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Experimental studies of gas-phase reactivity in relation to complex organic molecules in star-forming regions
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The field of astrochemistry concerns the formation and abundance of molecules in the interstellar medium, star-forming regions, exoplanets and solar system bodies.

These astrophysical objects contain the chemical material from which new planets and solar systems are formed. Around 200 molecules have thus far been observed in the interstellar medium; almost half containing six or more atoms and considered "complex" by astronomical standards. All of these complex molecules consist of at least one carbon atom and thus the term complex organic molecules (COMs) has been coined by the astrochemical community. In order to understand the formation and destruction of these COMs under the extreme conditions of star-forming regions, three kinds of activity are involved: (1) the astronomical identification of complex molecules present in the ISM; (2) the construction of astrochemical models that attempt to explain the formation routes of the observed molecules; and (3) laboratory measurements and theoretical calculations of critical kinetic parameters that are included in the models.

In the following review, we present recent laboratory efforts to produce quantitative Page 1 of 74

Introduction

A little over 200 molecules have been observed in the interstellar and circumstellar medium, [START_REF] Mcguire | Census of Interstellar, Circumstellar, Extragalactic, Protoplanetary Disk, and Exoplanetary Molecules[END_REF] among which are a large number of complex organic molecules that have been found even in very cold (≤10 K) environments (e.g. Bacmann et al. 2 ). The detection of complex molecules in cold astrophysical environments poses a challenge to experimentalists and modellers alike.

Currently, two distinct mechanisms are used explain the formation of COMs: their production in icy mantles condensed onto dust grains or their formation by gas-phase reactions.

While the formation of some COMs can be explained by their formation in ices, it is unknown how they are delivered to the gas-phase at dust temperatures below that required for their thermal desorption. Experiments are needed to provide quantitative parameters (i.e. rate coefficients, cross sections) for both ice and gas-phase processes to input into theoretical models in order to assess their importance at various stages of star-formation. This review focuses on the role of laboratory experiments in understanding chemical pathways to complex organic molecules in star-forming regions; in particular, we concentrate on gas-phase reactions at low temperatures. It is organized as follows: in section 1 we present the astrophysical context for this review and classes of reactions expected to take place under astrophysical conditions. We then outline the role of laboratory measurements in elucidating 2 A c c e p t e d m a n u s c r i p t the chemical kinetics of complex organic molecules in astrophysical regions. In section 2, we discuss laboratory methods for measuring reaction kinetics at low temperatures and present some case studies for different classes of reactions. We then discuss the measurement of products specific reaction kinetics and the implications of such measurements for the understanding of COM formation routes. Finally, we outline future directions in the field of low temperature reaction kinetics.

Reactions in star-forming regions

The physical conditions under which chemical reactions take place vary dramatically during the sequence of star-formation. In the early stages, gas and dust from old stars collapses inward under the influence of gravity to form diffuse clouds that have temperatures of 50-100 K and gas densities of 10-10 2 cm -3 , dominated by atomic hydrogen and other atomic species at lower concentrations. [START_REF] Van Dishoeck | Chemical Evolution of Star-forming Regions[END_REF] Further gravitational collapse leads to the formation of dense clouds with higher gas densities of 10 4 -10 6 cm -3 and with temperatures typically 10-20 K. [START_REF] Benson | A Survey for Dense Cores in Dark Clouds[END_REF] Here, molecular hydrogen, H 2 , becomes the most abundant species in the cloud due to surface-catalyzed production of H 2 from H atoms adsorbed on dust grains. The H 2 can then undergo cosmic-ray ionization to produce H + 2 , initiating a network of barrierless ion-neutral reactions that can, at least in part, explain the exotic chemistry that has been observed in dense clouds. 5 Collapse of the dense cloud core leads to low-mass star formation. A central condensation builds up that is so dense that radiation cannot escape, causing the collapsed area to warm up, eventually reaching temperatures of 100-300 K where it is called a "hot core". The hot cores host dramatically different chemistry, in particular, high abundances of organic species are observed such as alcohols, aldehydes, esters, acids and ethers commonly found on Earth. [START_REF] Garrod | Simulations of Hot-Core Chemistry[END_REF] To conserve angular momentum, a rotating disk is produced around the protostar forming a nascent protoplanetary disk. Within the disk, dust particles begin to coalesce and aggregate to form the beginnings of meteoritic material and eventually young planets.
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A c c e p t e d m a n u s c r i p t

Due the wide variety of pressures, temperatures and atomic abundances, a large number of different chemical processes are expected to take place in astrophysical environments.

In order to reproduce astronomical observations, networks of reactions must be built that incorporate the many individual reaction rates to solve for the time-dependent molecular abundances. The great majority of bimolecular gas-phase reactions expected to take place in these astrophysical environments can be placed in the following classes: (a) ion-neutral reactions, (b) neutral-neutral reactions (where neutral can also refer to radicals), (c) radiative association reactions, and (d) dissociative recombination reactions.

Ion-neutral reactions involve the reaction of either a positively charged cation with a neutral, A + + B --→ C + + D, or a negatively charged anion with a neutral, A -+ B --→ C -+D. Perhaps the most famous astrochemical example is the reaction of H + 3 with neutrals, initiating a network of ion chemistry in the ISM. 5 Neutral-neutral reactions involve the reaction of two species that do not possess a charge, but at least one radical possessing unpaired electrons; they can be represented by the chemical equation A + B --→ C + D, or more accurately, A + B • --→ C • + D. For example, neutral-neutral reactions of CN with unsaturated hydrocarbons of the form C 2n H 2 have been shown to provide competitive formation pathways for cyanopolyynes as compared to ion-neutral reaction routes. [START_REF] Herbst | The Effect of Rapid Neutral-Neutral Reactions on Chemical Models of Dense Interstellar Clouds[END_REF] Radiative association involves an ion-neutral or neutral-neutral reaction in which the products are stabilized via the emission of a photon, that is, A+B --→ AB+hν or A + +B --→ AB + +hν;

for example, the reaction between C + and H 2 to produce CH + 2 , a possible first step in the formation of small hydrocarbons in the ISM. [START_REF] Gerlich | Experimental Investigations of Radiative Association Processes As Related to Interstellar Chemistry[END_REF] Dissociative recombination involves the attachment of an electron to a positive ion which causes the ion to dissociate into two or more neutral fragments, i.e. AB + + e ---→ A + B. It is considered a significant process in ISM chemistry as it terminates ion chemistry by leading to stable neutral species. An astrochemically relevant example is the dissociative recombination of N 2 H + to form N 2 + H, which is considered the main destruction route for N 2 H + in CO poor environments and has
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A c c e p t e d m a n u s c r i p t important implications for tracing the CO snowline in protoplanetary disks. [START_REF] Qi | Imaging of the CO Snow Line in a Solar Nebula Analog[END_REF][START_REF] Van't Hoff | Robustness of N 2 H + As Tracer of the CO Snowline[END_REF] Often, only overall rate coefficients are measured in laboratory experiments and the branching ratios into different product channels is unknown. This is especially the case for neutral-neutral reactions. The number of these reactions for which rate coefficients have been measured at room temperature is small and even lower at temperatures relevant to the cold ISM. For reactions involving COMs, the branching ratios into the different product channels have not been measured at low temperature. Below, we discuss the role of laboratory methods in understanding observations of astrophysical environments. We also discuss the types of data that laboratory measurements can provide for reactions down to low temperatures relevant to astrophysical conditions, and how this can be input into astrochemical models.

The role of laboratory measurements of gas-phase reactions

Astrochemical observations of star-forming regions rely heavily upon laboratory data; not only for understanding the abundances of molecules that have been detected but also for predicting the detectability of other species in various astrophysical environments. Laboratory experiments on elementary reaction processes seek to provide two types of information:

the first is a quantity that describes the intrinsic efficiency of reaction -the rate coefficient, symbolized by k or by k(T ) in order to emphasize that rate coefficients generally depend on temperature. Many formation and destruction pathways involving COMs are bimolecular and can be represented by the chemical equation:

A + B --→ C + D (1)
The rate of removal of reactant A is then given by:

- d[A] dt = k[A][B] (2) 5 
A c c e p t e d m a n u s c r i p t

where k is the bimolecular rate coefficient for the reaction with standard units of cm 3 molecule -1 s -1 . In order to isolate the bimolecular reaction the laboratory measurement is often conducted in pseudo-first order conditions where the concentration of one reactant, say B, is kept in large excess of the other. Under these conditions the concentration of B remains essentially constant and equation ( 3) becomes:

-

d[A] dt = k [A] (3) 
where k = k[B] is the pseudo-first order rate coefficient.

Laboratory measurements of gas-phase processes generally focus on extracting this rate coefficient as a function of temperature (k(T )). These rate coefficients are often expressed by the Arrhenius equation:

k(T ) = A exp(-E A /T ) (4) 
Where A is a pre-exponential factor, E A is the activation energy (in units of K) and T is the gas kinetic temperature. In astrochemical databases, e.g. the KIDA Home Page: kida.obs.u-bordeaux1.fr/ (accessed March, 2019), a modified Arrhenius equation is used in order to express the temperature dependence of the pre-exponential term:

k(T ) = α(T /300K) β exp(-γ/T ) (5) 
Here, three parameters (α, β and γ) are used to extrapolate k(T ) over various temperatures. Theoretical calculations can also be used to calculate k(T ) in some cases; however, the rate coefficients are often sensitive to the presence of small energetic barriers, which can be difficult to determine computationally. In addition, reactions of astrochemical interest often involve ions or radical species with unpaired electrons which can form complexes and intermediates before dissociating to products. The calculation of their low temperature rate coefficients is challenging; in particular, quantum mechanical tunneling through the reac-
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A c c e p t e d m a n u s c r i p t tion barrier can become significant at low temperatures due to the quantum behaviour of molecules at low temperature, particularly when the reaction involves the transfer of light atoms. Several methods can be used to determine the reaction rate coefficients ranging from full dimensional quantum dynamics treatment on an ab initio potential energy surface, which is only possible for small systems due to computational demands, to simple statistical methods based on the long-range attractive forces between the reactants.

The second piece of information that laboratory kinetics experiments aim to provide is the nature of the reaction products. If more than one set of products is energetically accessible, the experimental determination of the branching ratios is necessary for input into astrochemical models. The branching ratios are particularly important in large astrochemical networks in which the reaction products can go on to further react; thus even simple reactions may have consequences for the abundances of larger and more complex molecules. Below we describe laboratory methods that can be used to obtain the rate coefficients (both overall and product-channel-specific) at the low temperatures relevant to interstellar space.

