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CHAPTER 1
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1.1 Introduction

Enormous progress has been achieved over the past several decades in the
determination of gas-phase rate constants for elementary reactions, espe-
cially at high temperatures relevant to combustion (7>ca. 500 K). At sub-
ambient temperatures progress has been slower, despite strong interest in
reaction kinetics data from the atmospheric and astrochemical communi-
ties, as well as for fundamental tests of rate constant theory. This is due
in no small measure to the considerable experimental difficulties associ-
ated with low-temperature kinetics measurements, but perhaps also to the
commonly-held belief that the temperature-dependent rate constants k(7)
of chemical reactions are almost universally described by the well-known
Arrhenius equation

k(T) = Aexp(— Eact/RT), (1.1)

where A is the Arrhenius pre-exponential factor, R is the universal gas con-
stant, T the temperature, and E, is the activation energy, or at least by the

Theoretical and Computational Chemistry Series No. 11

Cold Chemistry: Molecular Scattering and Reactivity Near Absolute Zero
Edited by Olivier Dulieu and Andreas Osterwalder

© The Royal Society of Chemistry 2018

Published by the Royal Society of Chemistry, www.rsc.org

1



Downloaded on 12/1/2019 2:14:39 PM.
Published on 05 December 2017 on https://pubs.rsc.org | doi:10.1039/9781782626800-00001

View Online

2 Chapter 1

modified form of this equation in which additional temperature dependence
is allowed for in the pre-exponential term
k(T) = A'T™exp(—Ey/RT). (1.2)

The origin of and justification for these equations, which, though bearing
Arrhenius’ name, owe more to the work of Van’t Hoff, have been discussed
recently by Ian W. M. Smith.! The temperature dependence of the rate con-
stant for a reaction obeying the Arrhenius equation may be represented by
the much-used Arrhenius plot of the log of k(T as a function of the inverse
of the absolute temperature, as in Figure 1.1. A linear dependence is obtained
with a negative slope corresponding to — E,c¢/RT.

Indeed, most chemical reactions between stable molecules slow to a halt
at very low temperatures because the reactants lack the energy needed to
surmount activation barriers. However, many reactions involving radicals do
not possess a barrier along the minimum energy path (MEP) joining reagents
to products over the potential energy surface (PES) that governs the reac-
tion. These so-called barrierless reactions, which are often already very fast
at room temperature, may remain rapid or even become faster as the temper-
ature drops? down to the very low temperatures prevailing in extraterrestrial
atmospheres such as that of Saturn’s giant moon Titan (ca.70-150 K)* or
interstellar clouds (ISCs; ca. 10-100 K).*® The chemistry of cold ISCs, includ-
ing regions where stars and planetary systems form, was once thought to
be completely dominated by ion-molecule reactions, which are barrierless
owing to strong attractive forces. However, in no small measure due to the
measurements described in this chapter, it is now recognized that neutral-
neutral reactions play an important role in such environments,*® and it is on
this class of reactions that we focus our attention.

A wide range of experimental techniques exists for studying reactivity at
low and ultra-low temperatures, as can be seen in the other chapters of
this book. However, many techniques do not enable the measurement of

Figure 1.1 A plot of the log of the rate constant k against the inverse of temper-
ature, commonly known as an Arrhenius plot, yields a characteristic
linear dependence with a negative slope for reactions with a barrier and
positive activation energy Eac:.
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Low-temperature Chemistry in Uniform Supersonic Flows 3

absolute rate constants at low temperatures. In chemical kinetics, the prin-
cipal method used to do this is based upon the use of so-called pseudo-first-
order conditions, where for a bimolecular reaction A + B— products, the
rate constant is determined by placing one of the two reagents (usually the
most stable one) in large, known excess, and following the time-dependent
concentration of the other reagent concentration. Because under these con-
ditions the concentration of one reactant, in the present example reactant B,
can be assumed to be constant, the standard second-order reaction rate
eqn (1.3)

djA

N —km) (1.9
then reduces to the pseudo-first-order eqn (1.4) when [B] > [A], with ks =
k[B]:

djA

] (1.4

This technique effectively isolates the elementary reaction under study
from other cross-reactions or self-reaction of the minority reagent A, and
yields first-order exponential decays of [A] (or something directly propor-
tional to it) which are analysed to yield values of k;4 as a function of co-
reagent concentration [B]. An important advantage of this technique is that
knowledge of the absolute concentration of A is not required. A plot of k;
as a function of [B] should yield a linear graph with slope k, the required
bimolecular rate constant. Variants on this methodology exist, notably the
use of flow-tube and relative rate techniques, but in essence all are based on
this method. Knowledge of the absolute concentration of the B co-reagent
enables the determination of an absolute rate constant, which is useful for
comparison with theoretical calculations as well as for input to models of
gas-phase chemical environments.

The determination of absolute rate constants for gas-phase reactions at
temperatures much below 200 K is very difficult, principally owing to conden-
sation on the cold walls of the reactor, such that maintaining a sufficiently
high and known concentration of the more abundant reactant (B in the
example above) becomes a problem. The CRESU technique,® ~8 which is the
subject of this chapter, solves this by creating a wall-less flow of cold gas by
expansion through Laval nozzles. (CRESU is a French acronym standing for
cinétique de réaction en ecoulement supersonique uniforme, or reaction kinetics
in uniform supersonic flow). Using this method, many neutral-neutral reac-
tions have been found to have rate constants that either remain very fast or
even increase as the temperature falls below 300 K, down to values as low
as 6 K.

In the case of ion-molecule reactions, fairly simple considerations involv-
ing capture on long-range potentials dominated by electrostatic interactions
enable, in the vast majority of cases, a fairly reliable theoretical estimate of
the overall temperature-dependent rate constant k(T'), even if branching into
individual product channels remains an important subject for investigation.
This is not, however, generally the case for neutral-neutral reactions which
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show more subtle effects in the temperature dependence of their overall rate
constants.

Figure 1.2 shows three general cases for exothermic bimolecular reactions.
The first case (a) illustrates a reaction with a substantial barrier caused by
the necessity to break chemical bonds. The upper panel schematically rep-
resents the potential energy (the stored internal energy) of the system as the
reaction takes place, as a function of the progress of reaction (the reaction
coordinate), while the lower panel shows what an Arrhenius plot for such
a reaction might look like. The reaction slows down rapidly as the temper-
ature drops (towards the right of the plot). While roughly linear, a slight
curvature is expected and is more evident at lower temperatures. The cur-
vature is on account of the fact that the pre-exponential A factor is actually
slightly temperature dependent’ and the occurrence of quantum mechan-
ical tunnelling, which enables the system to cross through the barrier to
reactants at energies below the summit of the barrier. If both reactants are
radicals, for example CN and O,,® then there may be no barrier on the poten-
tial energy curve, as shown schematically in Figure 1.2(b). The potential curve
displays a deep well as the unpaired electrons on each radical combine to
form a chemical bond. In this case the reaction generally becomes faster
as the temperature drops, as depicted in the lower panel of Figure 1.2(b).
In fact, not only reactions between two radicals, but also reactions between
radicals and closed shell molecules have been shown to be rapid. One of
the earliest reactions to be studied at very low temperatures by the CRESU
technique, CN + C,Hg — HCN + C,Hs;,'° showed a behaviour which is in
some ways a combination of the two ‘extremes’ represented by Figure 1.2(a)
and (b). At high temperatures it displays positive activation energy, but as
the temperature decreases the rate constant passes through a minimum and
then increases by almost an order of magnitude between 200 K and 23 K.
This behaviour is characteristic of a system represented schematically in the
upper panel of Figure 1.2(c), with an initial relatively weakly bound complex,
which then goes on to cross a potential barrier to proceed to products. The
interplay between the formation and redissociation of the initial complex
versus subsequent crossing of the barrier has been invoked to explain the
observed behaviour.'»12 Further experimental and theoretical studies have
shown that many radical-molecule reactions fall into this same category, but
the minimum in the rate constant is not always observed in the tempera-
ture range of existing measurements as it depends strongly on the interplay
between the initial well depth and subsequent barrier height as represented
by the red arrows in the upper panel of Figure 1.2(c).

The temperature dependence of neutral-neutral chemical reactions down
to very low temperatures is controlled as we have seen by a subtle interplay
of barrier heights (and associated entropic effects) as well as the possible
effects of quantum mechanical tunnelling in the case of relatively small bar-
riers. Measurements of low-temperature rate constants provide therefore an
exacting challenge both for quantum chemical calculations of ab initio PESs
as well as for quantum dynamical scattering calculations or other theoretical


https://doi.org/10.1039/9781782626800-00001

Downloaded on 12/1/2019 2:14:39 PM.

Published on 05 December 2017 on https://pubs.rsc.org | ¢

Figure 1.2 Schematic representations of the potential energy as the reaction takes place (upper panels) and the likely appearance of Arrhe-
nius plots (lower panels) for three representative types of exothermic bimolecular reactions: (a) A reaction with a substantial
barrier, which adheres approximately to the Arrhenius equation, though showing some non-linearity over a wide tempera-
ture range owing to a number of factors including quantum-mechanical tunnelling; (b) A reaction with no barrier, showing
strongly non-Arrhenius behaviour; and (c) A reaction passing through an initial transient weakly bound complex and then
over a barrier (which may or may not be above the reagent energy): the reaction adheres to the Arrhenius equation only at
higher temperatures. Adapted by permission from Macmillan Publishers Ltd: Nature Chemistry (ref. 49), copyright (2013).
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methods such as transition state theory designed to provide reaction rate
constants.

Cryogenically cooled cells have been used to provide reaction rate con-
stants in a few favourable cases down to below 100 K, especially where the
co-reagent is not easily condensable, as is the case for O,. Studies of colli-
sional energy transfer with bath gases such as He or H, also fall into this
category, and the collisional cooling technique invented by Willey and De
Lucia,'®!® and later adapted and renamed buffer gas cooling by Doyle et al.,'®
has been used to obtain information on rotational energy transfer below 5 K
in such cases: however, its application to date has been limited to inelastic
collisions.

In order to investigate the kinetics of condensable species at very low
temperatures it is necessary therefore to use expansion-based cooling meth-
ods. While free jet expansions and molecular beams have been used with
great success in spectroscopy to prepare rotationally cold samples of iso-
lated molecules, their use for the study of cold bimolecular reactions is
limited by the very low densities and strong density gradients which result
in a loss of the local thermodynamic equilibrium (non-Boltzmann distri-
butions over rotational states, for example) and a lack of collisions within
the expansion. The CRESU technique was originally invented by Rowe,
Marquette, and co-workers®” to study ion-molecule reactions by using a
special type of expansion technique, which maintains thermalization at all
times. The next section describes this technique in detail, after which a num-
ber of case studies will be detailed to illustrate its application to problems in
low-temperature chemical kinetics.

