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Quantum-state-controlled reactions between molecular radicals and ions
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Chemical reactions between ions and molecular radicals are important in both terrestrial and extraterrestrial
environments. However, due to the challenge of creating dense, pure samples of both species, very few studies
have been performed in the laboratory. We present the first measurement of a state-controlled reaction between
aradical and an ion, where the Ca™ cation and the NO radical molecule combine to form CaO™ and a nitrogen
atom. The charge transfer between Ca® and NO is simultaneously observed. We utilize a linear Paul ion trap
coupled to a time-of-flight mass spectrometer to make direct, simultaneous measurements of multiple ionic
product channels. We demonstrate control over the reaction rates by tuning of the excited-state population of the
laser cooled “°Ca*. This control, coupled with a sensitive detection technique, enables precise measurement of

the rate constants and branching ratios for this reaction.
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I. INTRODUCTION

ITons and free radicals play important roles in the chemistry
of the interstellar medium [1,2], in many combustion pro-
cesses [3,4], and in planetary atmospheres [5,6]. Therefore,
studying reactions between these species in the laboratory is
useful for developing models of the chemical dynamics in
these environments. In addition to its importance to interstel-
lar medium chemistry, radical-ion chemistry is interesting to
explore, as reactions may proceed in a fundamentally different
manner from stable molecule-ion reactions. For example, rad-
ical species such as OH, CH, and NH may abstract an H atom
or other neutral entities from the ion. Alternatively, they might
readily add to multiple bonds in the ion, acting as a classical
electrophile, or insert into single bonds to form 3-centered
three-electron intermediates. Perhaps most significant, reac-
tions between radicals and ions are predicted to be barrierless
[7-10]; therefore rapid and appreciable reactions can occur at
the low temperatures of important astronomical environments,
and these likely play a role in the foundations of the chemical
complexity of the universe. Consequently, it is imperative
to study these reactions in low-temperature environments,
where an exquisite level of detail can be extracted about these
fully quantum mechanical systems. Finally, the same level of
detail that can be extracted from low-temperature experiments
offers the chance to anchor advanced theoretical treatments of
molecular phenomena [11-13].

Even with the considerable potential for increasing our
understanding of gas-phase chemical reactions, experimental
studies of ion-radical reactions are extremely rare [14-16].
This is because laboratory measurements of ion-radical reac-
tions have been notoriously challenging to make, due to the
difficulty of creating dense, pure samples of these reactants.
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Ion densities are limited by the Coulomb repulsion between
molecules. Radicals, in most cases, must be created in situ
by breaking apart stable species, which leads to low-density,
contaminated samples. Because both of these species are
created at low densities, the interaction times for experiments
that rely on molecular beams or flow tubes are often too short
to have a significant fraction of the molecules react. Acquiring
clean samples of radicals in the gas phase and reacting them
with ions at low temperatures poses significant difficulties.
However, in the last decade, new experimental techniques
have become available [9,17-21], which have the promise to
overcome some of the experimental challenges.

Recently, these techniques were used to study ion-neutral
(nonradical) reactions at low temperatures using laser-cooled
ions stored in linear traps. Reactions between laser-cooled
atomic ions and neutral species have been demonstrated in
several systems [22-28]. Additionally, reactions using sympa-
thetically cooled molecular ions stored in ion traps have been
carried out [29-34]. Recent experiments also investigated the
influence of the internal state of the ions on the reaction kinet-
ics. In that work, the quantum state of the laser-cooled atomic
ion was varied [27,35-40], while in other measurements, the
reactivity of the molecular rovibrational state [25,27,41,42] or
the conformer was tested [43].