Laboratory methods for measuring low-temperature reaction kinetics

A wide range of experimental methods exist for studying the reactivity of cold molecules relevant to astrochemistry; however, many techniques do not permit the measurement of absolute rate coefficients. The determination of absolute rate coefficients requires accurate knowledge of the concentration of the reactant species, or at least one reactant if the experiment is conducted under pseudo-first order conditions. Cold gas-phase reactants are typically produced either through collisions with cryogenically cooled walls of a reaction cell or by the expansion of gas from high to low pressure. Cryogenic cells can be used to measure reactions involving species with moderate vapour pressures; however, for species with low vapor pressures at temperatures below ∼200 K, condensation on the cold cell walls makes
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the absolute reactant concentration difficult to determine. The use of cryogenic cells is therefore limited to the measurement of reaction kinetics at temperatures above a few hundred Kelvin -except for reactions involving light species e.g. CN + O 2 and CO + OH, which have been measured down to 99 K and 80 K, respectively. 11,12 This problem motivated the search for "wall-less" experimental techniques that could produce cold molecules at uniform temperatures without interaction with the reaction vessel walls.

Expansion of high-pressure gas through a small aperture to a low-pressure region can be used to produce cold gaseous molecules without the use of cryogens. Free jet expansions have been used extensively in spectroscopy to produce cold isolated molecules; however, they have limited application to reaction kinetics because their strong temperature and density gradients produce molecules that are not in local thermodynamic equilibrium. Such limitations motivated the development of the CRESU technique, a French acronym standing for Cinétique de Réaction en Ecoulement Supersonique Uniforme, which means reaction kinetics in uniform supersonic flow. Below we discuss the details of this technique and its application to the study of various reactions at low temperature.

The CRESU technique

The CRESU technique takes advantage of flow properties of gases after expansion through convergent-divergent Laval nozzles. Laval nozzles are a type of axisymmetric nozzle with a convergent section followed by a divergent section and were first described in 1888 by Gustaf de Laval for use in steam turbines. The gas is accelerated in the convergent section of the nozzle, reaching Mach 1 at the throat and higher Mach numbers as it is expanded in the divergent section. Following the isoentropic expansion through the nozzle, a flow of gas is produced that is uniform in velocity, temperature and density, and persists for tens of centimetres. The temperature of the flow (T f low ) is related to the Mach number by: The reactant, buffer gas and radical reactant precursor are delivered to the reservoir via a series of flow controllers. The gas mixture enters the chamber through the Laval nozzle, through which expansion produces a uniform supersonic flow. Radicals are produced in the supersonic beam by photolysis of a precursor using radiation from a fixed frequency pulsed excimer laser and are detected by LIF that is excited using tunable radiation from a dye laser.

T f low = T 0 1 + γ -1 2 M 2 -1 (6 
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A c c e p t e d m a n u s c r i p t where T 0 is the temperature of the gas in the reservoir, γ = C p /C v is the ratio of the specific heat capacities at constant pressure and volume, and M is the Mach number. Following their passage through the Laval nozzle, the reactants and reactant precursors are delivered to a high-pressure reservoir diluted (typically <1%) in a buffer gas of helium, argon, nitrogen and occasionally hydrogen. The gas mixture passes through the nozzle and the reaction is initiated by crossing the gas flow with an electron beam (to produce ions) or with a UV laser (to produce radicals). Figure 1 shows a schematic of a CRESU experiment configured for laser-induced fluorescence detection. Here, the reaction is initiated when radicals are produced via the photolysis of a radical precursor within the supersonic flow. The reaction is monitored by following the time-dependent LIF of the radical reactant.

A separate Laval nozzle must be designed and constructed to produce each desired temperature and density. The nozzle geometry is calculated by numerically solving the inverse Navier-Stokes flow equations. Construction of the nozzle then requires precise machining, particularly of the inner throat geometry, where any imperfections can perturb the uniformity of the flow. Once constructed, the flow produced by each nozzle must be characterized in order to confirm its uniformity. The standard way this is done is by producing a flow under conditions matching the calculated reservoir and chamber pressures and sampling the flow with a Pitot probe. This Pitot measures the impact pressure behind the shock wave that is produced by the impact between the flow and the probe tip. The impact pressure is then used to deduce the Mach number and thus the temperature, density and flow velocity. If the pressure conditions are well met, i.e. the reservoir and chamber pressure are maintained at their calculated values, then the temperature and density conditions are highly reproducible.

The lowest temperatures obtainable in the CRESU environment are set first, by the necessity that the reactant concentration is accurately known and secondly, by practical limitations of machining of nozzles with narrow throats. At low temperatures, the clustering of reactants in the flow may become significant, such that their concentration becomes uncertain. Condensation on the walls of the reservoir or the nozzle also becomes significant for reactants with low vapour pressures. The lowest temperature achieved so far in a CRESU is 6 K, [START_REF] Berteloite | Kinetics and Dynamics of the S( 1 D 2 )+H 2 → SH + H Reaction at Very Low Temperatures and Collision Energies[END_REF] where the gas was pre-cooled with liquid nitrogen before passing through the Laval nozzle. Without gas pre-cooling, the lowest temperature obtained to date is 12 K. [START_REF] Ocaña | Gas-phase Reactivity of CH 3 OH toward OH at[END_REF] The CRESU technique was initially developed for continuous gas expansions, with setups built in Rennes, [START_REF] Sims | Ultralow Temperature Kinetics of Neutral-Neutral Reactions. the Technique and Results for the Reactions CN + O 2 down to 13 K and CN+NH 3 down to 25 K[END_REF] Birmingham 16 and a smaller version operating at higher pressures in Bordeaux. [START_REF] Daugey | Kinetic Measurements on Methylidyne Radical Reactions with Several Hydrocarbons at Low Temperatures[END_REF] Large flow rates (∼50 standard litres per minute) are required to maintain the uniformity of the continuous flow for long distances (tens of centimetres). Low pressure in the expansion is also required in order to avoid reactant clustering or three body reactions; therefore, large pumping speeds (∼30,000 m 3 /h) are required, especially to obtain the lowest desired temperatures. To overcome this drawback several groups have developed a pulsed version of the CRESU using electromagnetic valves, [START_REF] Atkinson | Design and Characterization of Pulsed Uniform Supersonic Expansions for Chemical Applications[END_REF][START_REF] Lee | A Pulsed Laval Nozzle Apparatus with Laser Ionization Mass Spectroscopy for Direct Measurements of Rate Coefficients at Low Temperatures with Condensable Gases[END_REF][START_REF] Spangenberg | Low-temperature Reactions of OH Radicals with Propene and Isoprene in Pulsed Laval Nozzle Expansions[END_REF][START_REF] Taylor | Pulsed Laval Nozzle Study of the Kinetics of OH with Unsaturated Hydrocarbons at Very Low Temperatures[END_REF] piezoelectric actuators [START_REF] Oldham | A Chirped-Pulse Fourier-transform Microwave/pulsed Uniform Flow Spectrometer. i. the Low-temperature Flow System[END_REF] or rotating chopper disks. [START_REF] Sid | Low Temperature Rate Coefficients for the Reaction CN + HC 3 N[END_REF][START_REF] Jiménez | Development of a Pulsed Uniform Supersonic Gas Expansion System Based on an Aerodynamic Chopper for Gas Phase Reaction Kinetic Studies at Ultra-low Temperatures[END_REF] These pulsed versions significantly reduce the gas consumption and thus the need for large pumps and equipment.

Versions based on electromagnetic valves supplying gas into the reservoir upstream of the Laval nozzle require very small reservoir volumes (∼1 cm 3 ) owing to the limited flow rate of such valves. Instead of being essentially at rest, the gas is already moving fast and turbulently in the reservoir, impacting the quality of the uniform supersonic flow and limiting the lowest achievable temperature to 43 K. [START_REF] Douglas | Low Temperature Studies of the Removal Reactions of 1 CH 2 with Particular Relevance to the Atmosphere of Titan[END_REF][START_REF] Douglas | Low Temperature Studies of the Rate Coefficients and Branching Ratios of Reactive Loss vs Quenching for the Reactions of 1 CH 2 with C 2 H 6 , C 2 H 4 , C 2 H 2[END_REF] The use of piezoelectric actuator valves -which allow higher gas flow rates and thus somewhat larger reservoirs, or rotating disk valves -which interrupt the flow close to the Laval throat, enable better quality flows and temperatures as low as 20 K 22 and ∼12 K 14 to be achieved, respectively.

Measurements of ion-neutral reactions

Early laboratory measurements at low temperatures focused on reactions between neutral species and ions. This was motivated by the assumption at the time that the low temperatures of interstellar clouds would reduce the importance of reactions between neutral species and that ion-molecule reactions would dominate the cloud chemistry. 

H + 2 + H 2 --→ H + 3 + H H + 3 + X --→ H 2 + HX + (7) 
The HX + ion may then undergo a chain of ion-neutral reactions to produce larger ionic hydrocarbons, which are eventually terminated by dissociative recombination with electrons.

Ion-neutral reactions have been invoked, for instance, to explain the high abundance of unsaturated carbon chains in the dense ISM e.g. via reactions between C + and neutral hydrocarbons. [START_REF] Bohme | Reactions of 12 C + with Hydrocarbons at 296 K: Carbon-Carbon Bond Formation[END_REF][START_REF] Smith | A Brief Review of Interstellar Ion Chemistry[END_REF][START_REF] Martinez | Gas Phase Study of C + reactions of Interstellar Relevance[END_REF] Laboratory methods used to study ion-neutral reactions can be placed into two categories:

those that utilize ion-trapping and those that inject ions into a gas expansion or flow. Early methods were limited to measurements close to room temperature; though, for many ionneutral reactions, it is straightforward to predict how the rate coefficient changes as the temperature is decreased using capture theories. The simplest case is the reaction between ions and non-polar neutral species, which can be well predicted by the expression for the Langevin rate coefficient:

k L = 2πe α µ ( 8 
)
where e is the charge on an electron, α is the polarizability of the neutral and µ is the reduced mass of ion-neutral pair. The capture models become more complex when the neutral species is polar and in cases where the reactions possess a barrier and more complete theoretical treatments must be used. The potential for polar neutrals is anisotropic and depends on both the distance between the reactants and the orientation of the permanent dipole. One approach that has been used is the classical trajectory method of Su and Chesnavich 31 , in which the long-range potential as a function of distance and orientation is included. This treatment produces a well-known formula for the ion-dipolar rate coefficient, k D , for linear neutrals, which is expressed relative to the Langevin rate coefficient, k L :

k D /k L =        0.4767x + 0.620 if x ≤2 , (x + 0.5090) 2 /10 : 526 + 0.9754 if x > 2 ,
which relies upon the factor x:

x = µ D (2αk B T ) 1/2 (9)
where µ D is the effective dipole moment of the neutral, α is its polarizability, k B is the Boltzmann constant and T is the gas temperature.

This treatment is only reliable in the classical regime and temperatures above which rotational motion can be considered classical, typically above 10 K.