1.2 The CRESU Technique

1.2.1 Uniform Supersonic Flows

When performing reaction rate measurements, as explained in the previous
section, it is essential to know the absolute concentration of at least one of
the reacting species. A common means of cooling a gas-phase reactor is to
cool down the walls of the system by circulating a coolant or cryogen in a
double-walled jacket around the gas-phase (slow) flow tube.!” However, the
vapour pressures of most molecular species of potential interest for low-
temperature chemistry, including hydrocarbons and many others, shrink
to a negligible level at temperatures below 200 K, and so such species will
condense on the walls of the reaction vessel. Even if some reagents can be
introduced via heated injectors far away from the walls, their concentra-
tion will neither be homogeneous in the reaction zone, nor able to be easily
determined. This means that cooling via the walls of the reaction cell is not a
viable method for (very) low-temperature kinetics, and we must find another
way to cool down the reactant species.

The most widely used technique for generating cold gas-phase molecules
in chemical physics experiments is by expansion from a very high-pressure
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reservoir through a small orifice to a very low-pressure chamber. By this
free jet expansion technique a very high degree of cooling can be achieved,
and subsequent passage via an appropriate skimmer can yield molecular
beams where the internal rotational and translational temperatures can be
of the order of 1 K or even well below. Such molecular beams have been
used for example in the spectroscopic observation of the helium dimer at
a translational temperature of 1 mK,'® as well as in studies of reactivity by
the use of the crossed molecular beam technique.!® However, their use in
low-temperature chemical kinetics is limited by the very strong density gra-
dients and loss of local thermodynamic equilibrium, with non-Boltzmann
rotational distributions and out-of-equilibrium translational temperatures,
linked to the very low rate of collisions in such beams. This severely limits the
use of these environments for kinetics studies especially of neutral-neutral
reactions, where it is necessary to establish thermal equilibrium after, for
example, photolytic generation of a radical reagent, on a timescale that
is short compared to reaction. These two requirements—expansion cool-
ing to enable the rapid generation of highly supersaturated gas samples,
and reduction of the strong density gradients associated with uncontrolled
free jet expansions to achieve a higher density homogeneous environment
where local thermodynamic equilibrium can be maintained by frequent
collisions—have led to the use of uniform supersonic expansions in kinetics
applications.

Laval nozzles, described in 1888 by Gustaf de Laval, are axisymmetric noz-
zles consisting of a convergent section followed by a divergent section. They
have found application in the generation of supersonic flows, notably for
rocket motors. A Laval nozzle can be used to expand any gas and generate
a supersonic expansion.

The action of a Laval nozzle on a gas flowing through it is a two-stage
process. In the convergent section of the nozzle (see Figure 1.3), the gas
is accelerated since the cross-section becomes smaller as the gas moves
towards the exit (but the gas is not compressed). If the gas flow is adequate

Figure 1.3 Schematic Laval convergent-divergent nozzle temperature map. Initial
(reservoir) temperature in red (usually 298 K). Final (uniform super-
sonic flow) temperature in blue (typically 20-200 K).
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for the nozzle, the gas reaches a Mach number of 1 at the throat. The gas
further expands in the divergent section of the nozzle and reaches higher
Mach numbers. The adiabatic expansion taking place through the nozzle
reduces the temperature and density of the gas, while raising the velocity.
If proper conditions are met, the flow is collimated and propagates along a
cylindrical trajectory. If the pressure of the gas inside the flow is too high or
too low, the flow is over-expanded or chocked and shockwaves will appear.
This is to be avoided for a reaction rate study, since a local compression
will be induced, changing the flow properties, and consequently the physical
conditions encountered by the reactants.

In a Laval nozzle, the flow is compressible. It is possible to apply a variation
of Bernoulli’s equation, taking into account enthalpy and potential energy.
However, the nozzle size is small (gravity effects are negligible) and the flow
is isentropic. Thus, we can apply the following equations directly in such a
nozzle. ) )

v V
CpThow + f‘2°W =CpTo + 50 (1.5)

PV” = constant, (1.6)

where C;, is the specific heat capacity at constant pressure, v the fluid velocity,
T the fluid temperature, V the occupied volume, and vy the ratio of specific
heat capacities, defined by y = C},/C,, where C, is the specific heat capacity at
constant volume. The “0” indices refer to reservoir values (static gas), while
“flow” indices can refer to any point in the flow.

In a CRESU experiment, the nozzle is mounted on a reservoir whose vol-
ume is large compared to the nozzle’s internal volume. Because of this, the
fluid velocity in the reservoir, vy, is considered to be negligible compared
to the speed in the Laval nozzle flow, vgey. The Mach number, introduced
before, is the ratio of flow speed to the speed of sound in the same fluid. It
is important to remember that the speed of sound is influenced by the mass
density of the medium (the higher the density, the higher the speed). The
Mach number M is defined as

Vo, RT
M=" with a=,/ o~ (1.7)
a \ M,

with R being the gas constant (R = 8.314 ] K~ mol 1), T the fluid tempera-
ture, and My, its molar mass. For an ideal gas:

Cp — Cy=R. (1.8)
By substituting in Bernoulli’s equation, we obtain
—1
J— 1 9
Tow = To (1 + 5 M ) . (1.9)
To obtain conditions suitable for reaction rate measurements, the flow

needs to be collimated, that is, the pressure in the flow has to be equal
to the pressure outside the flow (in the chamber for a CRESU experiment).
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The nozzle is usually designed for use with a certain gas, and specific tem-
perature and density parameters. When these conditions are respected, a
low-temperature, uniform, supersonic, dense flow is produced.®

In reality, when constructing a Laval nozzle for any kind of experiment
or application, certain points must be taken into account. The fluid viscos-
ity is never zero and a small heat exchange with outer layers occurs. Thus,
the process is not strictly adiabatic. Furthermore, an inverse solution of the
Navier-Stokes flow equations is not analytically possible, but a numerical
solution can be found using a perturbation method.® This is based on initial
assumptions of an ideal fluid, with no viscosity and no heat exchange. It is
then necessary to take into account two effects:

o the walls of the nozzle are at a fixed temperature (usually ambient
temperature);

e the non-zero fluid viscosity imposes a velocity of 0 at wall contact, with
a gradient of speed orthogonal to flow direction.

This allows the computation of a secondary flow, non-isentropic, of thick-
ness 01, a layer of gas with a velocity of 0 at wall contact and with an increas-
ing speed as distance increases. Physically it corresponds to the distance the
wall has to be moved to keep a constant mass flow of fluid. Between the
wall and the isentropic core is a layer where isentropicity is not achieved,
the boundary layer of thickness ¢ in Figure 1.4.
The smaller the size of the boundary layer, the better the flow quality, since
the isentropic core is the desired part of the flow. The Reynolds number Re
is a good indicator of the flow quality. The Reynolds number, for a flow, is
a non-dimensional quantity equal to the ratio of inertial forces to viscous
forces. Viscous forces here are the actions of nozzle wall on the flow, and
inertial forces are acquired by pressure differences of the fluid, converted as
kinetic energy. The Reynolds number is given by
Re="L it Soc L, (1.10)

i L~ VRe
where v is the flow velocity, p the fluid volumetric mass, L a characteristic
length (uniform flow length for a CRESU experiment) and u the dynamic

Figure 1.4 Real and ideal nozzle profiles, with flow left to right. The thickness of
the isentropic core can be a few millimetres in radius (below 40 K) or as
high as 2 cm radius at 200 K. The boundary layer thickness is typically
the same order of magnitude as the isentropic core.
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viscosity of the fluid. If the Reynolds number is low, the boundary layers
are small compared to flow length. A good flow will therefore tend to be
associated with a higher Reynolds number. Typical dimensions of Laval
nozzles used in the CRESU technique are of the order of 20 cm long with
a throat radius ranging between 2-3 mm and 2-3 cm. At their exit typical
Laval nozzles can open up to a radius of 2—-4 cm.

When fabricating a nozzle for an experiment, the critical part is the pre-
cision reached at the throat during the machining process. Any significant
imperfections can cause serious perturbations to the subsequent uniform
supersonic flow. Conditions for its use (pumping capacity, reservoir pres-
sure, gas flow) are dictated by the laws of fluid mechanics, which are solved to
generate a profile (radius R as a function of axis position z). Mechanical con-
straints further impose a certain minimal length and throat size. After the
nozzle is constructed, it must be tested to measure the real specifications,
usually close to theoretical calculations with any differences attributable
to slight imprecisions in the machining process. Imperfection in the con-
struction of the nozzle will result in a temperature and/or density differing
from the design values, and an additional presence of oblique shockwaves
(see Figure 1.6). These shockwaves have a negative influence on the unifor-
mity of the density profile, and result in a larger standard deviation of the
temperature along the flow.

The best way to test a nozzle is to use it in real conditions and sample the
generated flow with a Pitot probe (Figure 1.5).

A Pitot probe is a hollow tube inserted inside the flow, parallel to its prop-
agation. The impact of the flow on the tip of the probe creates a detached
shockwave at the insertion point, and this “impact pressure” is measured by
a pressure sensor at the other end of the tube. The impact pressure combined
with the nature of the gas and the reservoir pressure can be used to deduce
the flow characteristics. The impact pressure (P;) and the flow pressure (P)
are linked by a relation involving the Mach number M:

y+1 1
+1\ —1\ ™
P =P (7 . ) M (7M2 7 5 > . (1.11)

Figure 1.5 Pitot impact pressure measurement principle. A Pitot tube (a thin tube)
is inserted facing opposite to the flow direction. A detached shockwave
forms in front of it, and the impact pressure behind the shockwave is
directed to a sensor. Another sensor monitors the reservoir pressure.
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Figure 1.6 Density map (molecule em™?) (bottom) of a nozzle yielding a 23 K He
flow for the CRESU experiment at the Institut de Physique de Rennes,
and (top) a one-dimensional extract along the axis r = 0. Note how as
the flow progresses, the boundary layers progressively reduce the size
of the isentropic flow core, and the oblique compression shockwaves at
downstream positions 5 cm and 10 cm. These shockwaves are caused
by a slight difference in pressure between the flow and the chamber.

