2
y

)1/2
, (4)

θ = tan−1(uy/ux). (5)

The relationship between Cartesian and polar flux inten-
sity is given by the following expression:

Ic.m.(u, θ ) = u2 P(ux, uy). (6)

Product angular and kinetic energy distributions, com-
puted by averaging the flux distribution over recoil speed
and scattering angle respectively, and denoted by the bracket
notation below, require integration over the Cartesian flux.
The angle-averaged relative translational energy distribution
of products, P(ET

′), is given by the following expression:

〈P(E′
T)〉θ =

∫ π

0
dθ sin θuP(ux, uy). (7)

Integration over specific angular regions provides a
means to assess how energy disposal may depend on scat-
tering angle. Even in the case of a collision complex that lives
at least several rotational periods, one might expect the angu-
lar distribution to be coupled to the recoil energy distribution,
especially when hydrogen atoms are ejected, but the quality
of the data reported here are insufficient to justify such an
analysis.

The speed-averaged angular distribution is computed as
follows:

〈g (θ )〉u =
∫ ∞

0
du u2 P(ux, uy). (8)

The total energy accessible to the reaction products is de-
fined as

Etotal = ET + Eint − �H, (9)

where ET is the initial relative kinetic energy, Eint is the total
internal energy of the reactants, and �H is reaction exoergic-
ity. Ion production results in ground state C+ reactants, and
the neutral beam is produced by supersonic expansion, form-
ing cold NH3 molecules.



204305-4 L. Pei and J. M. Farrar J. Chem. Phys. 136, 204305 (2012)

FIG. 2. Ion images for charge transfer and C-N bond formation, superimposed on the most probable Newton diagrams at a given collision energy. The left
column of images corresponds to the formation of NH3

+ by charge transfer. The right column of images corresponds to the formation of HCNH+ products by
C-N bond formation. The circles denote the loci of center of mass speeds that correspond to the maximum product values allowed by energy conservation. (a)
Erel = 1.5 eV; (b) Erel = 2.1 eV; (c) Erel = 2.5 eV; (d) Erel = 3.3 eV.
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FIG. 3. Charge transfer center of mass kinetic energy distributions for four
collision energies as indicated.

Figure 3 shows the kinetic energy distributions for charge
transfer. The results are plotted as a function of ET

′, since
the energy resonance condition in which ET

′ = ET is a use-
ful benchmark for charge transfer.25 In the vicinity of energy
resonance, NH3

+ products have ∼1 eV of vibrational excita-
tion. The photoelectron spectrum of NH3 consists of a broad
progression of resonances corresponding to excitation of the
umbrella-bending mode.23 The spectrum, which reflects the
Franck-Condon factors for ionization, peaks at ν2 = 6, or
∼0.8 eV of internal excitation, and is quite symmetric with
respect to the maximum. The product kinetic energy distri-
butions shown in Figure 3 are reasonably symmetric with re-
spect to their maxima, and with widths that range from ∼1 to
1.5 eV, exhibit a striking resemblance to the Franck-Condon
profile of the photoelectron spectrum.

The kinetic energy distributions for the C-N condensa-
tion reaction are plotted in Figure 4 as functions of fT

′, the
fraction of the total energy that appears in product translation.
This representation is especially useful in assessing the role
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FIG. 4. C-N bond formation center of mass kinetic energy distributions, for
four collision energies as indicated. Horizontal axis is fT

′, the fraction of the
total energy in product translation.

TABLE I. Product branching fractions.

Collision energy (eV) Fractional yield, charge transfer

0.02 (thermal) (Ref. 15) 0.28
1.5 0.81
2.1 0.86
2.7 0.91
3.3 0.93

of the total available energy, as contrasted with energy in par-
ticular internal energy states of the reactants, in controlling
product energy partitioning. The distributions are essentially
superimposable over the full range of initial kinetic energies,
suggestive of an underlying statistical mechanism for energy
partitioning.26

It is straightforward to extract branching ratio data from
the measured images. Those data are presented in Table I,
along with the value reported in thermal energy flow tube
studies.15 The charge transfer process represents only 30%
of the product at thermal energy but becomes the dominant
product in the higher energy range of these experiments. The
energy dependence of the branching ratio reflects dynamics
on two different parts of the potential energy surface. Charge
transfer reflects couplings at large distances between two sur-
faces associated with two different arrangements of charge.
The C-N bond formation channel reflects the energy depen-
dence of formation of a transient complex in which all atoms
are strongly interacting, a process for which the cross section
decreases with increasing energy.