Most measurements of ion-neutral reactions up until the 1980s were made using ion cyclotron resonance (ICR) or flowing afterglow (FA) experiments. In the former technique, ions are trapped by electric and magnetic fields and a neutral species is introduced. [START_REF] Mcmahon | A Versatile Trapped Ion Cell for Ion Cyclotron Resonance Spectroscopy[END_REF] Other trapping methods have been applied at low temperatures, including the Penning trap of Barlow et. al., which has been used to measure the rate coefficient of several reactions with H 2 down to ∼10 K. [33][34][35] and 22-pole traps, which have made possible the study of ion reactions with H atoms. [START_REF] Gerlich | Experimental Investigations of Radiative Association Processes As Related to Interstellar Chemistry[END_REF]36,37 These traps operate at low pressures, giving long trapping times (as long as 1 hour) and thus allowing very slow reaction rates (down to ∼10 -15 cm 3 molecule -1 s -1 ) to be measured.

The second category of experiments comprises those based on the use of gas expansion or flow techniques. The flowing afterglow method was first developed in the late 60s and Flowing afterglow methods were also developed for the measurement of rate coefficients involving the recombination of ions with electrons to form neutral species. The flowing after glow Langmuir probe (FALP) technique incorporated a movable Langmuir probe (LP) to determine the electron density along the FA tube. The FALP method provides no information about the products and thus the branching ratios into the different channels are unknown.

In addition, the excited internal states of the ions are neither relaxed nor well defined, and it is difficult to cool the apparatus, though there are some measurements down to ∼95 K.

To determine the products of ion-electron recombination reactions, a method was developed in the 1970s known as the merged beam technique. 42,43 This technique involves two interacting beams of particles that are made to travel along a common axis for some finite distance. Heavy ion storage rings are particularly useful for the study of ion-electron reactions. They are comprised of a vacuum system, usually >40 m in circumference, with magnetic focusing elements to keep the ions in a closed orbit -producing high intensity ion beams and giving enough time to radiatively cool any vibrationally excited molecules. The ion beam is merged with an electron beam and neutral products are produced. These neutral species are not confined by the magnetic fields and exit the ring to strike a mass-selective detector, giving a complete set of branching ratios. The collision energy can be varied by changing the ion and electron beam velocities, allowing the rate coefficients to be derived The first reactions studied with the CRESU technique were the reactions of O 2 cations with CH 4 and the association reactions of O 2 and N 2 with their cations. 1.

Figure 2 shows some example cases displaying the types of temperature dependences that have been observed: the N + ion reactions with a non-polar neutral (O 2 ), 48 polar neutrals (H 2 O and NH 3 ) 51 and a neutral with a large quadrupole moment (C 6 F 6 ). 49 In general, the rate coefficients for the reactions of ions with nonpolar molecules match the simple estimate based on the Langevin equation quite well even when the neutral species has a large quadrupole moment, like C 6 F 6 . In reactions between ions and polar neutrals, there is an anisotropic attractive force between the charge on the ion and the permanent dipole of the neutral. In this case, the rate coefficients increase as the temperature is lowered, as observed in the reaction between N + and H 2 O. In the case of N + reaction with C 6 F 6 , the authors concluded that the existence of a large quadrupole moment did not significantly change in collision rate coefficient or reaction efficiency over a large temperature range.
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A c c e p t e d m a n u s c r i p t Most of the ion-neutral reactions that have been studied in the laboratory are between singly charged cations and neutral molecules that can be purchased commercially or, in a few cases, synthesized in-house. These molecules comprise only a fraction of the neutral species that could be involved in reactions in dense clouds. A key class of reactions significant in astrophysical environments are the reactions between radicals and ions, which are particularly challenging to study since it is difficult to quantify the concentration of either species.

N + + O 2 N + + C 6 F 6 N + + H 2 O N + + NH 3 T (K) k (cm 3 s -1 ) 10
Reactions between several ions and some radical atoms such as H( 2 S), N( 4 S), and O( 3 P) have been studied using the SIFT technique (see the review by Snow and Bierbaum 41 ), though predominantly at room temperature.

Anion reactions

While a number of reactions between cations and neutral species have been studied down to low temperatures, very few reactions of anions have been measured below 100 K. This is due to a combination of the practical difficulties of producing anions in the laboratory of Bourgalais et al. [START_REF] Bourgalais | Elusive Anion Growth in Titan's Atmosphere: Low Temperature Kinetics of the C 3 N -+ HC 3 N Reaction[END_REF] showed that in Titan's low-temperature atmosphere the reaction of C 3 N -with HC 3 N will not produce anions but instead will lead to the loss of the negative charge.

The kinetics of proton-transfer reactions between these cyanopolyyne anions and formic acid (HCOOH) has been studied at 36-300 K. [START_REF] Joalland | Low-temperature Reactivity of C 2n+1 N -Anions with Polar Molecules[END_REF] There is still much to be understood regarding the reactivity of anions with neutral species and their importance in COM formation and destruction in the ISM is yet to be fully explored, both experimentally and computationally. 

Measurements of neutral-neutral reactions

Most chemical reactions between stable neutral species grind to a halt at the low temperatures of interstellar clouds because the molecules do not have sufficient thermal energy to overcome activation barriers. However, many reactions involving radicals do not possess barriers and remain rapid or even become more efficient at low temperatures.

In order to study neutral-neutral reactions, pulsed laser photolysis or discharge methods are used to produce radicals. These radicals meet the other more abundant reactant species, and the change in radical concentration is observed as a function of time, typically by laser-induced fluorescence. To our knowledge, rate coefficient data on bimolecular reactions involving 21 different radicals (including different electronic states) and around 50 neutrals have been published to date, for a total of around 160 neutral-neutral reactions. These reactions are listed in Table 1, as well as those involving three-body collisions.

The first measurement of a rate coefficient for a radical-radical reaction below 100 K was made for CN + O 2 . [START_REF] Sims | Ultra-low Temperature Kinetics of Neutral-Neutral Reactions: The Reaction CN + O 2 down to 26 K[END_REF] This study was motivated by results obtained in a cryogenic cell that displayed a negative temperature dependence consistent with a "capture" by the long-range dipole-quadrupole forces between the reagents and the formation of a transient complex.

They found that the reaction rate coefficient increases with decrease in temperature, following a T -1/2 dependence. Such negative temperature dependences of the rate coefficient have since been observed for a range of radical-radical reactions, for example reactions of CH(X 2 Π) with O 2 and NO, 111 NH(X 3 Σ -) with NO 128 and N( 4 S) with C 2 ( 1 Σ + g ). 167

The discovery that the rate coefficients of many neutral-neutral reactions increase as the temperature is lowered was one of the most significant findings of CRESU experiments and has had a large impact in the field of astrochemistry. A surprising aspect of early CRESU studies was the observed diversity in the temperature dependence of the measured rate coefficients. While the rate of many reactions increased with temperature, others possessed a "U" shaped temperature dependence, with a marked minimum typically between 100-200 K. This behaviour has been observed for several cases where the reaction passes through an initial weakly bound complex and then over a (submerged) barrier. [START_REF] Sims | Rate Constants for the Reactions of CN with Hydrocarbons at Low and Ultra-low Temperatures[END_REF][START_REF] Shannon | Accelerated Chemistry in the Reaction between the Hydroxyl Radical and Methanol at Interstellar Temperatures Facilitated by Tunnelling[END_REF]157 In order to predict whether a neutral-neutral reaction is expected to remain rapid (k > [START_REF] Sims | Ultralow Temperature Kinetics of Neutral-Neutral Reactions. the Technique and Results for the Reactions CN + O 2 down to 13 K and CN+NH 3 down to 25 K[END_REF] , where the filled circles were measured using a CRESU apparatus and the open circles using a cryogenic cell. The triangles show high temperature data of Herbert et al. 211 .
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Reactions between CN and hydrocarbons

Some of the earliest neutral-neutral reactions studied using the CRESU technique involved the reactions of the cyanogen (CN) radical with saturated (C 2 H 6 ) and unsaturated (C 2 H 2 , C 2 H 4 ) hydrocarbons. [START_REF] Sims | Rate Constants for the Reactions of CN with Hydrocarbons at Low and Ultra-low Temperatures[END_REF] The temperature dependent rate coefficients were measured between room temperature and 160 K in a cryogenic cell and down to 25 K in the CRESU apparatus at Rennes. Similar to the prototypical radical-radical reaction between CN and molecular oxygen, the rate coefficients for reactions between several unsaturated hydrocarbons and CN displayed negative temperature dependences. The reaction between C 2 H 6 and CN displayed a remarkable temperature dependence, decreasing as the temperature was lowered to ∼100 shown in Figure 6. At high temperatures, collisions between the two reactants are direct and there is only one chance for the reaction to occur and k back is dominant. As the temperature is lowered, the proportion of collisions forming pre-reactive complexes is increased and more of the potential surface can be accessed to find a path to products. In other words, at high temperature, passage through the tight transition state governs the reaction rate, while at lower temperatures the loose transition state is rate determining.

Following these early studies, a handful of other reactions between CN and hydrocarbons have been measured. The reaction of CN with allene (H 2 =C=CH 2 ) and methyl acetylene (CH 3 CCH) were measured by Carty et al. [START_REF] Carty | Low Temperature Rate Coefficients for the Reactions of CN and C 2 H Radicals with Allene (CH 2 =C=CH 2 ) and Methyl Acetylene (CH 3 CCH)[END_REF] between 15 K and 295 K. For both reactions, the temperature-dependence is negligible and the authors recommended the use of a temperature independent value k = (4.1 ± 0.5) ×10 -10 cm 3 molecule -1 s -1 . At all temperatures, the rate coefficients approach the collisional limit and thus the reaction is expected to be significant under ISM temperature conditions. The reaction mechanism was predicted to occur in both cases by a barrierless addition followed by loss of an H atom. 212,213 The reaction of CN with propene, propane, 1-butyne were measured by Morales et al. 82 between 23-298 K. The reaction between CN and propene displayed a slight negative temperature dependence while its the unsaturated counterpart propane followed Arrhenius behavior at high temperatures with a minimum at around 300 K, very similar to that observed for ethane. The reaction between CN and 1-butyne was found to be temperature independent, with an average value of k = (4.0 ± 0.7) × 10 -10 cm 3 molecule -1 s -1 . The reaction of 1,3-butadiene with CN was studied soon after and was found to possess a slightly positive temperature dependence following Arrhenius behaviour, [START_REF] Morales | A Crossed Molecular Beam, Low-temperature Kinetics, and Theoretical Investigation of the Reaction of the Cyano Radical (CN) with 1,3-butadiene (C 4 H 6 ): A Route to Complex Nitrogen-bearing Molecules in Lowtemperature Extraterrestrial Environments[END_REF] illustrating the range of temperature dependences that can be observed, even for reactions involving isomers.

Reactions of the hydroxyl radical with COMs

During the last few decades, several reactions between organic molecules and the hydroxyl radical (OH) have been studied, particularly by the group of Dwayne Heard at Leeds. These reactions display a marked increase in the rate coefficient as the temperature is lowered.