Because the core of the flow, where the probe is inserted, is isentropic, the
impact pressure (P;) can be expressed as function of the reservoir pressure

(Pr):
Pi=P (W) <7+1) (1.12)

y—1)M?* +2 2yM? — v + 1

In order to obtain the flow characteristics, the reservoir pressure, temper-
ature and mass flow must be kept constant, while measuring the impact
pressure at every desired point. The equation can be solved for the Mach
number (an analytical solution may not be possible, and numerical solution
by an iterative algorithm is usually the preferred method). Once the Mach
number for every point probed is obtained, the temperature, density, and
flow velocity at this point are easily deduced. Sampling over a large number
of points along the flow propagation axis gives proper information on the
flow quality and properties. Figure 1.6 shows the result of a Pitot test yield-
ing a density profile both along the central axis and as a 2D plot for a Laval
nozzle giving an uniform supersonic flow at a temperature of 23 K, with a
flow duration of about 100 ps. Resolutions are 5 mm along the flow axis
and 1 mm in the radial direction. The Pitot tube has an internal diameter
of 0.3 mm.

Such plots are used to determine the limits of potential reaction time
under uniform flow conditions, as well as the average temperature and
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density, which are necessary for any reaction kinetics measurements. The
reservoir temperature is obtained by the means of a thermocouple sensor
(£0.1 °C) and the pressures are determined with an accuracy of +0.1% on
two independent sensors.

It should be noted that nothing requires the flow to be continuous, and
indeed, several groups have developed pulsed versions of the CRESU tech-
nique, in order to reduce gas consumption. Pulsing can be done before
the reservoir,?°~ 24 or between reservoir and nozzle.?® ~2” Pulsing before the
reservoir generally requires a rather small volume for the latter in order to
ensure rapid filling, which can reduce the quality of the supersonic flow,
as the gas is no longer static to a good approximation before entering the
convergent section of the Laval nozzle. One solution to this problem is
based on the use of high-force fast piezoelectric actuators to enable very
fast high-throughput valves.?* Alternatively, pulsing the flow just after the
throat of the nozzle by means of a spinning disc valve gives superior perfor-
mance, but at the cost of increased problems of wear on the necessary sliding
seals.?> ~27

1.2.2 Kinetics Techniques in Combination with Uniform
Supersonic Flows

A uniform supersonic flow can be thought of as essentially a flow tube with-
out walls, in which reagents and precursors can be introduced at partial
pressures in excess of their saturated vapour pressure at the temperature of
the flow. In essence, any reaction kinetics technique that can be applied in
standard room-temperature flow tubes stands a good chance of being appli-
cable in uniform supersonic flows as well. As mentioned above, in order to
apply the isolation method to study bimolecular reactions between neutral
species, we need to ensure that one of the reagents is present in large and
known excess, and then to record the concentration of the other, usually
radical, species in a time-resolved fashion—though not necessarily on an
absolute scale of density, as explained above. The most common method
used to measure reaction rate constants in uniform supersonic flows has
been the pulsed laser photolysis—laser-induced fluorescence (PLP-LIF) tech-
nique. Indeed, this was used for the first measurements of radical-molecule
reaction rate constants in the CRESU technique,®'° and will be explained
in detail below. Other reaction kinetics methods used in conjunction with
the CRESU technique include the chemiluminescence marker technique
for the study of C,H and C(*P) reactions,?%?° whereby a radical concentra-
tion is followed via a reaction yielding an excited-state fluorescing product,
and mass-spectrometric sampling, employing the CRESU in fast flow-tube
mode for time resolution of cluster formation.3%! Variants for the measure-
ment of product-channel-specific rate constants are discussed later in the
chapter.

In a CRESU apparatus, the reaction to be investigated has to be initiated
for the study. When working on radicals, the most common way to do it
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is using pulsed laser photolysis (PLP), typically employing high-power UV
pulsed excimer lasers operating at 193 nm (ArF) or 248 nm (KrF), or the
fourth harmonic of an Nd : YAG laser at 266 nm.

Laser-induced fluorescence (LIF) is a technique of selective excitation by
absorption of laser light of a specific wavelength and subsequent fluores-
cence detection of a species using a specific wavelength.323% Most often
it is based on the use of a tuneable dye laser or an optical parametric
oscillator/amplifier (OPO/OPA). An electronic transition is usually targeted
with visible/UV lasers. The excitation can be in resonance, that is, the de-
excitation of the species will produce the same wavelength as the exci-
tation, or non-resonant. In the latter case, typically the excited species
will fluoresce to a higher vibrational level of the ground electronic state,
which gives the possibility of filtering out the excitation light from the
laser and selectively collect the fluorescence. If the experiment must be
done in resonance, the best way to collect the light is to discriminate it
geometrically or temporally from the source light. LIF is an extremely sen-
sitive technique. A major drawback of LIF is the technical impossibility
of scanning over a large range of wavelengths easily, as the light source
has to be changed. A typical dye laser will, with one dye, reach a range
of 20-40 nm in the visible, divided by two or three if using second- or
third-harmonic generation. This means that the experimenter must already
know what to look for when setting up the experiment. In the case of
UV/visible wavelengths, mirrors must often be changed, which requires a
new alignment procedure. For this reason, PLP-LIF is often used to track
the decay of one of the injected species, rather than the appearance of
products.

In the CRESU experiment, the pseudo-first-order-technique is used if
possible.?* This technique allows the measurement of a second-order rate
constant with multiple first-order experiments, as described previously. A
few us (typical range 0-400 ps) after the photolysis pulse, the tuneable laser
pulse excites the tracked species to probe its concentration. This causes flu-
orescence, which is collected by a photomultiplier tube that converts a light
intensity into a measurable current, in a linear fashion. The resulting cur-
rent is converted into a voltage which is integrated and digitized, and the
integrated value plotted against the time delay. The pair of PLP and LIF laser
pulses are repeated for a different time delay. With sufficient pairs of PLP-LIF
pulses, a decay curve is obtained, which should be single exponential in the
case of pseudo-first-order kinetics. With multiple pseudo-first-order experi-
ments, it is possible to obtain the second-order rate constant of the reaction
measured.

The PLP-LIF process is represented schematically in Figure 1.7. The fol-
lowing steps are repeated for each single point of a PLP-LIF decay:

e In the cold, uniform, supersonic flow, with typically 1% reactant and
0.01% precursor, we consider here an infinitesimal sample.
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Figure 1.7 A schematic representation of the PLP-LIF technique implemented
within a CRESU apparatus. Refer to the text for further explanations.

e PLP occurs, performed by an excimer laser or the fourth harmonic
of an Nd: YAG laser. Bonds are selectively broken and the whole flow
now contains radicals. PLP has a limited efficiency, defined by the
absorption cross-section of the precursor at the PLP wavelength, the
quantum yield for the formation of the radical species and the fluence
of the laser. The reactive species is formed at strictly less than 0.01%
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of the total flow density. Negligible heating of the flow occurs, owing to
the high density of cold buffer gas present. This event corresponds to
the start time ¢,.

e Because the flow is dense, collisions quickly occur between newly
formed radicals and species in the flow, statistically more often with
carrier gas, which thermalizes the radicals. Reactive collisions occur
when radicals encounter the reactant species (typically at 1% of the
total flow density). This depletes the concentration of active species,
while reactant species concentration remains quasi-constant. Minor
reactions involve reactive species with its precursor (0.01%) and two
reactive species together (extremely low probability).

e The whole flow, in particular the infinitesimal sample, advances
towards the end of the supersonic beam, while reactions occur deplet-
ing the reactive species.

o After a time At the LIF pulse occurs, illuminating any reactant radicals
still present in the flow, either over the whole flow, or—if the diameter
of the laser beam is smaller—over a flow cylinder included in the flow.

e Excited reactive species fluoresce and emit light on a very short
timescale (typically 10-100 ns half-life). All species in the flow fluoresce
at the same time, but because the fluorescence is a very fast process
compared to the movement of the species in the system, only species
directly below the photomultiplier tube when the LIF pulse occurs are
actually detected (even with a fast nozzle, the speed is usually less
than 200 m s~!, meaning that in 100 ns the flow advances by less
than 0.2 mm). The collection area of the photomultiplier tube is a sec-
tion directly in beneath it, a few centimetres wide in the CRESU. The
fluorescence signal is usually collected via a gated integrator.

e The process is repeated for a different At (up to a maximum defined by
the time taken for a sample of gas starting at the exit of the nozzle to
reach the detection zone at the PMT), to construct the signal curve as
a function of time, which should be an exponential decay. Fitting this
curve gives the pseudo-first-order rate for that particular concentration
of co-reagent.

e The whole cycle is repeated for differing co-reagent concentrations and
the resulting second-order plot yields the rate constant for the reaction.

1.2.3 Limitations of the CRESU Technique

Limitations of the CRESU technique include a restriction to the measure-
ment of relatively rapid reaction rates at low temperatures, and also the need
for significant equipment and consumable resources.

Introduction of a reagent into the CRESU flow is usually restricted to a
few percent of the buffer gas flow rate, as the nozzle and flow conditions
are calculated using the characteristics (viscosity, molar mass, specific heat
capacity) of the buffer gas. It may be possible under certain circumstances
to recalculate nozzles and flow conditions for higher reagent proportions,
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though this will likely result in considerably different final temperature and
density conditions in the uniform flow. Particularly at the lowest tempera-
tures, the introduction of molecular co-reagents, especially those of higher
mass and complexity, is likely to be limited by the onset of dimerization
and subsequent formation of higher oligomers. For a typical uniform flow
density of 5 X 10'® molecule cm ™ the maximum reagent concentration
will not be more than 10'®> molecule cm ™3, and this, combined with typical
hydrodynamic flow times of the order of 200 ps at the lowest temperatures,
means that the CRESU technique is best adapted for the study of relatively
rapid reactions, with a lower limit of around 10~ !? em® molecule ! s~ in
all but the most favourable cases.