II. Ca™ + NO REACTIONS

In this work, we present results from reactions between
neutral radical molecules and laser-cooled, electrodynami-
cally trapped ions, where the reaction rates are controlled
by changing the quantum-state population of the ions. In
particular, we study the reactions of laser-cooled *’Ca* at
millikelvin temperatures with nitric oxide radicals at room
temperature. Since the ions are nearly at rest compared to the
neutral molecules, the average collision energy is calculated

to be Econ/kpT ~ 180 K. There are two possible charged
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FIG. 1. Comparison of reactant and product energies for the
Ca™ + NO system. The exothermicity of the reaction depends on the
quantum state of Ca'. Excited states of Ca™ can be populated by
excitation on the two cooling laser transitions at 397 and 866 nm. To
achieve cooling, the 397-nm laser is red-detuned from resonance by
an amount A. Only Ca™ in the P, ,2 state is energetically allowed to
react. The charge exchange product channel barrier is overcome by
the thermal energy of neutral NO at 180 K. (Energies not to scale.)

reaction products in this system, CaO™ and NO™ [see Eq. (1)],
where kno and kc,o are the rate constants for producing NO*
and CaO™, respectively:

Ca* +NO 2%, NO* +Ca
a0, ca0* +N. (1)

Subsequent reactions between CaO™ product ions and NO are
energetically forbidden and thus not considered.

The thermochemistry associated with the reactions be-
tween Ca* and NO was computed with high-level coupled-
cluster theory and the HEAT thermochemical protocol [44].
Using these energies, we can determine the exothermic reac-
tion pathways for our system. Laser cooling of Ca™ simul-
taneously populates three electronic states: Sy, D3/, and
Pyj, (Fig. 1). At zero temperature, no reactions can occur
when Ca is in either the ground (S ,2) or the next lowest-
lying excited state (Ds32). However, reactions can proceed
when Ca® is in the Py, state. Here, the oxygen abstraction
process is slightly exothermic [AE = —45(10) meV], while
the charge-exchange process is still energetically forbidden
by AE = 434(10) meV. For reactions at 180 K, E.q ~
16 meV, this channel will also be possible, though only
with molecules whose thermal energy exceeds the barrier.
Control over both reaction rates is possible by changing
the time Ca® spends in the P, state. In our experiment,
this control is accomplished by changing the detuning of
the primary cooling laser (A ~ 397 nm) from resonance (see
Fig. 1).

II1. ION-TRAP APPARATUS

The experimental apparatus used to study ion-radical re-
actions uses a combination of a linear Paul ion trap and a
time-of-flight mass spectrometer (TOFMS) [45], similar to
Refs. [32], [46], and [47]. The trap allows for accumula-
tion of charged products over the course of a reaction (i.e.,

several minutes) due to the long lifetime afforded by the
large trap depth (2—4 eV). Accumulation of products over
such a long time scale makes measurements of ion-radical
reactions possible even for reaction rates as slow as one
per minute. Additionally, this allows for measurements of
accumulated product ions and not just measurements of the
depletion of the reactant. This provides the opportunity to
map out simultaneous, competing reaction pathways. Once
a reaction is complete, the products can be identified by
TOFMS. Using measurements of the number of ions at each
mass-to-charge ratio, the reaction rates and products of the
reaction can be determined. The combination of an ion trap
and TOFMS makes studies of very low-density samples of
ions and radicals possible.

An experimental run begins by nonresonantly photoion-
izing (355 nm) a neutral calcium beam and loading the
resultant ions into the trap, located in an ultrahigh-vacuum
chamber (<5 x 10719 Torr). **Ca™ ions are then laser-cooled
on the Sy, — Pj, transition at 397 nm, where the laser
is red-detuned by A = 30-100 MHz (Fig. 1). Additionally,
a repump laser tuned near resonace with the D3 — Py
transition at 866 nm is used to pump ions that have fallen
into the D3/, state back into the cooling cycle. The ions are
cooled to a low enough temperature to form a Coulomb crystal
[48]. The fluorescence from the Coulomb crystal is imaged
onto an intensified CCD camera, so that the initial, absolute
number of calcium ions can be determined. Next, NO gas
is introduced into the vacuum chamber via a precision leak
valve at typical concentrations of 107 to 10 cm™3. The NO
(98.5% purity; Sigma-Aldrich) is passed through an ascarite
cell (NaOH:SiO, mixture) to remove any residual water and a
copper coil filled with a molecular sieve (3-A pore diameter)
submerged in a cold bath at —115°C to freeze out any N,O
and NO,. The pressure of NO is measured by a Bayard-
Alpert-style ion gauge and Agilent controller (XGS-600).
The large ion-trap depth ensures that all charged products
will remain trapped and have time to sympathetically cool
via interactions with the laser-cooled atomic ions. Once the
desired reaction time has elapsed, the trapping potentials are
rapidly turned off (<500 ns) and high potentials (~2 kV)
are pulsed onto the trap rods to eject ions radially into the
TOFMS [45]. The ion current from the microchannel plate
detector is converted into a voltage and recorded by a fast
oscilloscope (1 GHz). Arrival times and integrated peak areas
in the TOFMS spectra are then used to determine the absolute
number of ions at each mass-to-charge ratio [45].