Such reactions have been shown to proceed via gas-phase hydrogen abstraction reactions, forming weakly bound (<30 kJ mol -1 ) hydrogen-bonded complexes with the organic neutrals. Reactions with OH at low temperatures have thus far been studied for the alcohols methanol, 14,89-91 ethanol [START_REF] Caravan | Measurements of Rate Coefficients for Reactions of OH with Ethanol and Propan-2-ol at Very Low Temperatures[END_REF][START_REF] Ocaña | Gas Phase Kinetics of the OH + CH 3 CH 2 OH Reaction at Temperatures of the Interstellar Medium (T = 21-107 K)[END_REF] and propan-2-ol, [START_REF] Caravan | Measurements of Rate Coefficients for Reactions of OH with Ethanol and Propan-2-ol at Very Low Temperatures[END_REF] dimethyl ether, [START_REF] Shannon | Observation of a Large Negative Temperature Dependence for Rate Coefficients of Reactions of OH with Oxygenated Volatile Organic Compounds Studied at 86-112 K[END_REF]144 the ketones butanone (methyl-ether-ketone), 92 acetone, [START_REF] Shannon | Observation of a Large Negative Temperature Dependence for Rate Coefficients of Reactions of OH with Oxygenated Volatile Organic Compounds Studied at 86-112 K[END_REF]144 and formaldehyde [START_REF] Ocaña | Is the Gas-phase OH+H 2 CO Reaction a Source of HCO in Interstellar Cold Dark Clouds? A Kinetic, Dynamic, and Modeling Study[END_REF] and for the esters methyl formate [START_REF] Jiménez | First Evidence of the Dramatic Enhancement of the Reactivity of Methyl Formate (HC(O)OCH 3 ) with OH at Temperatures of the Interstellar Medium: A Gas-Phase Kinetic Study between 22 K and 64 K[END_REF] and L-alanine ethyl ester. 108 The reaction between methanol and OH, in particular, has been studied in detail both experimentally [START_REF] Ocaña | Gas-phase Reactivity of CH 3 OH toward OH at[END_REF][START_REF] Shannon | Accelerated Chemistry in the Reaction between the Hydroxyl Radical and Methanol at Interstellar Temperatures Facilitated by Tunnelling[END_REF][START_REF] Gómez-Martín | Low Temperature Kinetics of the CH 3 OH + OH Reaction[END_REF][START_REF] Antiñolo | Reactivity of OH and CH 3 OH between 22 and 64 K: Modelling the Gas Phase Production of CH 3 O in Barnard 1b[END_REF] and theoretically 

27

A c c e p t e d m a n u s c r i p t An important aspect of these measurements is the pressure dependence of the rate coefficients. If the rate coefficient is dependent on the total density in the flow the pre-reactive complex may be stabilized by three-body collisions, and thus the enhanced rate coefficient at low temperature will not be applicable to most astrochemical environments due to their low densities. In the low pressure limit (LPL) the reaction can be considered as a direct H-abstraction process without the formation of a stabilized pre-reactive complex, whereas
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A c c e p t e d m a n u s c r i p t in the high-pressure limit (HPL) the pre-reactive complex is fully stabilized with an energy state population following a Boltzmann distribution. For the CH 3 OH + OH reaction, the rate coefficients were measured as a function of pressure at 80 K and were found to be independent of the total density which was explained by the presence of a weakly bound complex that is not fully stabilized by collisions but undergoes quantum mechanical tunnelling to the products. [START_REF] Shannon | Accelerated Chemistry in the Reaction between the Hydroxyl Radical and Methanol at Interstellar Temperatures Facilitated by Tunnelling[END_REF] Tunnelling mechanisms can be verified by checking for kinetic isotope effect; however, experiments with deuterated reagents are more experimentally challenging and costly.

Measurement of the rate coefficients from 11.7 K to 177.5 K by Ocaña et al. suggest that the low-temperature measurements are approaching the high-pressure limit.

However, del Mazo-Sevillano et al. 217 used a ring-polymer molecular dynamics method and were able to reproduce well the experimental data assuming the zero pressure limit. Thus, even for the reaction between OH and one of the simplest COMs, methanol, there is still debate about the reaction mechanism under interstellar conditions.

OH reactions with larger alcohols ethanol and propan-2-ol and with acetone, methylethyl-ketone, dimethyl ether, methyl formate and H 2 CO also displayed distinct upturns in the rate coefficient for H-abstraction towards low temperature. In reactions of OH with acetone, a marked pressure dependence was observed, suggesting the enhanced rate coefficients at low temperature are likely due to collisional stabilization. However, rate calculations in the Page 29 of 74
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A c c e p t e d m a n u s c r i p t low pressure limit predicted that the reaction will remain rapid (k∼10 -11 cm 3 molecule -1 s -1 ) under interstellar conditions. [START_REF] Shannon | A Combined Experimental and Theoretical Study of Reactions between the Hydroxyl Radical and Oxygenated Hydrocarbons Relevant to Astrochemical Environments[END_REF] The lifetime of the pre-reactive complex is determined by the density of vibrational states. Complexes of larger molecules will have long enough lifetimes that the enhancement of the rate coefficient at low temperatures can be enhanced by collisional stabilization. For small molecules, the lifetime of the pre-reactive complex is short and the rate coefficient at low temperature is controlled by tunnelling.

The largest enhancement in the rate coefficient observed to date is that for the OH + methyl formate reaction, increasing by a factor of ∼600 at 22 K compared to room temperature. The pressure dependence of this reaction has not been investigated and thus the mechanism for the dramatic enhancement in k(T) at low temperatures is unknown.

Product specific reaction kinetics

Reactions involving complex organic molecules often have more than one set of products. In such multichannel reactions, rate coefficients can be defined for each channel and related to overall reaction rate coefficient by their branching ratios. Take, for example, a two-channel reaction between CH 

CH 3 OH + OH k 1a --→ CH 3 O + H 2 O (10) k 1b --→ CH 2 OH + H 2 O (11)
Here, the overall rate coefficient, k 1 = k 1a + k 1b , is the sum of the product specific rate coefficients, k 1a and k 1b . The product branching ratios into channels a and b are then defined as α a = k 1a /k 1 and α b = k 1b /k 1 .

It has long been acknowledged that branching ratios between the products in such multichannel reactions are as important as the overall rate coefficient in order to accurately Page 30 of 74
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A c c e p t e d m a n u s c r i p t reproduce complex astrophysical environments. 220 Significant progress has been made in the measurement of overall low-temperature rate coefficients during the last few decades; however, the measurement of reaction products and their branching ratios has lagged behind. This is, in part, because there is no universal way of determining reaction branching ratios.

In order to efficiently probe multichannel reactions, the experimental technique should be universal (i.e. detect all reaction channel products), highly sensitive and multiplexed (i.e.

able to detect multiple species at the same time). The sensitivity requirement arises from the need to kinetically isolate the bimolecular reaction of interest and minimize the contribution of side or back reactions. These side reactions are reduced by conducting the experiment under pseudo-first order conditions, such that one reactant species (typically an unstable radical) is kept at much lower concentration than the other. The concentrations of the products are then limited by that of the less abundant reactant. Multiplexed detection methods are required in order to detect multiple products simultaneously; thus detection techniques that must be tuned to a specific product are impractical e.g. LIF or other narrow-band spectroscopic techniques. Multiplexed detection also reduces systematic errors that arise from drifts in experimental parameters over time.

In the following sections, we discuss techniques that have been used to determine product branching ratios of elementary reactions and their extension to low-temperature reactions.

Only a handful of measurements have been made of product specific reaction kinetics below room temperature, relying on either mass spectrometric or spectroscopic detection methods.

We outline these methods and present some key results that have been obtained.

Calibrated LIF experiments

In addition to measuring the decay of a reactant, LIF measurements can be used to measure the presence and growth kinetics of particular products. These data can be used to check for consistency with the decay kinetics of the reactant and confirm the rate coefficient, as well as to provide some evidence supporting a particular reaction mechanism. The use of LIF to measure reaction product branching ratios, however, remains challenging, as it is difficult to relate fluorescence signals to absolute product yields. LIF methods are highly sensitive and often selective, but require calibration to determine absolute concentrations of products.

The use of calibration reactions has enabled some determinations of H-atom product yields; however, no direct information is obtained on the identity of the co-product.

The reactions of acetylene and ethylene with CN were studied by this technique at room temperature. 221 In this study, the time resolved H atom signal was compared with that from a chosen calibration reaction, CN + H 2 → HCN + H. Figure 8 Where I refers to the intensity of the H atom signal and C is a correction factor to account for differences in quenching or absorption by the reactant (here C 2 H 2 or C 2 H 4 ) as compared to the calibration reactant (here H 2 ). Using this method, the authors found room temperature branching ratios to H atom channels of (1.08 ± 0.13) and ( 1.04 ± 0.11) for the reactions of CN with C 2 H 2 and C 2 H 4 , respectively.

The H atom calibration technique has been applied to a handful of reactions at T<300 K: by the group of Seakins and co-workers at the University of Leeds, to study reactions [START_REF] Douglas | Low Temperature Studies of the Rate Coefficients and Branching Ratios of Reactive Loss vs Quenching for the Reactions of 1 CH 2 with C 2 H 6 , C 2 H 4 , C 2 H 2[END_REF]222 and by Hickson and co-workers at the Université de Bordeaux for reactions involving C( 3 P), 139,142,144 C( 1 D), 149 and O( 1 D). 158,160 In the former set of experiments, the authors found that the H atom branching ratio for the reaction of 1 CH 2 with both acetylene and ethene increases with temperature between 195 and 298 K. The temperature range was later extended down to 100 K using a pulsed CRESU apparatus and the H-atom branching ratio was shown to continue to decrease at lower temperatures. [START_REF] Douglas | Low Temperature Studies of the Rate Coefficients and Branching Ratios of Reactive Loss vs Quenching for the Reactions of 1 CH 2 with C 2 H 6 , C 2 H 4 , C 2 H 2[END_REF] The removal of 1 CH 2 was instead dominated by quenching to 3 CH 2 at 100 K. Similar to Choi et al. 221 , the authors used the reaction with H 2 as a calibration reaction, as they had previously measured the temperature dependent branching ratios for its reaction with 1 CH 2 in their laboratory. 

of 1 CH 2 ,
I(C( 3 P) + CH 3 OH) = 0.85 × I(C + CH 3 OH) -I(C( 1 D) + H 2 ) I(C + C 3 H 4 ) -I(C( 1 D) + H 2 ) ( 13 
)
where While laser induced fluorescence is a particularly valuable product detection method, offering excellent sensitivity and selectivity, it is only able to provide kinetic information about a single product channel during a given experiment. The major weakness of the calibrated LIF technique the difficulty to directly provide branching ratios into product channels other than the H atom channel. Furthermore, even for channels yielding H atoms that can be quantified, different co-products may exist and the technique would be unable to distinguish between them. In order to do measure branching fractions into other product channels, the LIF system must be tuned to detect a specific (and fluorescent) product and a calibration reaction must be found in order to determine the absolute product concentration.

I(C( 1 D) + H 2 ), I(C + C 3 H 4 )

Ionization techniques

Many species of interest for astrochemistry do not fluoresce (owing to, for example, predissociation) and, as noted above, it is generally not possible to detect multiple species at the same time by this technique as each molecule requires a specific excitation and detection scheme.

