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A Low Temperature Investigation of the Gas-Phase N( 2 D) + NO Reaction. Towards a Viable Source of N( 2 D) Atoms for Kinetic Studies in Astrochemistry

The gas-phase reaction of metastable atomic nitrogen N( 2 D) with nitric oxide has been investigated over the 296 -50 K temperature range using a supersonic flow reactor. As N( 2 D) could not be produced photolytically in the present work, these excited state atoms were generated instead through the C( 3 P) + NO ® N( 2 D) + CO reaction while C( 3 P) atoms were created in-situ by the 266 nm pulsed laser photolysis of CBr4 precursor molecules. The kinetics of N( 2 D) atoms were followed on-resonance by vacuum ultraviolet laser induced fluorescence at 116.7 nm. The measured rate constants for the N( 2 D) + NO reaction are in excellent agreement with most of the earlier work at room temperature and represent the only available kinetic data for this process below 296 K. The rate constants are seen to increase slightly as the temperature falls to 100 K with a more substantial increase at even lower temperature; a finding which is not reproduced by theoretical work. The prospects for using this chemical source of N( 2 D) atoms in future studies of a wide range of N( 2 D) atom reactions are discussed.

Introduction

Excited state metastable nitrogen atoms N( 2 D) are thought to play important roles in the chemistry of a range of planetary atmospheres. In the terrestrial upper atmosphere these atoms are produced by various processes including the dissociative excitation of N2 by energetic electrons and by short wavelength N2 photolysis 1 . The reaction between N( 2 D) with atmospheric O2 is considered to be a major source of both NO and metastable O( 1 D) atoms 2 in the Earth's lower thermosphere around 110 km, while the reaction between N( 2 D) and NO limits the total concentration of N( 2 D) at these altitudes. As N2 is an important component of the atmospheres of Mars and Titan, the reactions of N( 2 D) are also important processes in the photochemistry of both these planets. Indeed, N( 2 D) reacts rapidly with CO2 in the Martian atmosphere to form NO and CO 3 whereas the reactions between N( 2 D) and the various saturated and unsaturated hydrocarbons present in the atmosphere of Titan are considered to be major sources of N-bearing organic molecules [4][5][6] . From an experimental point of view, there are several major difficulties associated with the investigation of the kinetics of N( 2 D) reactions.

Firstly, convenient photolytic sources of N( 2 D) atoms are very rare, usually requiring radiation in the vacuum ultraviolet (VUV) wavelength range to dissociate nitrogen containing precursor molecules. Husain et al. 7,8 employed the flash photolysis of N2O at wavelengths greater than 105 nm in their experiments whereas Umemoto et al. 9 used the multiphoton dissociation of NO molecules with photons around 275.3 nm as the source of N( 2 D) in their experiments. On the detection side, the radiative transition from the 2 D state to the ground 4 S state is too weak to produce measureable emission in the visible region [START_REF] Ralchenko | NIST Atomic Spectra Database (ver. 4.0.1)[END_REF] so that other methods are generally employed to follow the progress of N( 2 D) reactions such as electron spin resonance [START_REF] Evenson | [END_REF]12 , mass spectroscopy 13 and resonance absorption 7,14 and emission spectroscopy 15,16 . More recently, Umemoto et al. 17 detected N( 2 D) atoms by the 269 nm two-photon excitation of N atoms through the 2p 3 2 D5/2 -2p 2 3p 2 S transition. Rapid relaxation to the 2p 2 3s 2 P state followed by VUV fluorescence at 149 nm allowed these authors to determine rate constants for various N( 2 D) reactions at room temperature. One system that has received considerable experimental and theoretical attention in the past is the reaction between N( 2 D) and NO