The size of the apparatus is another significant constraint. Since Laval
nozzles are usually designed to obtain a low pressure in the supersonic
flow (around a fraction of a mbar) in order to avoid problems of reagent
homogeneous condensation, large pumping capacities are necessary for
the apparatus. Typically, studying binary reactions involving neutral part-
ners, at temperatures as low as 15 K, requires pumping capacities of about
30 000 m* h~1. An Olympic pool of standard dimensions has a volume of
2500 m®. Hence, these pumps can empty the volume of gas that would fill an
Olympic pool in just 5 minutes. The Rennes CRESU chambers are typically
0.5 m in diameter and 3 m long. However, if pressures of about 1 mbar are
acceptable in the supersonic flow for the study of a given process (for exam-
ple, if only reagent molecules containing a few atoms are to be used or higher
temperatures are of interest), then a significant reduction in pumping capac-
ity can be achieved at these higher chamber pressures, as is the case for the
mini-CRESU that has been constructed at the Université de Bordeaux 1 by M.
Costes and co-workers.3* This apparatus, however, cannot reproduce temper-
atures lower than 50 K in the supersonic flow because of its limited pumping
capacities. Another way to diminish significantly the size of a CRESU appa-
ratus is to develop pulsed uniform supersonic flows, as mentioned above.
Various types of pulsed CRESU apparatus have been developed in different
laboratories, including our own, but are not the main subject of the current
chapter.2°—27

1.3 Case Studies

We now present a number of case studies drawn mainly from our own
work to illustrate the wide range of applications of the CRESU technique in
low-temperature chemical kinetics. It has long been known that reactions
between two radical species are likely to have no barriers to reaction along
the MEP (case b of Figure 1.2), and we start with the first neutral-neutral
reaction between two unstable radicals studied by the CRESU technique, the
reaction O + OH. We then go on consider reactions between radicals and
molecules where the absence of a barrier to reaction is less obvious (case
¢ in Figure 1.2), and illustrate this with a study of O(*P)+alkene reactions.
Finally, in our survey of basic bimolecular reaction types we illustrate the
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importance of quantum mechanical tunnelling in maintaining a rapid rate
constant even at very low temperatures for reactions with a barrier (case a
in Figure 1.2) by the study of the important interstellar reaction F + H,.
Following on from these prototypical reaction kinetics examples, we then
illustrate wider applications of the CRESU technique to the study of the ther-
modynamics and kinetics of weakly bound species, and in the determina-
tion of product branching ratios by two different but highly complementary
techniques.

1.3.1 Radical-Radical Reactions: O + OH— O, +H

The first neutral-neutral reaction to be studied by the CRESU technique,
CN + 0,,® was a radical-radical reaction, but molecular oxygen, albeit a
diradical with a triplet ground state, is of course a stable gas and easily han-
dled. In order to study reactions between two unstable radicals, one of the
two must be generated in large and known excess, and with the high gas
flows and lack of transverse diffusion mixing within the cold uniform super-
sonic flow this has proved challenging. The first such study was reported in
2006.%° The O(*P;) + OH(X?Ilg) — O, + H reaction has been the subject of
numerous experimental and theoretical studies. In the late 1970s and early
1980s, I. W. M. Smith’s group measured the rate coefficient of this reac-
tion using the discharge flow technique down to 250 K,*” and then in the
mid-1990s down to 158 K.*® Subsequently a number of other experimental
studies have been performed as well as numerous theoretical calculations,
and references to some of this work may be found in Carty et al.*® Based
on this earlier work, astrochemical modellers had, by extrapolation from the
lowest temperature values, been using a rate coefficient for this reaction at
10 K in excess of 107 1% cm® molecule ™! s~1.3° However, results from satel-
lite observations®® 4% of the (very low) concentration of molecular oxygen
in interstellar clouds have resulted in significant interest in this reaction.
Viti et al. suggested that an activation energy E,../R = 80 K would be neces-
sary to explain the low abundance of O, in interstellar clouds, resulting in
a rate coefficient at 10 K around four orders of magnitude below the previ-
ously assumed value. It was therefore decided to undertake the difficult task
of measuring this rate coefficient at lower temperatures using the CRESU
technique.

A novel VUV co-photolysis technique was chosen to generate the necessary
concentrations of ground-state atomic oxygen and the low concentrations of
OH radicals. Using Laval nozzles designed to work with N, buffer gas (see
below) at temperatures down to 39 K, Carty et al.?® introduced a mixture
of known concentrations of molecular oxygen and trace quantities of water
vapour into the supersonic flow. An F, excimer laser operating at 157 nm
was then used to produce oxygen atoms by photolysis of molecular oxygen,
and OH radicals via photolysis of water. At each O, concentration used,
the fluence of the VUV laser was carefully measured in situ and this, cou-
pled with knowledge of the O, photodissociation cross-section at 157 nm,
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enabled the calculation of the O atom concentration. The photodissocia-
tion of O, at 157 nm produces both O(*P) and O(*D) atoms, and so the
use of N, as a buffer gas was essential in order to rapidly relax the excited-
state O(1D) atoms to O(®*P). This co-photolysis thus created the necessary
pseudo-first-order conditions and the subsequent decay of OH radical con-
centration was followed by LIF using a second pulsed tuneable dye laser
operating at 282 nm.

An example of the decay of OH radicals in the presence of oxygen atoms
at 47 K is shown in Figure 1.8 along with the associated second-order plot.
The results obtained required correction for expansion of the gas caused
by absorption of the photolysis beam, as well as relaxation of vibrationally
excited OH radicals by O, and N, during the reaction. Once these (relatively
minor) corrections had been applied, the rate coefficient for the reaction
between OH(X?Il,) and O(*Py) shows no significant variation between 142
and 39 K with a value of (3.5 +1.0) X 10~ em® molecule ! s~ through this
range of temperature. This result is somewhat lower than the values reported
earlier by Smith and Stewart,*® but is in good agreement with the latest the-
oretical work, as reviewed recently by Teixidor and Varandas,*® as shown in
Figure 1.9.

1.3.2 Radical-Molecule Reactions—O(®P) + Alkenes

One of the most surprising results to come out of the early CRESU work on
neutral-neutral reactions was a study on the reactions of the CN radical with
anumber of hydrocarbons, both unsaturated (C,H, and C,H,) and saturated
(CyHg).1% Not only were the rate constants for these radical-molecule reac-
tions all found to be fast at very low temperatures (down to 25 K), but the
rate constant for the CN + C,H, reaction was found to display a minimum
with Arrhenius-type behaviour at higher temperatures, and barrierless-type
behaviour at lower temperatures. This was understood in terms of the tran-
sient formation of a pre-reactive complex,'! and subsequent passage over a
barely submerged, but tight (i.e. low entropy) barrier,'? corresponding to case
c in Figure 1.2.

It was later understood that the temperature dependence of radical-
molecule reaction rate constants is to a great extent determined by the height
of this barrier, which results from avoidance of crossing between ionic and
covalent potential curves. On this basis, together with an analysis of a large
number of radical-unsaturated molecule reactions studied at very low tem-
peratures, I. W. M. Smith et al.** proposed a second, semi-empirical method
for deciding whether rate coefficients would be substantial at the temper-
ature of ISCs, whereby, when the difference between the ionization energy
of the molecular reagent (L.E.) and the electron affinity of the radical (E.A.),
(LLE.—E.A.), is significantly greater than 8.75 eV, the reaction is likely to pos-
sess a ‘true’ barrier and will therefore become negligibly slow at 20 K. On
the other hand, reactions with (I.LE.—E.A.) < ~8.75 eV are likely to be charac-
terized by, at most, inner barriers that are submerged below the asymptotic
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Figure 1.8 Experimental data for the O + OH reaction. Upper panel: LIF signals
from OH at different delay times between the pulses from the photolysis
and probe lasers at 47 K and [O(*P)] =13.9 X 10" molecules cm™>.
Lower panel: Plot of the pseudo-first-order rate coefficients for decay of
the OH concentration at 47 K plotted against the concentration of O(*P)
atoms, uncorrected for the heating/expansion effect mentioned in the
text. The statistical errors are smaller than the size of the points. The
arrow indicates the value of ks derived from the fit shown in the upper
panel. Adapted with permission from ref. 36. Copyright 2006 American
Chemical Society.

reagent energy, and therefore be rapid at 20 K and of potential importance
in ISC chemistry. Smith et al. further pointed out that the reactions between
ground-state oxygen atoms, O(*P), with simple unsaturated hydrocarbons
possess values of (I.E.—E.A.) that bridge the ‘critical’ value of 8.75 eV and
would therefore provide an important test of their hypothesis.
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Figure 1.9 Rate constants for the reaction O + OH(v = 0, j = 0) as a function of
temperature: from Teixidor and Varandas® (solid black), and experi-
mental (CRESU) data from Carty et al. (black filled circles). Other exper-
imental (filled circles) and theoretical (lines) data are as described in
Teixidor and Varandas.*® Reprinted from M. M. Teixidor and A. J. C.
Varandas, J. Chem. Phys., 2015, 142, 014309, with the permission of AIP
Publishing.

In order to test this proposal, we performed low-temperature measure-
ments of the rate coefficients for these reactions, as reported in Sabbah
et al.*> O(’P) atoms were generated in the cold CRESU flow via 355 nm laser
photolysis of NO,, and their concentration followed using chemilumines-
cence from excited NO,*, formed in the association of O(*P) with NO, as a
‘marker’ for the oxygen atom concentrations. As the NO concentration and
the total pressure did not change during the reaction, the NO,* fluorescence
was proportional to the instantaneous O(*P) concentration, which decayed
exponentially as a result of reaction with the added alkene. Results were
obtained in most cases down to 23 K or 27 K, except for the O(*P) + ethene
reaction, for which only an upper limit could be measured at 39 K. Sabbah
et al.*® also reported electronic structure calculations employing second-
order multi-reference perturbation theory (CASPT2) to determine the inner
barrier heights. For O + propene, the CASPT2-predicted barrier was adjusted
downwards by 0.6 k] mol~!, to obtain optimum agreement with experi-
ment. For consistency, this adjustment was applied to the other reactions
as well. For the butene cases, this adjustment had an insignificant effect on
the predictions. The experimental low-temperature data, high-temperature
literature data from Cvetanovich,*® and the theoretical calculations are all
displayed in Figure 1.10. The experimental results can be seen to clearly fall
into the three categories referred to above: O(*P) + cis-, trans- and iso-butene
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possess fully submerged barriers, and display rapid rate coefficients
with a negative temperature dependence at all temperatures. O(*°P) +
ethene possesses a ‘true’ non-submerged barrier, and its rate coefficient
falls below the minimum value usually measurable in the CRESU of
ca.107'? c¢cm?® molecule™® s~! at 39 K. O(*P) + 1-butene and O(*P) +
propene appear to fall into the category of a barely submerged inner barrier,
and display the characteristic minimum first observed at low temperatures
for the CN + C,H; reaction. In all cases the calculations achieve a remark-
ably good agreement with experiment. In particular, the semi-empirical pre-
dictions of I. W. M. Smith et al.** are clearly supported by these data. All of
the reactions possessing (I.LE.—E.A.) < 8.75 eV are found to be rapid at low
temperatures, and the two cases showing a turnaround from positive to neg-
ative temperature dependence as the temperature falls are identified by their
values of (I.LE.—E.A.) only slightly below this threshold (8.09 and 8.27 eV for
O(®P) + 1-butene and O(*P) + propene respectively).