In contrast, mass spectrometry is a universal detection method that can be used to detect multiple species during the same experiment. Mass spectrometry coupled to tunable vacuum ultraviolet synchrotron photoionization has been used in a number of kinetics experiments to identify reaction products as well as radical intermediates. The photoionization spectra obtained can be used to distinguish between isomeric reaction products with the same m/z, since each isomer has a distinct ionization threshold and photoionization efficiency (PIE) curve , determined by Franck-Condon overlap between the neutral and the cation. This affords new insights into detailed reaction mechanisms that could not be obtained using mass spectrometry alone. The broad tunability of the synchrotron source provides high selectivity, minimizing fragmentation and allowing one to distinguish between structural isomers due to their different ionization energies and PIE curves. The photoionization spectroscopy was coupled to a multiplexed mass spectrometer producing a data cube signal, as shown in 9, that is a function of time as well as mass (m/z) and VUV energy (E). In the first version of the instrument, a multiplexed magnetic sector mass spectrometer was employed 227 but this was subsequently replaced by a rapidly pulsed orthogonal time of flight mass spectrometer. 230,231 This technique has enabled significant advances in the measurement of product branching ratios for reactions at 300 K and above, with particular significance to atmospheric and combustion chemistry. 232,233 It has also been used to study reactions of astrochemical interest, including (at room temperature) the reaction of CN with benzene to produce benzonitrile, [START_REF] Trevitt | Reactions of the CN Radical with Benzene and Toluene: Product Detection and Low-temperature Kinetics[END_REF] Here, the authors found that benzonitrile was the only detected product channel, with no evidence for a C 6 H 5 + HCN channel; however, it remains unclear if the benzonitrile channel would remain dominant at the 10 K gas temperature of TMC-1, where it has been recently detected. 234 The detection of benzonitrile in the ISM provides a link to the simplest aromatic, benzene, which itself cannot be detected by radio astronomy due to its lack of a permanent dipole. A potential formation route to benzene, the reaction of C 2 H with 1,3-butadiene, was also studied using synchrotron photoionization mass spectrometry. 235 The principal reaction channel involves addition of the C 2 H radical to one of the unsaturated sites of 1,3-butadiene, followed by H atom loss to give isomers of C 6 H 6 . The photoionization spectra indicated that fulvene is the major isomer product, with a branching fraction of ∼60%. These results disagree with the branching fractions found in crossed-beam experiments which found 1,3hexadien-5-yne as the dominant isomer (70 ± 10%) followed by benzene (30 ± 10%). 236

They suggested this discrepency may be due the high collisional energy of the crossedbeam experiment (translating to thermal energy of 5400K), emphasizing the importance of studying reactions under both single collision and thermal conditions.
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In a recent development at the Advanced Light Source (ALS) synchrotron in Berkeley, Wilson, Leone and co-workers combined a pulsed Laval nozzle expansion with synchrotron photoionisation and quadrupole mass spectrometric detection to determine the product branching ratios for reactions at ∼80 K. 118 This development implemented sampling of the collimated expansion through a small pinhole (450 µm) in an airfoil in order to reduce the density of the flow for mass spectrometric detection while minimizing the distance between sampling of the flow and photoionization in order to conserve the kinetic time resolution. 237 They used this technique to study reactions of alkenes: ethene, propene and isomers of butene, with C 2 H radicals. 120,124 In the case of butene, the isomer-specific product branching ratios for the reaction of C 2 H radicals with the C 4 H 8 isomers (1-butene, cis-2-butene, trans-2-butene and isobutene) were obtained. 124 We describe this set of experiments as an illustration of the photoionization mass spectrometry technique for product determination in low temperature reactions. The butene isomers were sequentially introduced into the flow mixed with the C 2 H precursor (acetylene)

and nitrogen as a buffer gas. The C 2 H radicals were produced by pulsed-laser photolysis of acetylene at 193 nm. Following its production, C 2 H could react either with the C 4 H 8 isomer itself, or potentially with one of its photofragments. In order to unravel the origin of the products, the mass spectrum of the butene isomer exposed to the 193 nm photolysis beam is used as a baseline and to identify the butene photolysis products in absence of C 2 H.

Following subtraction of the photolysed butene mass spectrum, new features were identified at 50, 52 and 66 amu for 1-butene, at 50 and 66 amu for both 2-butene isomers and at 50, 66

and (weakly at) 80 amu for isobutene. The mass peak at 50 amu was assigned to diacetylene In order to determine the isomeric identity of the product species detected at masses 52, 66 and 80, photoionization spectra of the products (recorded both as a function of time and m/z) are analyzed at these mass channels. For the 1-butene isomer reaction, the mass 52

(C 4 H 2 ),
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A c c e p t e d m a n u s c r i p t peak was well fit by vinylacetylene with a predicted upper limit of 5% for the other C 4 H 4 isomers. The photoionization spectrum at mass 66 displayed a ionization threshold around 9.8 eV. This ionization threshold is close to that of 4-penten-1-yne, calculated to fall at 9.9 eV, and far from the thresholds of other possible C 5 H 6 isomers. This gave a product branching ratio of (65 ± 10)% C 4 H 4 in the form of vinylacetylene and (35 ± 10)% C 5 H 6 in the form of 4-penten-1-yne. A similar treatment was applied for the other butene isomers in order to extract the product branching ratios. Both 2-butene reactions produce solely 3-penten-1-yne with no discrimination possible between cis-and trans-3-penten-1-yne. The reaction with isobutene yields (26 ± 15)% 3-penten-1-yne, (35 ± 15)% 2-methyl-1-buten-3-yne, and ( 3915)% 4-methyl-3-penten1-yne.

The reaction rate coefficients were determined under pseudo first-order conditions by measuring the time dependent ion signal at a set product m/z and at a constant ionization energy. The rate coefficients were identical within statistical error for all of the butene isomers with values of (1.9 ± 0.5), (1.7 ± 0.5), (2.1 ± 0.7) and (1.8 ± 0.9) × 10 10 cm 3 s -1 for the reaction of C 2 H with 1-butene, cis-2-butene, trans-2-butene, and isobutene, respectively.

This technique remains challenging for the quantification of reactions involving complex polyatomic species as they often require fitting of composite and sometimes incompletely resolved photoionization spectra to determine branching ratios, and clear product signatures are often lacking. The other obvious difficulty is obtaining a tunable soft ionization source requires synchrotron time, which is often not readily available. Despite these challenges, several groups are currently using this technique to constrain product branching ratios for reactions of astrochemical relevance. We discuss the perspectives for this technique further in the conclusions section.

Crossed-beam experiments

Great advances in our understanding of the dynamics of elementary reactions in the gasphase have been made possible using crossed molecular beam (CMB) experiments. CMB
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A c c e p t e d m a n u s c r i p t experiments have the particular advantage that they allow reactions to be studied under single collision conditions, guaranteeing that the products formed are not subject to subsequent reaction. The reactants are confined into distinct beams, with well defined velocities, which cross each other at a defined angle, ensuring that the species of each beam collide only with those of the other beam. Once formed, the reaction products travel to the detector (often a rotatable mass spectrometer i.e. the so-called "universal machine developed by Lee et al. 238 ) without undergoing secondary collisions, since the reaction chamber is kept under high-or ultra-high vacuum. As a result, the outcome of many identical collisions under well-defined conditions are recorded at the detector. Major advances were made following the implementation of soft ionization sources using low energy electrons or VUV synchrotron radiation in order to eliminate dissociative ionization that occurs in standard hard electron ionization sources. While the CMB in the universal machine setup can be used to study complex reactions with multiple product channels, its resolution is generally insufficient to obtain state-resolved information about the products. Instead, laser spectroscopic methods such as LIF and resonance-enhanced multi-photon ionization (REMPI) can be used to obtain state-resolved differential cross sections. These laser-based techniques have been coupled to a number of sophisticated detection schemes, such Doppler-selected time of flight (TOF), 239 ion velocity-map imaging technique, 240 and, in the case of H atom forming reactions, high resolution Rydberg H-atom TOF. 241

In many cases, the experiments are performed at fixed or at least high collision energies corresponding to temperatures of often several thousands of Kelvin. As the product branching ratios may vary strongly with temperature, there remains room for debate regarding products at intermediate to low temperatures relevant to the cold ISM. Crossed-beam experiments thus can produce reaction dynamics data that are complementary to the kinetics data obtained under thermal conditions using, for example, the CRESU technique.

The CMB technique has been used to great success for characterizing various elementary reactions involving polyatomics, the details of which can be found in recent reviews articles reactions, indirect insertion reactions and indirect addition elimination reactions. We limit our discussions below to a few measurements made using the universal machine setup.

Much can be gained from joint crossed-beam and low-temperature kinetics studies investigating the same reaction. Recently, the reaction between CN and 1,3-butadiene was investigated in a study which independently measured the low-temperature rate coefficients using a CRESU apparatus and the reaction products under single collision conditions using a crossed-beam experiment. [START_REF] Morales | A Crossed Molecular Beam, Low-temperature Kinetics, and Theoretical Investigation of the Reaction of the Cyano Radical (CN) with 1,3-butadiene (C 4 H 6 ): A Route to Complex Nitrogen-bearing Molecules in Lowtemperature Extraterrestrial Environments[END_REF] The low-temperature kinetics demonstrated that the reaction remains fast from room temperature down to 23 K, with rate coefficients close to the gas kinetic limit, indicating that the reaction proceeds potential energy surface that does not have an entrance barrier. The crossed beam studies showed that the reaction proceeds via a long-lived C 5 H 6 N complex, producing C 5 H 5 N and atomic hydrogen. Experiments were also conducted with partially deuterated 1,3-butadienes and these indicated that the H atom loss originates from a terminal carbon of 1,3-butadiene. Electronic structure calculations were used to support the crossed-beam experiments and suggested that the thermodynamically less favorable 1-cyano-1,3-butadiene isomer is the dominant reaction product; with less than a few percent from the aromatic pyridine molecule feasible but not confirmed.

The authors compared these results to the reaction between C 2 H and 1,3-butadiene, studied by Jones et al. 236 . In the reaction of C 2 H, benzene was found at significant fractions (30% ± 10%) in addition to the thermodynamically less stable isomer, hexa-1,3-dien-5-yne.

The authors suggested that, despite similar barriers to ring closure and H-atom migration, the formation of benzene may be significant due to a stabilization of the C 2 H addition intermediate (∼100 kJ mol -1 lower in energy than the CN intermediate) followed by a lower energy transition state. In addition, the addition intermediates pass through barriers to cyclization of -90 kJ mol -1 and -181 kJ mol -1 followed by barriers to hydrogen shift of +4 kJ mol -1 and -144 kJ mol -1 for the CN and C 2 H reactions, respectively. These results suggested that in the case of isoelectronic CN and C 2 H reactions, benzene may be Page 41 of 74
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A c c e p t e d m a n u s c r i p t formed favourably compared to pyridine in the ISM. This study also serves to highlight that thermodynamics does not necessarily control the reaction products. In the case of CN + 1,3-butadiene, the thermodynically less stable isomer 1-cyano-1,3-butadiene was favoured over pyridine. As mentioned above, products formed in the C 2 H + 1,3-butadiene reaction were also probed at room temperature in a separate study using photoionization time-offlight mass spectrometry. 235 The observation of fulvene as the major reaction product is not in good agreement with the crossed-beam study of Jones et. al., highlighting differences between the two methods (i.e. the collisional environment) for study of reaction products and suggesting the need for further investigation of the C 2 H + 1,3-butadiene reaction.