N( 2 D) + NO ® N2 + O( 3 P, 1 D, 1 S) (1) 
On the experimental side, earlier measurements at room temperature 7,8,15,[17][18][19] have determined rate constants for this process in the range (0.35 -1.8) × 10 -10 cm 3 s -1 with a recommended value of 𝑘 #( % &)(#) (298 K) = 6 × 10 -11 cm 3 s -1 20 . The equivalent reaction of ground state atomic reaction N( 4 S) is thought to be slower at room temperature and below 21 . To the best of our knowledge, no previous experimental studies of reaction (1) have been performed at other temperatures. On the theoretical side, Gonzalez et al. 22 surface. They obtained a rate constant value for this channel of (2.63 ± 0.04) × 10 -12 cm 3 s -1 , more than an order of magnitude lower than the lowest experimental value for the total rate constant at room temperature. More recently, Li et al. 23 performed QCT calculations over the 5 -3000 K range using a double many-body expansion potential energy surface for ground state N2O( 1 A¢) with an accurate description of the long-range interactions 24 . The derived rate constants were seen to be larger than those obtained by Gonzalez et al., with

𝑘 #( % &)(#)® )( / &)(# % (300 K) = (2.03 ± 0.01) × 10 -11 cm 3 s -1 .
The rate constant was found to decrease with temperature, in contrast with the work by Gonzalez et al. 22 who determined the opposite temperature dependence.

Here we report the first measurements of the total rate constant for the N( 2 D) + NO reaction over the 50 -296 K range using a continuous supersonic flow reactor. In the absence of efficient photolytic schemes for N( 2 D) production in accessible wavelength ranges, these atoms were generated instead by chemical reaction. N( 2 D) atoms were detected directly by pulsed laser induced fluorescence in the vacuum ultraviolet wavelength range. The methods used in this investigation are described in Section 2. Section 3 presents the data analysis methodology and the results obtained. The conclusions are outlined in Section 4.

Experimental

A continuous supersonic flow (Laval nozzle) reactor 25 was used in the present investigation.

Detailed descriptions of the main features of the apparatus have been provided in earlier work 26,27 with other modifications specifically related to the efficient generation of short wavelength tunable VUV radiation for the detection of atomic species reported in later studies [28][29][30][31] a The errors on the Mach number, density, temperature and mean flow velocity (1σ) are calculated from separate measurements of the impact pressure using a Pitot tube as a function of distance from the Laval nozzle and the stagnation pressure within the reservoir.

In addition, measurements were also performed at room temperature (without a Laval nozzle) through a procedure which used lower flow velocities. In these types of experiments, the minor reagent radical species are normally produced in-situ within the supersonic flow through the photolysis of suitable precursor molecules. The photolysis laser is aligned along the axis of the flow to create a column of radicals with uniform density along the entire length of the flow (assuming only weak absorption along the length of the flow). In the case of N( 2 D) atoms however, there are no known precursor molecules in the UV wavelength range, except through multiphoton processes. In this way, Umemoto et al. 17 increasing to slightly to 2.0 × 10 -10 cm 3 s -1 at 50 K. 34 According to previous theoretical work, channel (2a) is expected to decrease as the temperature falls. 35 C( 3 P) atoms were created by the 10 Hz pulsed sequential multiphoton dissociation of carbon tetrabromide, 36 CBr4, at 266 nm with pulse energies around 24 mJ. In this case, the photolysis laser was unfocused. CBr4 molecules were introduced into the reactor by flowing a small fraction of the carrier gas (Ar or N2) over solid CBr4 held in a separate flask at a fixed temperature of 298 K. Gas-phase concentrations of CBr4 were lower than 3.2 × 10 13 cm -3 in the supersonic flow, as estimated using the saturated CBr4 vapour pressure at room temperature. Previous work performed under similar conditions 28 showed that the major photolysis product is C( 3 P), with a small non- The PMT output was fed into a fast preamplifier which was connected to a boxcar module for signal processing and integration. The delay time between photolysis and probe lasers was scanned by a digital delay generator. 30 laser shots were recorded at each delay time with at least 90 time points for each decay profile. Laser shots were also recorded at negative time delays to set the fluorescence signal baseline level. All gases used in the experiments were flowed from cylinders with no further purification prior to use, while the flows of the carrier gases and reactive gases were regulated by calibrated mass-flow controllers. The suppliers and purities of the gases used are listed below (Linde Ar 99.999%, Xe 99.999%, Air Liquide N2 99.999%, NO 99.9%).