It is interesting to ask to what extent these predictions can be applied more
widely. We can compare the value of (I.E.—E.A.) for the reaction O(*P) + cis-
butene, 7.65 eV with that for the reaction CN 4+ C,Hg, 7.66 eV. The former

Figure 1.10 A plot of rate coefficients as a function of temperature for a range
of O(*P) + alkene reactions on a log-log scale. The points show the
experimentally determined values of the rate coefficients, while the
dashed lines show the results of the theoretical calculations described
in the text.”> The solid lines to the right of the diagram represent the
Arrhenius expressions recommended by Cvetanovic*® to fit kinetics
data between 300 and 700 K.**> Adapted from H. Sabbah, L. Biennier,
I. R. Sims, Y. Georgievskii, S. J. Klippenstein and I. W. M. Smith,
Science, 2007, 317, 102-105. Reprinted with permission from AAAS.
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clearly has a fully submerged barrier, while the latter’s kinetic behaviour
places it into the same category of a barely submerged barrier displayed
by the O(*P) + 1-butene and O(*P) + propene reactions. Clearly, the rule
is less than perfect outside of a homologous series of reagents such as
O(*P) + alkenes, but it should still prove very valuable for reactions where
(LLE.—E.A.) is either much greater than 8.75 eV (e.g. CN + H,, where LE.—
E.A. = 11.56 eV, negligibly slow at low temperatures), or much less than
this value (e.g. CN + C,H,, where LE.—E.A. = 6.65 eV, rapid at low tem-
peratures). Furthermore, Sabbah et al. proposed a refinement to the rules of
I. W. M. Smith et al.: compare theoretical and experimental values of the
room-temperature rate coefficient in order to estimate the barrier height
at the inner transition state, and when this barrier is submerged one can
reasonably expect the reaction to be rapid at the low temperatures of ISCs.
However, the most important conclusion that can be drawn is that both the
empirical and semi-empirical rules proposed by I. W. M. Smith et al. and
based respectively on kinetic behaviour at room temperature and above, and
on the values of (I.E.—E.A.), appear to perform well and provide a firm basis
for predicting the low-temperature rate coefficients for (as yet) unmeasured
reactions.

1.3.3 Reactions with Barriers and the Role
of Tunnelling—The F + H, Reaction

The first reactions to be studied extensively by the CRESU technique
were characterized by barrierless potential surfaces, or at least by the
absence of absolute barriers along the MEP for reaction. As explained
in the previous section, the presence of submerged barriers does, how-
ever, exert a strong influence on the temperature dependence of rate con-
stants for radical-molecule reactions. Typically, reactions with significant
barriers are often relatively slow at room temperature (rate constants of
10712 ¢cm? molecule™! s~ or less) and this was thought to preclude their
measurement by the CRESU technique, as explained earlier (Section 1.2.3).
For the most part, such reactions were thought to be uninteresting for
astrochemical applications as such reactions would not contribute signifi-
cantly to low-temperature interstellar chemistry in comparison with other
fast ion-molecule and neutral-neutral barrierless processes. However, reac-
tions involving hydrogen are a significant exception to this rule. In the first
place, in dense interstellar clouds, molecular hydrogen dominates all other
molecular species by a factor of at least 10, and so even relatively slow reac-
tions involving molecular hydrogen can be of great importance. Secondly,
reactions with activation barriers that involve H-atom transfer can still have
significant rate constants at very low temperatures due to quantum mechan-
ical tunnelling. Examples of the latter effect studied in uniform supersonic
flows include the OH + CH;OH reaction, where a significant enhancement
in rate constant was found to take place at low temperatures owing to the
formation of a pre-reactive complex followed by tunnelling through a barrier
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enhanced by long complex lifetimes at low temperatures,?” —°° and the
F + H, reaction which will be detailed in this case study.

The F + H, — HF + H reaction (where the reagents and products are in
their electronic ground states) is a benchmark for both quantum scattering
calculations and reaction dynamics experiments, and has been the subject
of numerous experimental and theoretical studies.’® It is also of great inter-
est for interstellar chemistry as it is essentially the sole process responsible
for the creation of interstellar HF, which was first observed in 1987 by the
Infrared Space Observatory in absorption on its / = 2 < 1 transition at a
frequency of 2.463 THz. However, it was not until the advent of the Her-
schel Space Observatory in 2010 that HF was detected very widely by the HIFI
(Heterodyne Instrument for the Far Infrared) spectrometer on the Jj = 1<+ 0
transition at a frequency of 1.232 THz.>> HF is of significant interest as it
acts as a tracer for the majority species in interstellar clouds, H,, which has
no dipole moment and is thus difficult to detect directly. Because of the
unique thermochemistry of HF,>? it constitutes the dominant reservoir of
interstellar fluorine.

In order to relate the observed densities of HF to H,, it is essential to
know the absolute magnitude of the rate constant of the F + H, reaction
down to the temperatures of ISCs, 10-100 K. As a reaction with a signifi-
cant, if relatively small barrier (E/R = 800 K) its rate constant had not been
measured below 190 K before the study reported here, and was found to
decrease strongly below room temperature.>®> However, it was realized that
quantum mechanical tunnelling would increasingly dominate as the tem-
perature falls, and a range of theoretical determinations were performed
to calculate the low-temperature rate constant. These calculations predict
very different values between 4 X 10~ and 2 X 10~ '?cm® molecule " s~*
in the 5-10 K temperature range.>* However, the highest-level calculations
by Zhu et al.>>°® employed by Neufeld and Wolfire®” in their interstellar
fluorine chemical model implied likely rate constants below 10~ '* cm?
molecule™! s~1 at low temperatures, below the normal limit for CRESU
measurements.

The lower limit for measurable rate constants in the CRESU of

ca.107 "2 cm® molecule ~* s~ can be extended to ca. 10~ * cm® molecule "' s~

if, instead of introducing the molecular co-reagent in trace concentrations
(of the order of 1%), the reagent is used as the buffer gas for the uni-
form supersonic flow. The use of molecular hydrogen as a buffer gas does,
however, present certain difficulties owing to its slow rotational relaxation
and in particular the ‘freezing out’ of its rotation below room temperature,
resulting in a transition of its ratio of specific heat capacities, vy, from its
diatomic value of 7/5 near room temperature to the value for a monatomic
gas of 5/3 below about 80 K. As vy is a key parameter in relation to uni-
form supersonic flows, this constituted a significant problem, and it was
decided to pre-cool the reservoir and Laval nozzle with liquid nitrogen. At
77 K Hy rotation is essentially frozen out, and only J = 1 and J = 0 levels are
populated with an ortho-H,/para-H, ratio of 3 : 1 (so-called normal hydrogen).

1
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Laval nozzles were fabricated and characterized in this way for temperatures
of 5,11, and 20 K.>*

The reaction was studied by introducing a small concentration of molec-
ular fluorine F, into the cold H, flow, and the F, was photolyzed using
a 248 nm KrF excimer laser to yield atomic fluorine F(*P). Detection of
atomic fluorine by LIF is difficult (requiring short wavelengths which would
preclude the use of windows), and so the reaction was monitored via
the appearance of the H-atom product, which was detected by pulsed
VUV LIF at 121.6 nm. Measurements were carried out at room temper-
ature and 77 K in subsonic flows, and at 5, 11 and 20 K in super-
sonic flows. An example H-atom growth and decay curve is shown in
Figure 1.11.

A prompt signal, which was found to be due to reaction within F, - -- H,
complexes formed at small concentrations during the Laval nozzle expan-
sion, was found to be present at 20 K (see Figure 1.11), and this increased
in importance at 11 K, rendering the determination of the rate constant less
precise. At 5 K this signal was so strong that it precluded any determination
of the gas-phase bimolecular rate constant.

In parallel to the experimental measurements, Lique and Alexander car-
ried out non-Born-Oppenheimer quantum scattering calculations on their
new hybrid Li-Werner-Alexander-Lique (LWAL) PES. The results of these
calculations (with and without non-Born-Oppenheimer effects) are com-
pared to the experimental results in Figure 1.12.

As can be seen, the experimental results confirm the accuracy of the
new non-Born-Oppenheimer calculations of Lique and Alexander. These

Figure 1.11 H-atom LIF growth and decay curve, monitored by H-atom VUV LIF
(in arbitrary units) at a temperature of 20.4 K (unfilled circles). The
data are fitted to a growth and decay function taking into account reac-
tion and diffusion. Note the prompt signal at zero time. Adapted from
Tizniti et al.>
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Figure 1.12 A comparison of rate coefficients k for the F(*P;) + n-H, — HF + H
reaction as a function of temperature. The symbols show the exper-
imental results: from this work (filled circles, the error bars corre-
sponding to 95% confidence limits); and those of Stevens et al.*® (open
triangles, with their quoted uncertainties). The solid and short-dashed
blue lines represent the predictions of the scattering calculations of
Lique and Alexander, with, respectively, inclusion and exclusion of
non-BO coupling. Also shown is the Arrhenius temperature depen-
dence proposed by Persky and Kornweitz>® (alternating short-long
dashed line), the predictions of the single PES quantum scattering
calculations of Zhu et al.>>>® (long-dashed line), and the quantum reac-
tive scattering calculations of Aquilanti et al.>**® (green dashed-dotted
line) performed on their PES IIL. Adapted from Tizniti et al.>*

calculations were then used to predict the rate constant of F + H, reac-
tion down to 10 K and below with H, in local thermodynamic equilibrium
(essentially pure para-H, at 10 K). The results of these predictions were incor-
porated in a simple astrochemical model linking H, and HF abundances,
and it was shown that the new results resulted in an increase up to a fac-
tor of 2 in predicted H, density (and therefore total mass) in cold diffuse
ISCs.>*

1.3.4 Thermodynamics—The HO; Radical

The extremely cold collisional environment associated with uniform super-
sonic flows has found application not only in reaction kinetics, but also
in studies of the thermodynamics of weakly bound species such as PAH
(polycyclic aromatic hydrocarbon) clusters®*¢%%2 and the HO- - - O, or HO3
radical.®3%4

The hydroxyl radical (OH) has long been recognized as playing a crucial
role in the chemistry of the Earth’s atmosphere,® as it contributes to the
destruction of ozone in the troposphere and initiates oxidation processes in
the troposphere. O, is known to form chemical bonds with various atoms
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(H, F, C], etc.) and radicals (CH; and other alkyl radicals), and it is also sus-
pected to form a weakly bound complex (HO-0,), which could play a signif-
icant role in atmospheric chemistry if a sizeable fraction of OH was actually
“locked” in these hydroxyl-peroxy radicals. The importance of this tempo-
rary reservoir of OH depends on the value of the dissociation energy of the
HO— O, bond (Dy) or, equivalently, on the standard enthalpy of formation of
HOj; (A¢H"). These thermodynamic data can be determined from the equilib-
rium constant K, for the reaction OH + O, = HO; by using the two following
standard thermodynamic equations:

[HO;] _  gno,
[OH] [02]  gongo,

K= exp (Do/RT), (1.13)

where [7] is the concentration of component i in the equilibrium mixture, g;
is the partition function for the ith component in unit volume and D, is the
HO— 0, bond dissociation energy; that is, the difference between the zeroth
energy levels of the OH + O, reactants and the HO; product, and

K° = exp[(—AH® + TAS°)/RT], (1.14)

where A;H? and A,S° are the standard changes in enthalpy and entropy
associated with the reaction.