Most crossed molecular beam experiments work with the beams at right angles, with collisional energies of a few to a few tens of kcal mol -1 , where 1 kcal mol -1 corresponds to ∼300 K. Thus most crossed-beam experiments operate at collisional energies much higher than those relevant to the cold ISM. A molecular beam apparatus has been built at the University of Bordeaux that enables the beam intersection angle to be varied between 90 and 12.5 • , facilitating very low relative translational energies. [START_REF] Berteloite | Kinetics and Dynamics of the S( 1 D 2 )+H 2 → SH + H Reaction at Very Low Temperatures and Collision Energies[END_REF]243,244 These measurements at low collisional energies are an important step towards understanding the reaction products that can be formed under ISM conditions.

Microwave spectroscopy

Rotational spectroscopy can provide a high degree of molecular specificity, allowing unambiguous assignment of reaction products that possess at least a modest permanent electric dipole. Traditional cavity-based microwave spectroscopic techniques are not well suited to the measurement of reaction kinetics, due to the need to tune the resonant cavities to the specific rotational lines of the products. This requires knowledge of the expected reaction products and their rotational spectra prior to commencing the measurement. In addition, their high resolution means that scanning between different rotational lines can be very slow. In a recent development, born from a collaboration between the groups of Arthur Suits (Wayne State, now University of Missouri), Robert Field (MIT) and Ian Sims (University of Rennes), the CPMW method has been combined with a pulsed CRESU system. [START_REF] Oldham | A Chirped-Pulse Fourier-transform Microwave/pulsed Uniform Flow Spectrometer. i. the Low-temperature Flow System[END_REF]246 This chirped pulse in uniform flow (CPUF) experiment provides broadband spectra with MHz 

--→ H + CH 3 CCN ( 16)

--→ H + CH 2 CCHCN (17) 
Channel 14 occurs via direct abstraction whereas channels 15, 16 and 17 occur by indirect addition/elimination pathways. The potential energy surface was modeled at the CBS-QB3 level of theory, indicating cis-and trans-barrierless C1 addition complexes as well as a barrierless C2 addition complex, 18.5 kJ mol -1 higher in energy than the trans-C1 complex.

A low isomerization barrier separating the C1 and C2 complexes facilitates equilibration between these complexes prior to dissociation. The reaction was probed in a uniform flow consisting of 0.5% of the CN precursor BrCN and 1.5% propyne in a helium buffer gas.

The reaction was initiated by photolysis of the BrCN at 193 nm. The AWG was used to produce a linear frequency chirp and a phase-locked dielectric resonator oscillator (PDRO) at 8.125 GHz was used to upconvert the pulse via a broadband mixer. The resulting pulse was amplified, passed through a bandpass filter and frequency multiplied 8× by a multiplication chain to obtain the 60-90 GHz frequency output. Spectra were obtained at 10 µs intervals following the laser pulse, resulting in 12 independent spectra per gas pulse, each averaged for ∼62500 acquisitions.

The product column densities were calculated from the integrated line intensities and branching ratios of (12 ± 5)%, (66 ± 4)%, (22 ± 6)%, and (0 ± 8)% were determined for the HCN, HCCCN, CH 3 CCCN, and CH 2 CCHCN channels, respectively. The relatively small branching to the direct abstraction (HCN product) was attributed to the low colli- A remaining challenge in combining CP-FTMW spectrocopy with CRESU flows is the balance between the high-density flows (10 16 -10 17 molecules cm -3 buffer gas) required to ensure that the species in the flow are thermalized at a well-defined temperature, and the lower densities required to ensure that the microwave coherence times are long enough to produce detectable signals. We discuss this challenge and the current work being undertaken in this area in the future prospects section.

Infrared absorption spectroscopy

The use of infrared absorption spectroscopy for reaction product detection has a number of advantages. Firstly, infrared absorption is nearly universal; that is, with the exception of homonuclear diatomics, all molecules absorb in the infrared. In contrast to LIF, absorption spectroscopy can be used in quenching environments and can be used to detect In a complementary study, they measured the kinetics of the D + CO 2 channel at room temperature. 258 The time-dependence of OD and CO 2 concentrations were used to determine the product channel-specific rates as well as their dependence on pressure and bath gas.

These measurements, in combination with the DOCO formation rate, provided the branching channel yields for the DOCO and D + CO 2 products of OD + CO reaction in the low-pressure limit. They derived product yields in N 2 bath gas at 75 Torr of 27 ± 11% for the DOCO channel and 73 ± 16% for D + CO 2 ; while in a CO bath gas, the product channel yields were roughly equivalent with of 47 ± 10% and 53 ± 7% for DOCO and D + CO 2 , respectively.

Conclusions and future prospects for low temperature gas-phase kinetics

In this review, we have discussed laboratory efforts to measure elementary reactions that may play a role in the formation of complex organic molecules in the ISM, with particular emphasis on experiments to measure directly product branching ratios. Significant advances are being made due to collaborative efforts between observational, computational, and laboratory astrochemists and it is clear that these will be necessary in order to explain the presence of the increasing number of molecules that are being observed. There are three significant gaps in the available gas-phase laboratory data relevant to COM formation. Firstly, there remain few data for gas-phase reactions measured at the temperatures of cold cores. This is a particular challenge for reactions involving volatile organic species which can condense and dimerize at low temperature and therefore their rate coefficients cannot be measured A particular advantage of using rotational spectroscopy to study cold reactions is that the spectral information about reaction products that is obtained during the experiments can be directly compared with spectra obtained from radio telescope observatories operating at the microwave and millimeter-wave frequencies. As a state-specific technique, information on, for example, vibrationally excited products is available.

The use of infrared spectroscopic techniques can likewise provide spectra directly comparable to astronomical observations, for example, spectra taken using space-based infrared observatories. The use of infrared frequency-combs to measure reaction products can provide data that will be of use to the next generation infrared observatories like the James Webb Space Telescope (JWST). The CE-DFCS technique has inherent spectral congestion for large molecules at room temperature. This problem could be overcome by implementing CE-DFCS with techniques that produce a continuous source of cooled molecules such as CRESU flows or buffer gas cooling. 259 The use of buffer gas cooling has recently been used to great success to rotationally resolve the 8.5 µm band of buckminsterfullerene (C 60 ), 260

providing a glimpse of the power of the CE-DFCS technique for the study of cold molecules.
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The application of frequency combs to study chemical reaction kinetics will likewise continue to grow with technical developments in higher power combs as well as their extension to longer wavelengths. 

52

Figure 1 :
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  sections observed as a function of collision energy.A major advancement in the measurement of ion-neutral reaction kinetics came with the development of the first CRESU apparatus by Bertrand Rowe and colleagues.44 In early experiments, ions were produced by irradiating the gas exiting the Laval nozzle by an electron beam. The rate coefficient for the ion-neutral reaction could then be determined by varying the distance of the sampling port. Later developments incorporated mass selection of the ions.45 

  negative ions would not be present in appreciable quantities in the ISM. While positive ions have been known to exist in the ISM since the discovery of CH + in 1941, 61 it wasn't until 2006 that the first anion (C 6 H -) was detected.62 In the laboratory, the study of anion reactions is more challenging than the study of cation reactions due to the difficulty in producing a stable quantity of the anion reactant species.The reaction of Cl -with CH 3 Br was studied by LeGarrec et al. 63 in 1997, and marks the first study of an anion reaction using the CRESU technique. The reaction was measured between 23-300 K as a classic example of an organic chemistry substitution reaction, rather than in an astrophysical context. Chlorine anions were formed through the dissociative attachment of electrons to CCl 4 by passing a high energy, low intensity electron beam perpendicular to the flow. A dramatic increase in the rate coefficient was found, with the experimental value at 23 K being over two orders of magnitude larger than that observed at 300 K. Motivation to continue laboratory measurements of anion reactions was revived in the mid-2000s with the discovery of negatively charged linear polyynes C 2n H -62,64,65 and cyanopolyynes C 2n+1 N -66-68 in the ISM.Reactions of C 2n+1 N -(with n=0, 1 and 2) cyanopolyynes have recently been studied by the group in Rennes for their application to reactions in Titan's ionosphere and in the ISM.[START_REF] Biennier | Low Temperature Reaction Kinetics of CN -+ HC 3 N and Implications for the Growth of Anions in Titan's Atmosphere[END_REF][START_REF] Bourgalais | Elusive Anion Growth in Titan's Atmosphere: Low Temperature Kinetics of the C 3 N -+ HC 3 N Reaction[END_REF][START_REF] Joalland | Low-temperature Reactivity of C 2n+1 N -Anions with Polar Molecules[END_REF] CN -and C 3 N -and C 5 N -anions were produced by the dissociative electron attachment to cyanogen bromide (BrCN), bromocyanoacetylene (BrC 3 N) and 5-bromopenta-2,4-diynenitrile (BrC 5 N), the latter two requiring in-house chemical synthesis. Reactions between these small anions and neutral species are predicted to be involved in the growth of anions by initiating a chain of anion reactions.Biennier et al.[START_REF] Biennier | Low Temperature Reaction Kinetics of CN -+ HC 3 N and Implications for the Growth of Anions in Titan's Atmosphere[END_REF] studied the reaction of CN -with HC 3 N down to ∼50 K. They found fast rate coefficients for the reaction of k ≥ 4 ×10 -9 cm 3 molecule -1 s -1 with a weak negative temperature dependence agreeing with a long-range capture theory. The formation of the C 3 N -anion via the major exit channel C 3 N -+ HCN demonstrated that the reaction may be involved in the growth of negative ions in the atmosphere of Titan. In contrast, experiments

Figure 3 :

 3 Figure 3: Rate coefficients for the C 2n+1 N + HCOOH reactions measured between 36 K and room temperature (k exp ) and those estimated from the Su and Chesnavich capture model (k SC , solid line). The result of the 2-D quantum model for the CN -+ HCOOH reaction is also shown (k 2D , dashed line). Reprinted from Joalland et al. 71