Results and Discussion

In order to apply the pseudo-first-order approximation, the concentration of NO was maintained 

I #( % &) = A(exp(-𝑘 < = 𝑡) -exp(-𝑘 ? = 𝑡)) (3) 
where 𝐼 #( % &) is the time dependent N( 2 D) VUV LIF signal, A is a constant, 𝑘 < = is the pseudofirst-order rate constant for N( 2 D) loss, 𝑘 ? = is the pseudo-first-order rate constant for N( 2 D) formation and t is the time. As the N( 2 D) VUV LIF signal levels were small compared with those recorded during our earlier studies of C( 3 P), O( 1 D) and H( 2 S) reaction kinetics, it was necessary to amplify the PMT output signal using a fast preamplifier. Although the PMT was supposed to be insensitive to radiation in the UV range, with an expected cutoff around 200 nm, scattered light (and/or window fluorescence) generated by the photolysis laser lead to saturation of the PMT for the first 15 microseconds after the photolysis laser pulse.

Consequently, the expected rise of the N( 2 D) VUV LIF signal could not be recorded close to zero. Instead, a single exponential decay function of the form

𝐼 #( % &) = Aexp(-𝑘 < = 𝑡) (4) 
was used to fit the N( 2 D) VUV LIF signals as shown in Figure 1. Here,

𝑘 < = = 𝑘 #( % &)(#) [NO] + 𝑘 #( % &)(F [X] + 𝑘 HIJJ,#( % &) where 𝑘 #( % &)(#)
is the second-order rate constant for reaction (1), 2) is thought to be somewhat larger than the rate constant for reaction (1) (at least at room temperature 20,34 ), simulations indicated that N( 2 D) formation was complete (assuming a delay corresponding to four half-lives had elapsed) for all but a few kinetic profiles within the first 100 microseconds after C( 3 P) formation.

𝑘 #( % &)(F [X]
Decays similar to those shown in Figure 1 were recorded for a range of [NO], allowing a wide range of 𝑘 L = values to be derived. Plots of 𝑘 L = as a function of the corresponding [NO] at any given temperature allowed the second-order rate constant to be determined through weighted linear least-squares fits to the datapoints. Figure 2 shows examples of these second-order plots obtained at 296 K, 75 K and 50 K. The solid red, green and blue lines represent linear least-squares fits to the datasets, weighted by the statistical uncertainties of the individual datapoints (obtained through single exponential fits of expression (4) to curves similar to those shown in Figure 1).

The second-order rate constants are displayed as a function of temperature in Figure 3 alongside earlier experimental and theoretical work. c Uncertainties on the measured rate constants represent the combined statistical (1s) and estimated systematic (10%) errors.

Both statistical and systematic uncertainties contribute to the error limits on these values.

Statistical errors were obtained through the weighted linear-least squares fitting procedure used to derive second-order rate constants (see Figure 2). An estimated systematic error of 10% was also included, a value which was chosen to account for the possible contributions of errors in the calibration of the mass-flow controllers and the subsequent determinations of the concentrations of the reactants and the supersonic flow density as well as possible errors in pressure gauges and other instruments.