Because the partition functions and standard molar entropies for OH, O,,
and HOj; can be calculated by using known spectroscopic data, determina-
tion of the equilibrium constant allows one to calculate D,(HO—0,) and
(A:H"), the standard change in enthalpy for the reaction.

In order to estimate K., we used a method based on observations of the
kinetics behaviour of OH radicals in the presence of O,. This method has
been employed previously for alkyl peroxy (R—O,) radicals®® and for the
HC —N, species.®” We examined the kinetics in the small range of tempera-
tures at which [OH] decays to an equilibrium value significantly greater than
zero—that is, to an OH concentration at long times, [OH],, of about a half
of the concentration at zero time, [OH],. Because the enthalpy change of the
OH + O, — HOj; reaction is expected to be low, it is necessary to perform
experiments at low temperatures.

Under circumstances in which the kinetics of both the forward and reverse
reactions must be considered and no other processes contribute to changes
in the concentrations of OH and HO;, the effective first-order rate con-
stant, kg, associated with the exponential decay of [OH] to an equilibrium
level, corresponds to the sum of the pseudo-first-order rate constants for the
forward and reverse reactions:

klst = kf + kr = k3rd,ass [02}[M] + and,diss[M]y (1-15)

where [M] is the total gas density and ksrqass and kpnggdiss are the third-
order rate constant for association of OH + O, and the second-order rate
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constant for dissociation of HO;, respectively. The equilibrium constant,
K. = k3rd,ass/k2nd diss, can be written as
K. = [HO3]oo _ [OH]oo - [OH]O _ 1- {[OH]oo/[OH]O}. (1.16)
° [oH], [0] [OH],,, [0,] [0.] {[OH] , /[OH], }

To access suitably low temperatures, which we found to be in the
85—105 K range, we have employed the CRESU method. A Laval nozzle was
designed specifically for performing experiments on the OH + O, reaction
in this temperature range, which produced a total density in the gas flow
between 4 X10'” and 6 X10'” molecule cm 3. The temperature was tuned
either by seeding the O, in the flow with different concentrations of argon
and adjusting as necessary the pressure in the reservoir upstream from the
nozzle or (over a smaller range) by varying the pressure in the main cham-
ber. OH radicals were generated by PLP of H,O, using the output from an
excimer laser at 248 nm, and subsequent changes in their concentration were
followed by using a frequency-doubled tuneable dye laser to generate LIF sig-
nals, as the time delay between the photolysis laser and the probe laser was
varied. The variation of OH concentration in the present experiments where,
at zero time, the concentration of OH is [OH], and the concentration of HO;
is zero, is then given by:

[OH], = [OH], {

k2nd,diss k3rd,ass [02]
kSrd,ass [02] + and,diss kard,ass [02] + and,diss

exp (—kmt)}
(1.17)

Determining the magnitude of the second term on the right-hand-side of
this equation allows finding &j ; .., [02] / K3 diss; that is, the product of the

equilibrium constant for the reaction, K. = &) 4 . / k3 4 giss» a0d [O2]. To take

into account loss of OH radicals from the region illuminated by the probe
laser by diffusion, we also included a slow background first-order loss decay,
kY, in the kinetic equation for the OH radical:

[OH], = [OH], exp(_k(l)stt)

kand,diss ksrd.ass [02] }
’ + ’ exp (—kygt) 5.
{k3rd"“ss [02] + Kandgiss — Ksrd,ass [02] + Kand,diss P(~hixt)

(1.18)

The traces of LIF signals versus time recorded were analyzed by first
evaluating k%, from a single exponential fit to the LIF signals recorded
in the experiment replacing O, by N, and then by fitting the sig-
nals in the trace in which O, was present to a function of the form
exp(—k%t) {A + Bexp (—kixt)}. The parameters A and (A + B) that are
derived are proportional to [OH],, and [OH],, and the ratio A/(A + B) cor-
responds to the value of [OH]../[OH], required to calculate the equilib-
rium constant K.. An example of a fit to experimental data is shown in
Figure 1.13. This procedure was performed at seven temperatures between
87.4 K and 99.8 K. Having obtained values of K, we calculated values of the
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Figure 1.13 LIF signals from OH recorded in a CRESU experiment with 7' =
95.4 K, [0] = 4.9 X 10" molecule em*,[M] =6.1 X 10" molecule
cm™*. The signals are fitted to a function of the form exp(—kJy)
[A+ Bexp(—kiset)]. Values of (A + B) and 4, derived from the fitting, are
shown on the axes. The insert shows the variation of LIF signals with
time from a similar experiment with N, present in place of 0,.** From
S.D. Le Picard, M. Tizniti, A. Canosa, I. R. Sims and I. W. M. Smith, Sci-
ence, 2010, 328, 1258-1262, https://doi.org/10.1103/PhysRevLett.116.
113401. Reprinted with permission from AAAS.

bond dissociation energy, Dy, using the partition functions for HO3, OH, and
O,, which we estimated using spectroscopic data and standard formulas.
Values of D, obtained from each of the experiments performed at temper-
atures between 87.4 K and 99.8 K were averaged to give a mean value of
(12.3 +£0.3) k] mol~'. Calculating A,S° using the spectroscopic properties
(rovibronic levels, rotational constants, vibrational frequencies, ...) of HO;3,
O, and OH as well as the formulas relating partition functions to standard
entropies, we determined an enthalpy change A H° at 298 K for the reaction
OH + 0, — HO;3 of —(17.9 £0.3) k] mol .

The value of Dy determined in our experiments suggests that the frac-
tion of OH bound to O, is less than 0.1% at all altitudes in the Earth’s
atmosphere. Consequently, the formation of HO; through the association
of OH radicals with O, plays no meaningful role in the chemistry of Earth’s
atmosphere.

1.3.5 Kinetics of Cluster Formation: Water Clusters (H,0),

The rates and mechanisms by which individual molecules in a supersatu-
rated gas coalesce to form the first oligomers and eventually liquid droplets
are both important and still poorly understood. Although nucleation
processes have been intensively studied (see Kathmann® and references
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therein) because they find applications in a large variety of scientific fields,
major uncertainties remain in our understanding of the mechanisms for par-
ticle formation. Numerous experimental methods (see Zhang et al.®® and
references therein) have been developed for estimating nucleation rates,
i.e. the number of nuclei formed per unit time and per unit volume, as
a function of saturation and temperature. These rates vary over orders of
magnitude and are very sensitive to the physical conditions, such as the
temperature of the environment or the concentrations and the nature of
the species involved in the clustering process. Classical nucleation theory,
however, usually fails to provide accurate estimates of the absolute nucle-
ation rates.”®”! Understanding of the first steps of nucleation mechanisms
can also be approached through a dynamical treatment where gas-phase
association and dissociation rate coefficients are considered. From a the-
oretical point of view, this approach requires an accurate description of
the intermolecular potential, the reaction rates being very sensitive to the
details of the molecular interactions. From an experimental point of view,
it is essential to perform experiments under very well-controlled physical
conditions.

CRESU supersonic flows where the expanded gas is under supersaturated
conditions at a well-defined temperature and density possess in addition uni-
form velocities, which enables an accurate correlation of distance to reaction
time, operating in flow-tube mode. They are therefore well suited to observe
the temporal evolution of the first step of molecular cluster formation. In
addition, at the lowest temperatures reached in the CRESU flows, the dis-
sociation rates can be so small that evaporation is negligible, which greatly
simplifies the analysis of the growth of the clusters. The kinetics then corre-
sponds to a barrierless process that is governed by the kinetics of collisions,
with dimer formation being the critical step. Finally, because the very low
temperatures are accessed under supersaturation conditions, the first step
of homogeneous nucleation processes can be observed even for molecules
forming van der Waals complexes with binding energies of a few kJ mol ~*.

Using this flow-tube mode, we have studied the dimerization of benzene,”?
as well as several PAHs, notably pyrene®’%? and anthracene,® in relation
to the early stages of soot formation3! as well as for application to plane-
tary atmospheres® and circumstellar shells.®* Recently, we reported a com-
bined experimental and theoretical kinetics study of neutral water cluster
formation at low temperature.?° The experiments were performed using cold
uniform supersonic flows of helium generated by a series of Laval nozzles
in which a small (<1%) and controlled amount of water vapour was intro-
duced. The observed kinetics of formation of water clusters was fitted using
a model in which theoretical predictions of the rate coefficients for the first
steps of clustering were incorporated. The time evolution of the neutral
monomers, as well as clusters formed due to the low temperature of the envi-
ronment, were monitored using an electron impact ionization time-of-flight
mass spectrometry technique after skimming out the centre of the flows
at various distances from the Laval nozzle exits (see Figure 1.14). Greater
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Figure 1.14 Experimental setup combining the CRESU supersonic flows with elec-
tron impact ionization/time-of-flight mass spectrometry: the CRESU
jet is generated by supersonic expansion from the reservoir to
the chamber I through a Laval nozzle. The centre of the flow
is then skimmed to generate a molecular beam in chamber II
where the gas is ionized by an electron beam. Ions formed are
then driven into a time-of-flight mass spectrometer in chamber III.
Reprinted figure with permission from J. Bourgalais, V. Roussel,
M. Capron, A. Benidar, A. W. Jasper, S. J. Klippenstein, L. Biennier
and S. D. Le Picard, Phys. Rev. Lett, 116, 5, 113401, 2016,
https://doi.org/10.1103/PhysRevLett.116.113401.*° Copyright 2016 by
the American Physical Society.

distances correspond to longer cluster formation times within the super-
sonic flow. The water vapour was introduced into the CRESU reservoir
through a controlled evaporation mixing system to ensure the homogene-
ity of the injected gases. This also allowed an absolute calibration of the
monomer ion signal.