Figure 3

 3 shows the measured rate coefficients for the reactions of CN -, C 3 N -and C 5 N -with HCOOH. They found a negative temperature dependence for the reaction of C 3 N -with HCOOH that could be well reproduced by long-range capture theory using the classical trajectory model of Su and Chesnavich[START_REF] Su | Parametrization of the Ion-Polar Molecule Collision Rate Constant by Trajectory Calculations[END_REF] . In contrast, the experiments showed a surprisingly weak temperature dependence for the CN - + HCOOH reaction, disagreeing with the temperature dependence predicted by capture theories, but agreeing with the temperature dependence predicted by a 2-D time-independent quantum approach.Comparing the HCOOH reactions to their previous results for HC3 N suggests that dipoledipole interactions must play an active role in overcoming this limiting effect at low temperatures. The low-temperature reactivity of HCOOH and HC 3 N with CN -and C 3 N -is Page 18 of 74 18 A c c e p t e d m a n u s c r i p t similar: the CN -+ HC 3 N reaction shows very little temperature dependence, whereas the C 3 N -+ HC 3 N reaction exhibits a strong negative temperature dependence. They suggest this behaviour may due to the factor of 5 difference in the permanent dipole moments of C 3 N -(µ = 3.1 D) and CN -(µ = 0.6 D) rather than the long-range dipole-dipole interaction.
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 10 cm 3 molecule -1 s -1 ) at 10 K,Smith et al. 210 proposed two criteria: the rate coefficient must be greater than ∼10 -11 at room temperature and the difference between the ionization energy (IE) of the molecule and the electron affinity (EA) of the neutral must be less than 8.75 eV. When IE-EA is less than 8.75 eV the reaction will be barrierless or possess barriers below the reactant energy (submerged barriers).The reactions between ground state oxygen atoms, O( 3 P), and unsaturated hydrocarbons provided a good test of this empirical theory, having IE-EA values that straddle 8.75 eV. It was indeed found that the temperature dependences supported the empirical theory proposed

Figure 4 :

 4 Figure 4: Rate coefficients for the reactions of O( 3 P) atoms with alkenes. The dashed lines show theoretical calculations based on a two-transition state model. The solid lines show the recommended to fit the kinetic data from 300-700 K based on the Arrhenius expression. Adapted with permission from Sabbah et al. 157 Copyright (2007) AAAS.

Figure 5 :

 5 Figure 5: Rate coefficients for the reaction of CN radicals with C 2 H 2 (left) and with C 2 H 6 (right). The circles show data taken from Sims et al.[START_REF] Sims | Ultralow Temperature Kinetics of Neutral-Neutral Reactions. the Technique and Results for the Reactions CN + O 2 down to 13 K and CN+NH 3 down to 25 K[END_REF] , where the filled circles were measured using a CRESU apparatus and the open circles using a cryogenic cell. The triangles show high temperature data ofHerbert et al. 211 .

KFigure 6 :

 6 Figure 6: Schematic showing the dynamics of a reaction proceeding through a pre-reactive complex. At low temperatures the reaction rate is dominated by the formation of the prereactive complex via the loose transition state whereas at high-temperatures the the rate is dominated by the passage through the tight transition state. Adapted with permission from Hansmann and Abel 107 Copyright (2007) Wiley.

Figure 7 :

 7 Figure 7: Rate coefficients, k (left), and the ratio, k(T)/k(300K) (right), as a function of temperature for reaction of OH with several organic molecules. The lines are interpolated fits to data in the literature. Reprinted from Heard 219 .

Figure 7

 7 Figure 7 shows the temperature dependences of the rate coefficients for reactions of OH with several of these organic molecules, interpolated to the experimental data. In accordance with the empirical treatment of Smith et. al. a rapid U-shaped temperature dependence is observed resulting in low-temperature rate coefficients up to a thousand times faster than those at room temperature. At low temperatures the lifetime of the van der Waals complex increases and the probability of tunnelling under the reaction barrier to form products becomes much higher.

  [START_REF] Ocaña | Gas-phase Reactivity of CH 3 OH toward OH at[END_REF] displayed a pressure dependence between 120-150 K, below which the rate coefficients were pressure independent.Gao et al. 215 computed the rate coefficients between 30 K and 2000 K using the competitive canonical unified statistical (CCUS) model. Their results indicated that the rate coefficients measured below 100 K are close to the HPL. Roncero et al. 214 calculated a new full-dimensional potential energy surface and used quasi-classical trajectory methods to determine the rate coefficients as a function of temperature. The rate coefficients were found to be almost temperature independent between 20 K and 300 K and much lower than the experimental measurements. Recently, Nguyen et al. 216 have used 2-D master equation methods to compute the temperature and pressure dependent rate coefficients. Their results

Figure 8 :

 8 Figure 8: Schematic illustrating a calibration experiment for measurement of H-atom branching ratios. The solid line is the H atom fluorescence from the calibration reaction which has a 100% conversion to the H-atom product channel. The dashed line is the H atom fluorescence from the reaction of interest with an identical initial concentration of the radical reactant. Adapted with permission from Seakins 220 Copyright (2007) RSC.

  shows a schematic of the calibration technique. The time dependence of the radical removal can be measured in addition to the H atom production to ensure that the observed H is produced from the target reaction and not from secondary or side reactions. In order to detect H atom fluorescence at the Lyman-α transition (121.6 nm), the Lyman-α probe beam was produced by frequency tripling 365.8 nm radiation in a gas cell containing krypton and argon. The 365.8 nm beam was first produced by mixing 1064 nm radiation from a YAG pump laser with dye laser radiation at 554.6 nm. The branching ratio into the H atom channel was determined by:

  and I(C + CH 3 OH) are the H atom LIF signals derived from fitting the signals recorded when the C atoms were in the presence of H 2 , C 3 H 4 and CH 3 OH, respectively. At both 296 K and 127 K, the H atom yield of the C( 3 P) + CH 3 OH reaction was seen to represent only ∼10% of the total. This result allowed the authors to place constraints on statistical calculations using the MESMER 226 (Master Equation Solver for Multi Energy-well Reactions) code to determine that the only major product channel in the C( 3 P) + CH 3 OH reaction is the formation of HCO + CH 3 . Some of the HCO radicals (10-15% at most) fall apart to give H + CO, producing the H atom signal detected by LIF.

  Osborn and co-workers further developed the photoionization mass spectrometer (PIMS) design ofSlagle and Gutman 228,229 for use with a flow tube reactor.227 To avoid the significant fragmentation that occurs using conventional electron-bombardment ionization, the instrument used vacuum ultraviolet (VUV) radiation produced in a synchrotron that could

Figure 9 :

 9 Figure 9: Image representing the 3D data cube that is obtained using photoionization mass spectrometry for measurement of reaction product branching rations. Both the photon energy and the mass-to-charge ratio are measured as a function of time. The 2D slices show examples of data that can be obtained: The mass spectrum over time at a single photon energy, the photoionization spectrum over time at a single mass-to-charge ratio and the mass-to-charge ratio versus photon energy at a given time. Reprinted with permission from Osborn et al. 227 Copyright (2008) AIP.

  .Pan et al. 242 . Several classes of reactions have been tackled including direct abstraction

  Broadband chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy, pioneered and colleagues at the University of Virginia, 245 has revolutionized the field of microwave spectroscopy and has found applications across a wide range of fields. The technique enables a broadband spectrum (typically ≥10 GHz bandwidth) to be collected in a single shot of the spectrometer, allowing high-resolution spectra to be measured several orders of magnitude faster than what was previously possible.A high bandwidth, frequency stabilized arbitrary waveform generator (AWG) is used to produce a short pulse (∼1 µs or less) with a frequency sweep that is linear in time, this chirped pulse is upconverted to the microwave 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. The emitted free induction decay (FID) radiation is collected, down-converted if necessary, and broadbandshot-by-broadband-shot averaged in the time-domain by a high bandwidth oscilloscope or digitizer card, 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 scanning of the microwave frequency in a resonant cavity has led to several orders of magnitude improvement in the rate of data acquisition, as the power delivered to the sample is decoupled from the bandwidth, and dead time associated with stepping the cavity resonance frequency is eliminated.

  resolution and allows monitoring, on the µs timescale, of the appearance of transient reaction products. This CPUF apparatus has two main components: a chirped pulse broadband microwave spectrometer and a uniform flow system utilizing a pulsed Laval nozzle. Following laser initiation of the reaction, a frequency chirped microwave pulse is broadcast into the pulsed uniform flow at chosen time intervals. The FID of the polarized sample is collected

Figure 10 :

 10 Figure 10: Spectra displaying the time evolution of the J = 4 -3 rotational transition of HC 3 N during the reaction of CN with C 2 H 2 at 22 K. Reprinted with permission from Abeysekera et al. 246 Copyright (2014) AIP.

  non-fluorescent species. The absorption signal is a direct and quantitative measure of the absolute concentration without the need for calibration. However, absorption spectroscopy notoriously suffers from inherent low sensitivity, making it difficult to detect low concentration products in kinetically isolated reactions. Various methods have been have been employed to enhance the sensitivity by increasing the effective path length (e.g. multipass cells, 247,248 cavity ring-down spectroscopy[249][250][251] ) or by reducing background noise (e.g. frequency modulation252,253 ). These highly sensitive techniques, such as continuous wave cavity ringdown spectroscopy, allow for the detection of trace concentrations at relatively short timescales and with high spectral resolution but do not possess a sufficiently broad bandwidth to capture multiple products. Traditional broadband techniques, for example time-resolved step-scan FTIR, resolution and broad bandwidth required to detect multiple products, but normally use incoherent light sources and thus require long acquisition times to achieve high sensitivity.Cavity-enhanced direct frequency comb spectroscopy (CE-DFCS) possesses a broad bandwidth that allows detection of multiple species simultaneously, while the signal is enhanced by the increased absorption length afforded by the cavity. The time resolution is limited by the ringdown time of the optical cavity (which can be a few µs) while the spectral resolution is limited only by the linewidth of the comb teeth, i.e. <1 MHz. This high spectral resolution can access narrow rotational features of heavy molecules at low temperatures. Below, we discuss application of this technique to the measurement of product-specific reaction kinetics.Infrared frequency comb spectroscopyTime-resolved frequency comb spectroscopy (TRFCS) is a promising sensitive and multiplexed technique for the observation of reactive chemical intermediates on the microsecond timescale.254 Frequency combs are coherent light sources that emit a broad spectrum consisting of discrete and evenly spaced narrow lines, each possessing an absolute frequency measurable within the accuracy of an atomic clock. In particular, the development of frequency combs in the mid-infrared offers unique sensitivity for the detection of trace species based on fingerprint bands specific to this spectral region.255,256 Recently, the group of Jun Ye at JILA used the unique sensitive, broadband, and highresolution capabilities of time-resolved CE-DFCS to probe the OH + CO reaction kinetics and dynamics.257 This reaction is widely believed to involve a transient HOCO intermediate; however, it has eluded direct detection under the thermal conditions required to extract rate coefficients. The OH + CO reaction passes through a pre-reactive weakly bound OHCO complex to form the energized, vibrationally excited HOCO* species. In the low-pressure limit at room temperature, HOCO* primarily dissociates to reform OH + CO, with a small probability of overcoming the low barrier to form H + CO 2 products. In the presence of a

Figure 11 :

 11 Figure 11: A schematic showing the setup of the time-resolved frequency comb spectroscopy (TRFCS) technique. A mid-IR frequency comb is coupled into an high-finesse optical cavity, consisting of two high reflectivity crystalline (HRc) mirrors. A laser pulse (266 nm) initiates the reaction. The transmitted light from the cavity is spatially dispersed by a virtually imaged phased array (VIPA) etalon and a diffraction grating and is then imaged on an InSb camera. Absorbance intensity is then recorded as a function of wavelength and delay time. The panels shown are simulated cavity absorbance images for OD (red), trans-DOCO (green), and D 2 O (magenta). Reprinted with permission from Bjork et al. 257 Copyright (2016) AAAS.

  photoelectron-photoioncoincidence (PEPICO) mass spectrometer to probe reactants and products of reaction after threshold photoionisation by the VUV beamline of the SOLEIL synchrotron. This technique is currently being used to detect reaction products and derive branching ratios at very low temperatures, down to 20 K.