IV. DISCUSSION

This study extends the results of our prior work, in which
the C-N bond formation reaction only was studied at a col-
lision energy of 2 eV, both to lower and higher collision en-
ergies, and provides new data on the charge transfer process.
The kinetic energy distribution measured at 2.1 eV is in good
agreement with the results reported in our original study.19 In
that study, we were able to distinguish between the forma-
tion of HCNH+ + H and HCN+ + H2, the latter channel of
significantly lower intensity than the former, but the mass res-
olution in the present geometry is insufficient to distinguish
the channels. The HCNH+ channel is 1.8 eV more exoergic,
and reaction products are formed all the way to this limit, ob-
servations that are consistent with predominant formation of
this product.

Ab initio calculations27 have predicted that insertion of
C+ into an N-H bond of NH3 forms a complex that is stable
with respect to reactants by almost 7 eV. Hydrogen migration
in this complex appears to favor the formation of a nonclas-
sical cation in which two hydrogen atoms are bound to the
nitrogen atom and one to carbon. The present experimental
data are unable to provide additional insight into the structure
of the intermediate, but the scaling of the kinetic energy dis-
tributions that characterize hydrogen atom emission with total
energy provides strong evidence that the decay is statistical.

The angular distributions for product formation, shown
in Figure 5, exhibit the symmetry about 90◦ in the center of
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FIG. 5. Center of mass angular distributions for C-N bond formation prod-
ucts at four collision energies as indicated.

mass system that is expected for decay of a transient com-
plex that lives at least several rotational periods.28 The distinct
peaks that occur at 0◦ and 180◦ are consistent with the decay
of a prolate complex decaying along its symmetry axis. For a
system with two heavy atoms, this angular distribution is the
expected decay motif, and the significant scattering through-
out the entire angular range is consistent with large amplitude
hydrogen atom motion in the complex prior to decay.

Charge transfer data were not reported in our previous
study but are readily accessible via imaging. The asymmetry
of the product flux distributions with respect to the center of
mass direction provides clear evidence that charge transfer is
a direct process, which is not surprising, given that long-range
electron transfer should not affect the momenta of the much
heavier atomic and molecular collision partners. The angular
distributions of the products, shown in Figure 6, are typical of
charge transfer reactions, with products formed in a narrow
range near 180◦, the direction of travel of the neutral NH3

precursor. Not only does electron transfer result in very small
angular deflections of the reactants, but the product kinetic en-
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FIG. 6. Center of mass angular distributions for charge transfer products at
four collision energies as indicated.

ergy distributions of Figure 3 also demonstrate that the most
probable product kinetic energies are very close to the ener-
gies of the approaching reactants. However, the accessibility
of NH3

+ vibrational states with favorable Franck-Condon fac-
tors near resonance provides a mechanism for forming a range
of product vibrational states, evidenced by the breadth of the
kinetic energy distributions. Franck-Condon factors extracted
from photoelectron spectra indicate that the most likely vi-
brational mode populated by electron transfer is the umbrella
bending motion.23

V. CONCLUSIONS

This study has provided additional data on an important
reaction in interstellar chemistry. Moreover, the study pro-
vides another demonstration of the value of ion-imaging ex-
periments as a probe of energy disposal in ion-neutral reac-
tions, especially in systems with more than a single product
channel. The multiplex advantage that the method provides
decreases data acquisition time, allowing systems to be stud-
ied over a broader range of kinetic energy. Given the maturity
of the state of knowledge of collisions of ionic species with
stable, closed-shell atoms and molecules, we believe that the
imaging method has a particularly bright future in the study of
reactions of ions with transient species such as free radicals.
Such systems represent an area where we expect to devote
significant effort.
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