By varying the distance between the exit of the Laval nozzles and the
skimmer, the time evolution of the ion water monomer and cluster signals
were determined for various initial water concentrations at temperatures
between 23 K and 69 K. Because the ionization cross-section and the trans-
mission of the experimental setup is not readily accessible, we assumed that
for water clusters, the integrated ion signals I,(¢) were related through the
expression

In (t) = vur2[(H20),,,,](®), (1.19)

where v, is a size-dependent proportionality factor. Figure 1.15 shows the
time evolution on a relative scale of neutral water clusters (n being the num-
ber of water molecules in the cluster) derived from the integrated ion signals
for various cluster sizes at 35.9 K.
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Figure 1.15 Time evolution of (H,O), clusters at 35.9 K for water monomer densi-
ties introduced in the CRESU flows of 1.22 X 10" em ~* (black squares
and black solid lines); 1.54 X 10" em™ (red circles and red dashed
lines); 1.85 X 10" cm ? (dark green triangles and dark green dotted
lines); 2.17 X 10" ¢cm~? (blue downward triangles and blue dot-dashed
lines); 2.79 X 10" em™* (light green lozenges and light green dot-
dot-dashed lines). Lines refer to the kinetic model with calculated
rate constants. Reprinted figure with permission from J. Bourgalais,
V. Roussel, M. Capron, A. Benidar, A. W. Jasper, S. J. Klippenstein,
L. Biennier and S. D. Le Picard, Phys. Rev. Lett., 116, 5, 113401, 2016,
https://doi.org/10.1103/PhysRevLett.116.113401.*° Copyright 2016 by
the American Physical Society.
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The formation of water clusters can be treated in terms of bimolecular
formation of energized clusters, which can then either be stabilized by colli-
sion with a third body (helium in this case) or redissociate. In the framework
of Rice-Ramsperger-Kasse-Marcus theory,”® the dimer formation from two
monomers for instance, can be expressed as follows:

H,0 + H,0= (H,0),* "8 (1,0),, (1.20)

where the energized complex (H,0),* formed with a rate coefficient Kassoc,
can either dissociate with a rate coefficient kgisso Or be deactivated with a
third-order rate coefficient ky. by collisions with the helium buffer gas.

To extract quantitative information from the time evolution of the water
cluster populations observed in the CRESU flows, a kinetic model based on
theoretical calculations has been developed. In this model we assumed that
the merging of two clusters or of a cluster and a monomer can form a cluster
of n molecules and that any cluster loss is due to reaction with another clus-
ter or a monomer. Theoretical predictions show that dissociation from the
clusters can be ignored due to the low temperatures of the present exper-
iments. For the association between (H,0); and (H,0); with i and j both
greater than unity, the evaporation of a monomer from the initially formed
adduct is significantly exothermic. As a result, at least for the specific systems
examined theoretically, such association processes lead to the evaporation
of a monomer with a rate coefficient equal to the high-pressure association
rate. The stabilization rate is considered to be effectively zero for the size of
clusters of the present study.

Coupling ab initio transition state theory to evaluate the microcanonical
dissociation rate coefficients kgissoc(E), with simple models for estimating
the energy transfer rates to obtain a master equation for the time dependence
of the energy-resolved state populations, the temperature- and pressure-
dependent association rate coefficients k. j) (T, P) were predicted for (i, j)
= (1,1),(1,2),(1,3), (1,4), (1,5), (2,2), (2,3), (2,4),and(3,3). For this pur-
pose potential energy values for the interaction between rigid reactants at
arbitrary separations and orientations were obtained via direct ab initio eval-
uations. Figure 1.16 displays the predicted pressure dependence of the rate
coefficients for the (H,O) + (H,0) and (H,0) + (H,0), reactions for the tem-
peratures of the experimental study. It can be seen that the ks (1,2) (dashed
lines) rate coefficient approaches its high-pressure limit at much lower pres-
sures than does kyss(1,1) (solid lines). This is due to the increase in the number
of low-frequency modes, which yields a decrease in the rate of dissociation
at a given energy, and thus an increase in the probability of collisional sta-
bilization at a given pressure. A similar shift toward the high-pressure limit
was found for larger systems.

The experimental data were then fitted using the kinetic model described
above, incorporating the predicted rate coefficients. For each temperature,
values of kyq ;) for larger i and j were supposed equal to a single rate coeffi-
cient k., that was used as a fitting parameter. These k., values were found to
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Figure 1.16 Theoretically predicted temperature- and pressure-dependent associ-
ation rate coefficients k. for H,O + H,O (solid lines) and H,O +
(H20), (dashed lines). The experimentally studied pressure range is
from about 10 to 10~ bar. Reprinted figure with permission from
J. Bourgalais, V. Roussel, M. Capron, A. Benidar, A. W. Jasper, S. J.
Klippenstein, L. Biennier and S. D. Le Picard, Phys. Rev. Lett., 116,
5, 113401, 2016, https://doi.org/10.1103/PhysRevLett.116.113401.%°
Copyright 2016 by the American Physical Society.

be reasonably consistent with the calculated high-pressure values for smaller
clusters. Figure 1.15 shows the comparison between the experimental data
(symbols) and the kinetic model (dashed and solid lines) at 35.9 K, for five
different initial water densities in the case of neutral clusters composed of
4-37 monomers. To compare the time evolution given by the model with
the experimental data, the population of clusters given by the model was
arbitrarily normalized to one of the experimental points. Similar results were
obtained at 22.9 K, 49.1 K, and 69.4 K.

This combined experimental and theoretical study*® provides for the
first time quantitative information on the rates of the elementary reactions
involved in the first steps of water nucleation of over a wide range of phys-
ical conditions, as calculations were extended over a larger range of tem-
peratures (20 K to 100 K) and pressures (10~ ° bar to 10 bar). This work
confirms the strong dependence on temperature and pressure of the nucle-
ation process and demonstrates that at low temperature, where cluster dis-
sociation is negligible, their growth is controlled by the kinetics of water
dimer formation. It is worth noting that the predicted pressure-dependent
fall-off for the dimer formation rate coefficient, k1, is even more signif-
icant at higher temperature and is also important in the reverse dimer
dissociation.

Finally, it is interesting to compare the present approach with the clas-
sical nucleation models, which focus on the growth and decay of different
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sized clusters via the association and dissociation of monomers. Within the
classical model, the steady state nucleation rate, Js; can be written as”

kdiss,z

_l.

-1
kdiss,Skdiss,Z kdiss,4kdiss,3kdiss,2
+ ... (1.21)
kass,z kass,Skass,Z kass,4kass,3kass,2

Jss = kass,l [HZO] (1 +

)

where the k,s; quantities are the association rates for the addition of a
monomer to a cluster of size i, and the kgjss; terms are the dissociation rates
for the loss of a monomer from a cluster of size i. The presence of the ratio
of rates in this expression leads to a dependence on the thermodynamics of
the monomer addition processes rather than their kinetics. As soon as the
critical cluster size (where kgiss; = kass,; = 1) is reached, the association rate
for larger clusters exceeds the dissociation rate and growth is unbounded. At
the low temperatures and pressures of the present experiments the various
kaiss,i coefficients were found to be several orders of magnitude smaller than
the ks, rate coefficients and the nucleation rate, Jss, reduces to kass; [H2O].
This means that the critical cluster size is 2, and k,g,; is the central parame-
ter determining the rate of growth of clusters (i.e. the nucleation rate) in the
present experiments. In such conditions, the growth of the clusters is kinet-
ically controlled rather than thermodynamically controlled, as there are no
reverse processes to bring about equilibration.

This study opens the way to further investigation of the kinetics of homo-
geneous nucleation of small molecular species. Such kinetics studies will
provide valuable information on low-temperature energy transfers, collision
rates, and binding energies of van der Waals bound molecules. Beyond fun-
damental aspects, low-temperature kinetics of molecular cluster formation
will be of interest for the exploration of the condensation processes in cold
planetary atmospheres.

1.3.6 Product Branching Studies at Low Temperatures—
C,H + Butenes

The study of the kinetics of C,H reactions for astrochemical interest began
very early, since it was one of the first species detected in the interstel-
lar medium as early as 1974,”> on Titan in 1991,”® and more recently in
star formation regions.”” Following this interest, numerous studies of the
reactivity of C,H and the products of these reactions have been carried
out.”®

This section presents a set of experiments”® that were performed on the
‘Laval machine’, a pulsed Laval nozzle system in use at the Advanced Light
Source synchrotron (Berkeley, USA).®° This experimental setup samples the
uniform flow through a pinhole in an airfoil, followed by synchrotron VUV
ionization, and quadrupole mass discrimination. The main advantage of this
setup is the low gas consumption (compared to continuous CRESU) and the
very high resolution in product discrimination. The study did not evaluate
a temperature change effect, and was focused on the study of C,H radical
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colliding with butene (C4Hg) isomers: 1-butene, 2-butene (cis and trans), and
isobutene (2-methylpropene) and reaction products, at 79 K. The reaction
C,H + 1-butene is treated here as example. The process does not differ for
other reactions in the study.

In the setup, C,H is produced by PLP of acetylene (C,H,) at 193 nm. It is
injected along with 1-butene and nitrogen as carrier gas. The nozzle expan-
sion produced a pulsed beam at 79 Krich in C,H,, yielding C,H after the laser
pulse. C, H starts to react with C,H,, 1-butene, and possible photofragments
of 1-butene. It is then necessary to determine whether or not a species is a
reaction product or photofragment.

First, a mass spectrum at high ionization energy is obtained with only
1-butene in the flow, to study its fragments. This is the spectrum A4 in
Figure 1.17. Products of dissociation were identical to previous work.?!