  In dense clouds, H 2
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	becomes the most abundant species in the cloud due to surface-catalyzed production of H 2
	from atomic H on dust grains. The H 2 can then undergo cosmic-ray ionization to produce
	H + 2 , initiating a network of barrierless ion-neutral reactions (equation 7) with other species,
	X, that can explain some of the exotic chemistry that has been observed in dense clouds. 27
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Table 1 :

 1 Summary of processes studied in CRESU apparatuses, updated from Smith and Rowe 72 . Reactions studied since the publication of Smith and Rowe 72 in 2000 are shown in blue. CCH 2 , 80 CH 3 CCH 80,81 23 C 3 H 6 , 82 C 3 H 8 , 82 CH 3 CH 2 CCH, 83 C 4 H 6 , 82 HC 3 N, 23 CH 3 NH 2 , 84 (CH 3 ) 2 NH, 85 (CH 3 ) 3 NH 85 25 NH 3 , 15 C 2 H 2 , 86 C 2 H 4 , 86 C 2 H 6 , 111 † CH 4 , 113 C 2 H 2 , 113 C 2 H 4 , 113 C 2 H 6 , 113 butenes 113 CCH, 17 CH 2 CCH 2 , 17 C 3 H 6 17 C 2 H † 15 O 2 , 73,116,117 C 2 H 2 , 73,117-119 C 2 H 4 , 73,120 C 3 H 6

	Table 1 -continued from previous page		
	Process	Reagent	Minimum T (K) Co-reagent
		C +	13	H 2	45,57
		N + 2 O + 2 CH + 3 Ar +	20 20 20 27	44 44 H 2 , 45,55 CO, 45 N 2 N 2 O 2 Ar 58	45
		NH + 4 H 3 O +	15 23	59 H 2 O 60 NH 3
	Neutral-neutral reactions			
	(i) bimolecular			
		CN	13	O 2	15,79
			15	CH 2 86
			105	c-C 6 H 6 , 87 c-C 7 H 8	87
			123	C 6 H 5 CCH 88
		OH	12	CH 3 OH, 14,89-91* CH 3 COCH 3	92,93* §
			21	CH 3 CH 2 OH 94,95
			22	HC(O)OCH 3 , 96 H 2 CO 97
			23	HBr, 98-100 C 4 H 8 , 24,101-104
			39	O( 3 P) 105
			58	CH 3 CHO, 106
				CH 3 CH(NH 2 )COOC 2 H 5	107,108
				C 2 H 5 CHO 109
			63	CH 3 OCH 3	92,93*
			86	(CH 3 ) 3 COOH 21
			88	CH 3 CH(OH)CH 3	94*
			93	CH 3 C(O)CH 2 CH 3	92
			96	H 2 O 2	110
		CH	13	NO, 111 O 2 , 111 D 2	112
			23 NH 3 50 H 2 O 114
			58	c-C 14 H 10	115
			77	CH 3 73,120
			63	CH 3 CCH,

  80,117 CH 2 CCH 2 H 6 , 125 C 3 H 8 , 125 n-C 4 H 10 125 104 C 4 H 6 , 123 i-C 4 H 10 , 123 NH 3 , 126 † ND 3 128 CH 4 , 128 C 2 H 2 , 128 C 2 H 4 , 128 C , 184 D 2 , 184 N 2 , 197 CO 197 1 CH 2 43 He, 25 N 2 , 25 O 2 , 25 C 2 (a 3 Π u ) , 204 CF 3 Br, 204 CCl 2 F 2 , 204 C 14 H 10 205 CH 3 I, 206 HI, 207 DI, 207 HBr 208 HCl, 208 POCl 3 209 † Corrections to Smith and Rowe 72 : He + + CH 4 was omitted, N + + NH 3 was measured at 23 K, H + 3 + CH 4 was measured at 30 K, reactions of C 2 H with C 2 H 2 , C 2 H 4 and C 3 H 6 by Chastaing et al. 73 were measured at 15 K, C 2 H + O 2 was omitted, the NH 3 + C 2 H was reportedly measured at 25 K but we were unable to source this publication. NH 3 + CH was measured at 23 K

	80,117 C 2 126 CH 3 CH 2 CCH 121 butenes, 122-124 C 2 H 5 CN, 123 C 3 H 7 CN 123 c-C 6 H 6 127 CH 3 CN 123 OH, 164 CN, 165 CH 166 1 C 2 167 NO 168 CH 4 , 169 C 2 H 6 , 169 C 3 H 8 169 H 2 13 CH 4 , 170 C 2 H 2 , 170 C 2 H 4 171,172 C 2 H 6 , 173 C 3 H 8 173 H 2 174 NO, 175-177 butenes 101 CH 2 CCH 2 , 178 C 3 H 6 20,102-104 O 2 179-181 C 2 H 2 , 21,107 C 2 H 4 21,107,110 C 5 H 8 20 C 14 H 10 182 CH 3 CCH 21 C 6 H 6 183 H 2 , 112,184 N 2 , 185,186 CO 185 CH 3 CN 187* C 6 H 6 183 Minimum T (K) Co-reagent 74 79 96 105 165 53 56 57 50 75 6 23 48 11 23 50 56 58 69 25 53 23 15 34 NO, 191 O 2 191 7 NO 192 7 He 193 23 Ar, 193 N 2 193 38 He 194 74 N 2 194 112 Ar 194 NO, Page 20 of 74 m A c c e p t e d NH N( 2 D) S( 1 D) Cl( 2 P) F( 2 P) (ii) association OH CH CN (iii) dimerization C 6 H 6 Page 21 of 74 A c c e p t e d Table 1 -continued from previous page Process Reagent Collisional energy transfer NO(A 2 Σ + ,v=0) NO(v=1) NO(v=3,j) toluene a n u s c r i p t N( 4 S) 48 NO 162 54 C 2 N 163 m CO(X 1 Σ + ,v=2,j) 15 He 195 30 Ar 196 CH(v=1) 23 H 2 24 NO, 129 O 2 129 Al( 2 P 3/2 ) 44 Ar 198 C( 3 P) 15 He 199 Si( 3 P) 15 He 199 O( 1 D) 50 N 2 , 200 O 2 , 200 Ar, 200 Kr 201 C( 1 D) 50 N 2 202 S( 1 D) 6 Ar 203 Electron Attachment a n u s c r i p t electron 48 SF 6
	C 14 H 10	59	C 14 H 10	188
	C 16 H 10	59	C 16 H 10	189
	H 2 O	23	H 2 O 190
	Continued on next page			
	20 21			

2 H 6 , 128 C 3 H 6 C 4 H 2 128 1 C 2 24 NO, 129 CH 4 , 130 C 2 H 2 , 130,131 C 2 H 4 130 C 2 H 6 , 130 C 3 H 8 130 77 CH 3 CCH, 131 CH 2 CCH 2 , 131 C 3 H 6 131 Continued on next page * These reactions may display mixed bimolecular and termolecular mechanisms. § Blázquez et. al. to be published in this issue.

  [START_REF] Ocaña | Gas-phase Reactivity of CH 3 OH toward OH at[END_REF][214][215][216][217] by several different groups. The reaction was first studied at low temperature by the Leeds group, who measured the rate coefficient by OH LIF at 63 K and 80 K. They found the rate coefficient for the reaction between OH and methanol was almost two orders of magnitude larger at 63 K than previously measured at ∼200 K.
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Later experimental efforts focused on measurements down to lower temperatures (recently, as low as ∼12 K) and investigations of the

  223,224 Douglas et al.[START_REF] Douglas | Low Temperature Studies of the Removal Reactions of 1 CH 2 with Particular Relevance to the Atmosphere of Titan[END_REF] have also used LIF from OH to determine the branching ratios for quenching of 1 CH 2 to 3 CH 2 by H 2 and CH 4 versus reaction to other products. In these experiments, 1 CH 2 is produced in a bath gas of N 2 /He mixed with O 2 . The 1 CH 2 is quenched by collisions to 3 CH 2 , which can then react with O 2 , producing OH. In the presence of H 2 or CH 4 , some of the 1 CH 2 is removed in chemical reactions, resulting in less 3 CH 2 and therefore less OH yields, for example the reaction of C( 3 P) with C 2 H 4 , which has a known H-atom branching ratio of 0.92 ± 0.04 at 300K. 225 The H-atom LIF calibration of C( 3 P) + CH 3 OH reaction is more complicated due to a competing reaction with C( 1 D) atoms, which are also produced during photodissociation of the carbon atom precursor, CBr 4 . The proportion of C( 3 P) and C( 1 D) produced from CBr 4 was first characterized by comparing the H atom yields from the reactions of the photoproduced C with H 2 and with methylacetylene, C 3 H 4 . C( 3 P) does not react with H 2 , whereas C( 1 D) atoms react rapidly with 100% branching into the H atom channel; therefore, adding H 2 to the flow and monitoring the H atom signal could be used to determine whether any C( 1 D) was produced. The proportions of C( 3 P) and C( 1 D) were then quantified by comparing the H atom signal produced in the C + C 3 H 4 reaction to that from C + H 2 , assuming H atom branching fractions of 0.85 and 1 for the two reactions,
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The H-atom product branching ratios have been determined by Hickson and co-workers for a number of reactions involving carbon (C( 3 P), C( 1 D)) and oxygen atoms (O( 1 D)). In most cases, a suitable reference reaction was chosen in order to extract the absolute H-atom respectively.

Experiments were then performed in the presence and absence of excess H 2 , allowing the authors to determine the H atom yield from the C( 1 D) + CH 3 OH reaction to be approximately 100%. The H atom signals from the C + CH 3 OH and C + C 3 H 4 reactions were thus compared to obtain the H atom yield from the C( 3 P) + CH 3 OH reaction. These steps can be summarized as follows:

  which is a well-known product of the C 2 H + C 2 H 2 reaction. The masses at 52, 66 and 80 correspond to isomers of C 4 H 4 , C 5 H 6 and C 6 H 8 , respectively.

  sion energy and the strong electrophilic interaction of CN with the propyne π electrons.The experimental results were well supported by a series of Rice-Ramsperger-Kassel-Marcus (RRKM) calculations, with 48 or 65% into HCCCN and 33 or 19% into CH 3 CCCN when initiated at the C1 and C2 minima, respectively.
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