IV. REACTION RATE MEASUREMENTS

Reaction rates are determined by repeating experimental
runs at different reaction times, while holding the neutral
radical concentration and Ca™ P, /2-state population fixed. An
example reaction curve is shown in Fig. 2. There, the ion
numbers are normalized to the initial number of Ca™, which is
determined from the fluorescence image taken at time ¢ = 0.
Example images of the crystals after reactions with NO are
shown at three times along the reaction curve. The dark bands
in the center and along the outer edges of the crystals indicate
the presence of nonfluorescing product ions. Solid lines are
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FIG. 2. NO" and CaO" measured ion numbers as a function
of time. Ion numbers are normalized by the initial number of Ca*
determined from the image captured at + = 0. Error bars represent
the standard error of the mean of measured ion numbers from five
experimental runs at each time point. Solid lines indicate fits to the
data using a pseudo-first-order reaction rate model. Also shown are
three false-color fluorescence images of the Coulomb crystals taken
immediately before ejecting the ions into the TOFMS. Images were
taken at ¢+ = 50, 200, and 320 s. Dark bands in the center and along
the outer edges of the crystals indicate the presence of ions that are
lighter and heavier than Ca™, respectively. These ions are the reaction
products.

fits to the data using a pseudo-first-order reaction rate model
for each reaction. Explicitly, the model is given by

NO+([) _ kNO
Ca™(0)  kno + kcao
CaO" (1) ke
Ca*t(0)  kno + kcao

(1 _ e*kNO[NO]fPf), (2)

1 — e_kCao[NO]fP[)’ (3)

where the number of NO* and CaO* product ions at a given
time, ¢, are normalized by the number of calcium ions at# = 0.
[NQO] is the concentration of neutral NO molecules, and fp is
the fraction of Ca* in the P, state.

To demonstrate control of the reaction rates by changing
the quantum-state populations of the Ca™, we adjust the 397-
nm laser detuning between measurements. The detuning con-
trols the fraction of time an ion spends in the excited P; , state
and, thus, its reactivity. The fraction of time is determined
experimentally with the help of the optical Bloch equations
[36]. First, we integrate the intensity of the florescence of
the entire pure Ca® crystal image from the CCD camera as
a function of the detuning. Next, we fit these data to the
three-level optical Bloch equations. Using this fit, we can
calculate the fraction of time the atomic ions spend in the
Py, state based on a single image of the crystal at a known
laser detuning. Since the lifetime of the excited state is of
the order of a nanosceond, one can model this excitation as a
steady-state system, where the fraction of time in the excited
state is equal to the fraction of ions that can react.
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FIG. 3. Measured reaction rates for the two product channels,
NO" and CaO%, as a function of the Ca® Py ,-state population.
The NO concentration was 2.3(1) x 10% cm™3 for all of these data.
The initial number of Ca’ ions in the trap was around 600. The
slopes of the fit lines are used to determine the 180 K reaction rate
constants. The statistical uncertainty in the P, /,-state population is
smaller than the symbols. There is an offset for the reaction rate
at zero excited-state population. However, it corresponds to only a
1%—2% offset in the P;;-state population, which is likely due to a
small systematic in determining the absolute state population from
the fluorescence.

The results of the quantum-state-controlled reaction can be
seen in Fig. 3. There, we keep the NO concentration fixed at
2.3(1) x 108 cm™3 and vary the fraction of ions in the excited
Py, state. We can vary the reaction rate by up to a factor of 5.
In our experiment, we were limited in the range of accessible
Py j>-state populations on the lower end by the decreased
cooling rate, which leads to loss of ion crystallization, and
on the upper end by the maximum fraction of ions that can
be in the Pjj, state of the three-level system, assuming the
repump laser is on resonance. In total, we are able to vary the
population between approximately 5% and 25%.