A spectrum with all species in the flow is then obtained (B), and (4) is used
as a baseline to compute (C), showing products. On signals (B) and (C), the
peak at mass 50 a.m.u. is diacetylene, from the recombination of C,H with
C,H,.8? The second part of the study is to determine what are the species
corresponding to these mass channels. In the case of 1-butene + C,H, mass
channels 52 and 66 are populated by products of the reaction. By scanning
the mass channel against the ionization energy, which is the major advan-
tage of using a tuneable VUV source such as a synchrotron, it is possible to
fit signals against ionization curve of pure products beforehand. Figure 1.18
shows the result of this ionization scan. In the case of C;H + 1-butene, in
each of these channels, products are obtained pure, but it is frequent that
two or more products are found, and a fit must be done to find the ade-
quate fractions of products in that specific mass channel. The branching
ratio, it is simply the ratio of ion counts at high energy for every product,

Figure 1.17 Product mass spectra. A: 1-butene photofragments. B: all reaction
species (reagents and products). C: 5 X (B — A), showing only reac-
tion products. Reprinted with permission from ref. 79. Copyright 2013
American Chemical Society.
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Figure 1.18 Left: ion signal on mass channel 52 with increasing ionization energy,
shown with the photoionization spectrum for vinylacetylene (but-1-en-
3-yne). Right: ion signal on mass channel 66 with increasing ionization
energy, shown with the photoionization spectrum for 4-penten-1-yne.
Reprinted with permission from ref. 79. Copyright 2013 American
Chemical Society.

compared to the sum of all ion counts across all channels. This gives for
this reaction a fraction of (65 + 10)% for vinylacetylene and (35 + 10)% for
4-penten-1-yne.

The last part of the study is the determination of the reaction rate. For
this experiment the quadrupole mass spectrometer is kept at a single mass,
looking at the time dependence of the ion signal, also keeping the ioniza-
tion energy constant. The time-dependent ion signal at a particular mass
to charge ratio, if it corresponds to a primary reaction product, will obey a
function C(¢) = A{1 — exp(—kist)}, with ki the pseudo-first-order reaction
rate constant to be determined. In reality, the function is modified because
of the normal distribution of ions at the arrival time in the quadrupole, and
the resulting function is a convolution of the exponential with a Gaussian.
Nonetheless, it is possible to deconvolute the resulting signal back to the
original exponential function to obtain the rate constant for that density of
1-butene. By repeating the experiment for densities of 1-butene, the sec-
ond order rate constant for C,H + 1-butene at that specific temperature is
obtained. It is the slope of the function ki (d) = konad + ko, where d is the
reagent density. The rate constant measured for that reaction was (1.9 &+ 0.5)
X 10~ cm® molecule ™! s 1.

1.3.7 Product Branching Studies at Low Temperatures—
The CPUF Technique

The most sensitive and widely used detection methods in the gas-phase (e.g.
LIF, mass spectrometry), while well adapted for determining overall rate
constants, face serious challenges in correlating signal intensities to actual
concentrations of multiple reaction products. Furthermore, these methods
rarely provide detailed structural information. Rotational spectroscopy, on
the other hand, is highly specific, giving unambiguous identification of each
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chemical species present (provided it possesses at least a modest permanent
electric dipole, which is the case for the vast majority of molecules—this is
the overall selection rule for rotational transitions). But traditionally it suf-
fers from a number of drawbacks, which have severely restricted its wider use
in applications such as chemical kinetics and reaction dynamics. The sensi-
tivity of direct microwave and millimetre-wave detection schemes had been
judged to be inferior to laser-based schemes. And the need to tune the reso-
nant cavities coupled to the extremely high resolution of modern microwave
instruments means that scanning between rotational lines belonging to
different species can be very slow.

The advent of the Chirped Pulse Fourier-Transform Microwave (CP-
FTMW) technique,® invented by Brooks Pate and co-workers at the Uni-
versity of Virginia, has completely turned the tables, and provoked a rev-
olution in the spectroscopic world, projecting rotational spectroscopy to
the forefront of applications across a wide range of fields. Advances in
high-speed digital electronics have enabled this new technique:3* a high-
bandwidth, frequency-stabilized arbitrary waveform generator is used to pro-
duce a short microwave pulse (ca. 1 s or less) with a frequency sweep that is
linear in time.®? This chirped pulse is up-converted to the frequency range
of interest and, if necessary, amplified for irradiation of the sample. The
molecular sample absorbs at all rotational transitions within the frequency
range of the chirp and is polarized by the radiation. Free induction decay
(FID) of the polarization ensues and the emitted FID radiation is collected,
down-converted, and averaged in the time domain by a high-bandwidth
oscilloscope, after which the collected signal is Fourier-transformed to
give the rotational spectrum at MHz resolution. The use of the chirped
pulse as opposed to the traditional approach of narrowband shot-by-shot
scanning of the microwave frequency in a resonant cavity has led to an
improvement by several orders of magnitude in the rate of data acquisi-
tion, as the power delivered to the sample is decoupled from the bandwidth,
and dead time associated with stepping the cavity resonance frequency is
eliminated.®3:% Furthermore, by covering a wide range of frequencies in
a single pulse, this technique enables simultaneous detection of multiple
species.

In order to achieve the strongest signals, CP-FTMW spectra are typically
recorded for cold samples to maximize the population difference between
adjacent rotational levels, and pulsed free jet expansions have usually been
used. However, there are numerous disadvantages associated with the use of
free jet expansions for this purpose: they are non-equilibrium environments
in which the temperature varies strongly along the beam for the first several
nozzle diameters, and the density varies throughout the expansion; reactive
processes and photochemical systems cannot be cooled and thermalized in
any consistent or reliable way; and the total number of sample molecules in
the irradiated volume is limited, constraining the maximum signal levels.

An alternative approach is to employ the very cold, thermalized envi-
ronment provided by uniform supersonic expansions employed in the
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CRESU technique. In a recent development the CP-FTMW method has been
combined with a pulsed version of the CRESU technique, in a combina-
tion referred to as CPUF (Chirped Pulse in Uniform Flow).>* This new
method (see Figure 1.19) provides broadband spectra with MHz resolution
and allows monitoring, on the ps timescale, of the appearance of tran-
sient reaction products. Such products are often born at very low concen-
trations and very hot, and would be impossible to detect without the drastic
enhancement in sensitivity afforded by the generation of large volumes of
(translationally and) rotationally cooled products afforded by the use of the
CRESU technique.

In essence, CPUF exploits the extremely cold, collisional environment
of CRESU flows to rotationally cool the hot photo- or reaction products
(resulting from exothermic reactions) to collapse their rotational state dis-
tributions to much lower values of rotational energy. This results, at least
for small to medium-sized polyatomic molecules, in a drastic increase
in difference in adjacent rotational level populations, and a shift of the
maximum intensity of their rotational spectra to below 100 GHz, into
the region accessible by modern CPMW spectrometers, exploiting the

Figure 1.19 A schematic diagram of the CPUF technique. A chirped pulse is gen-
erated in an arbitrary waveform generator (AWG), locked to a 10 MHz
Rb oscillator. The chirped pulse is up-converted to the required fre-
quency range, amplified if necessary, and broadcast into the CRESU
flow. A UV photolysis laser creates radicals within the flow, and these
react with added co-reagent. Dipolar product molecules are polar-
ized and their subsequent free induction decay is captured, frequency
down-converted and recorded by a broadband oscilloscope. Fourier
transformation of this signal yields the rotational spectrum.
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frequency agility of new arbitrary waveform generators via segmented chirp
techniques.8®

Very recently, the CPUF technique was used to determine product branch-
ing ratios for the first time in a multichannel reaction between CN radicals
and propyne (C3H,).%” This reaction can proceed by direct abstraction:

CN + CH;CCH — HCN + CH,CCH, (1.22)
by addition followed by methyl elimination:
CN + CH3CCH — CH; + HCCCN, (1.23)
or by addition followed by H elimination:

CN + CH3;CCH — H + CH3;CCCN (1.24)

CN + CH;CCH — H + CH,CCHCN. (1.25)

Using a chirped pulse in the 60-90 GHz frequency region, quantitative
branching ratios were established for all products as 12(5)%, 66(4)%, 22(6)%,
and 0(8)% into HCN, HCCCN, CH3;CCCN, and CH,CCHCN, respectively. The
values were consistent with statistical calculations based on new ab initio
results at the CBS-QB3 level of theory, a composite “complete basis set”
method developed by Petersson and co-workers.®®3° A previous determina-
tion of the products of this reaction, using the crossed molecular beam
technique at higher energies,*®°! found somewhat different product branch-
ing ratios. This previous work may have suffered from kinematic constraints
that favour detection of products with small centre-of-mass recoil velocities.
As such, these studies were unable to detect the CH; elimination product,
HCCCN, or the direct reaction to HCN.

1.4 Conclusion and Perspectives

The CRESU technique was born in an aerodynamics laboratory, equipped
with the enormous pumping capacity necessary to generate the necessary
flows for a hypersonic wind tunnel. The brainchild of Bertrand Rowe and
colleagues, it was initially only applied to ion-molecule reaction kinet-
ics, perhaps because these were the only bimolecular reactions thought to
remain fast at very low temperatures. A revolution in the applicability of
the CRESU technique came with its combination with laser photochemical
kinetics techniques for the study of neutral-neutral reactions, coupled with
the construction of two dedicated CRESU facilities in Rennes and Birming-
ham in the early to mid-1990s, requiring somewhat more modest, though
still impressive, pumping capacities. Since that time, the technique has been
applied to the study of a wide range of chemical reactions, cluster forma-
tion and energy transfer processes, some of which have been detailed in this
chapter. Significant further developments of the technique in Rennes have
included:
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o the coupling of the CRESU with pulsed tuneable infrared and/or vac-
uum ultraviolet lasers for the study of vibrational and rotational energy
transfer®?® and atom-radical reactions*®

o the development of mass-spectrometric sampling of the CRESU flow to
study clustering reactiong3%3!

o the design and application of Laval nozzles where the buffer gas is also
the reactant (either entirely or at a large fraction of the total), enabling
the study of relatively slow processes dominated by tunnelling,’* or
relaxation processes to yield thermochemical information®

The unique environment of uniform supersonic flows continues to be
attractive for new applications in physical chemistry, molecular physics and
experimental astrochemistry. Current and future developments in Rennes
include:

o the exploitation of hydrogen supersonic flows coupled with IR(V)UVDR
techniques to study rotational energy transfer in collisions of astro-
chemically important small molecules and radicals in collision with H,,
the commonest molecule in space

e the combination of a pulsed CRESU apparatus using fast piezoelec-
tric valves with synchrotron photoionization mass spectrometry based
on photoelectron-photoion coincidence techniques to provide much-
needed data on the product branching ratios of low-temperature reac-
tions

e the implementation of the new CPUF technique®”>°* in the high-quality
continuous supersonic flows available in Rennes to further increase its
sensitivity and apply it to a wide range of problems in low-temperature
chemical kinetics
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