We were also able to extract the branching ratios and
reaction rate constants for the charge exchange channel,
kno, and for the oxygen abstraction channel, kc,o, using
the slopes of the linear fits and the fixed NO concentration
(see Table I). Note that the NO concentration was estimated
from an ion gauge reading with the gas correction factor for
NO. To explore a possible systematic effect of the pressure

TABLE 1. Results for the two independent determinations of
reaction rate constants and branching ratios. The listed uncertainties
represent the statistical uncertainty.

NO concentration Py, fraction

kno (cm?/s) 2.3(2) x 1071 2.7(3) x 10711
keao (cm/s) 4.4(7) x 1012 72) x 1012
BRyo 0.8(2) 0.8(1)
BRca.o 0.21(5) 0.16(3)
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FIG. 4. Measured reaction rates for product channels NO* and
CaO™ as a function of the neutral NO concentration in the chamber.
The NO pressure in the chamber was varied between 3.4x 10~ and
1x 1078 Torr to change the NO concentration. For all of these data,
the P, /,-state population was 19.1% (1.8%). The slopes of the fit
lines correspond to the 180 K reaction rate constants.

measurement, we completed an additional experiment to de-
termine the rate constants where any systematic effects likely
contribute in different ways.

The second experiment measured the reaction rates for
producing NO™ and CaO™ at a fixed laser detuning while
varying the NO concentration. The results of these measure-
ments can be seen in Fig. 4. Here, we varied the pressure
between 3.4x 107 and 1x 10~ Torr with a fixed fraction of
Ca™ in the Py, state of 19.1% (1.8%). The lower end of the
range was chosen to be well above the background pressure
before the introduction of NO, and the upper end of the range
was chosen such that the ions still formed a well-resolved

Coulomb crystal. Once again, the rate constants from these
measurements were determined by slopes from linear fits
to the data and the excited-state population calculated from
the fluorescence images (Table I). The rate constants and
branching ratios from the two experiments agree to within
statistical uncertainties. This agreement gives us confidence
in the limited impact of any uncontrolled systematic effects.

V. DISCUSSION

Typical predictions of rate constants using the Langevin
capture model do not apply in this situation. This is because
one of the channels is endothermic and involves a charge
exchange process, neither of which is well characterized by
the simple model. Instead, we present a mechanistic model for
the reactions. Likely mechanisms for the slightly exothermic
chemical reaction and the charge exchange process are shown
in Fig. 5. The calcium ions and the NO molecules can combine
in four distinct ways, involving A’ and A” electronic states
of either singlet or triplet multiplicity. Interaction along the
34" pathway correlates with the production of a ground-state
nitrogen atom and the CaO™ molecule, while interaction along
a'A'is consistent with the observed charge exchange process.
A detailed theoretical characterization of the *A” and 'A’
intermediates is desirable and is the focus of extensive future
work. However, the proposed mechanism is plausible and
consistent with the observed products.

VI. CONCLUSION

In conclusion, we have demonstrated quantum-state-
controlled reactions between laser-cooled Ca™ ions and neu-
tral NO radicals. We utilized an ion trap to accumulate the
charged reaction products over the course of the reaction. By
coupling a time-of-flight mass spectrometer to the ion trap, we

Ca0* 21 (1Y)

(NO*) '+

FIG. 5. Top: Generalized valence-bond diagrams that illustrate the processes whereby 2 P calcium atoms react with NO molecules to form
CaO™" and nitrogen atoms in their ground states. Bottom: Charge exchange process that yields Ca atoms and ground-state NO™.
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were able to make simultaneous measurements of the product
channels. Using this technique, we made two independent
measurements of the reaction rate constants and branching
ratios for NO™ and CaO™ products at 180 K. A realistic mech-
anistic model for the two product channels was also presented.
In the future, reactants of other important radicals, such as
OH and CH, can be introduced to the trapped ions while con-
trolling both the internal rovibrational states and the collision
energy through the use of a Stark decelerator. These studies

will allow for complete control over the reactants and, thus,
lead to a new level of understanding of radical-ion reactions.
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