On the experimental side, the measured rate constant at 296 K, 𝑘 #( % &)(#) (296 K) = (7.3 ± 0.7)

× 10 -11 cm 3 s -1 is in good agreement with all but two of the previous determinations of the rate constant at room temperature, 7,8,17,19 with values in the range (5.9-8.3) × 10 -11 cm 3 s -1 using a variety of methods to follow the progress of the reaction. Indeed, this good agreement with the majority of earlier studies goes a long way to validating the novel strategy for N( 2 D) production developed in the present investigation. The measurements by Black et al. 18 and Sugawara et al. 15 of 𝑘 #( % &)(#) (298 K) = (1.8 ± 0.5) × 10 -10 cm 3 s -1 and (3.5 ± 0.3) × 10 -11 cm 3 s -1 derived rate constants that are considerably higher and lower respectively than all other values and the recommended room temperature value of 6 × 10 -11 cm 3 s - 1 20 . The low rate constant value reported by Sugawara et al. 15 has been attributed to possible errors in the determination of the NO concentration.

Below room temperature, the present study indicates that the rate constant displays a slight negative temperature dependence over the 296 K -75 K range followed by a more marked increase at even lower temperature, reaching a value of (1.3 ± 0.1) × 10 -10 cm 3 s -1 at 50 K.

On the theoretical side, it can be seen from Figure 3 that the QCT study of the N( 2 D) + NO reaction by Gonzalez et al. 22 predicts a rate constant that is more than an order of magnitude smaller than all the experimental values at room temperature. This work was based on the ground singlet 1 1 A¢ potential energy surface of N2O alone, whereas there are in fact five potential energy surfaces which adiabatically correlate with O( 1 D) + N2 products. In order to rationalize their results, Gonzalez et al. 22 attempted to consider the possible involvement of the other four excited potential energy surfaces. They concluded that the 2 1 A¢ and 1 1 A¢¢ surfaces might also contribute to the reactivity which could increase the rate constant to 7.9 × 10 -12 cm 3 s -1 assuming similar values of the rate constant for these two surfaces. As further contributions to the overall rate constant are also expected from the channels leading to O( 3 P) + N2 and O( 1 S) + N2 as products, Gonzalez et al. 22 stated that inclusion of these other channels should lead to even better agreement between the experimental and theoretical rate constants. The more recent theoretical investigation by Li et al. 23 quadrupole and the NO quadrupole, Li et al. 23 attributed the improvement over the calculations of Gonzalez et al. 22 as being due to an improved description of the long-range forces.

Nevertheless, the calculated rate constants of Li et al. 23 allow the second-order rate constants to be determined from the slope in an identical manner to the usual analysis (see Figure 2). In this instance, the y-axis intercept value will correspond to the term 𝑘 #( % &)(#) [NO] (assuming that diffusional losses are small in comparison).

Preliminary measurements in our laboratory indicate that should be possible to use this procedure to study the kinetics of a wide variety of N( 2 D) atom reactions down to low temperature if the excess reagent species does not react too rapidly with ground state atomic carbon.

Conclusions

Here we present an experimental investigation of the temperature dependent kinetics of the reactions of metastable nitrogen atoms in the 2 D state with nitric oxide. A Laval nozzle reactor was used to study this gas-phase reaction at temperatures as low as 50 K. As N( 

  investigated the channel leading to N2 and O( 1 D) as products, through ab initio CASSCF/CASPT2 electronic structure calculations of the ground 1 A¢ potential energy surface coupled with quasiclassical trajectory (QCT) calculations to obtain the rate constant over the temperature range 300 -1500 K. They identified several different reactive mechanisms including attack by the N( 2 D) atom on both the O-atom and N-atom ends of the NO molecule to form products N2 and O( 1 D) over the barrierless 1 A¢

  produced N( 2 D) atoms in their kinetic experiments through the multiphoton dissociation of NO, by focusing a tuneable laser at 275.3 nm into their reactor. Unfortunately, this technique cannot be applied in the present experiments given the requirement to produce a uniform density of radicals along the length of the flow. Instead, N( 2 D) atoms were generated here through the reaction of ground state carbon atoms C( 3 P) with NO molecules C( 3 P) + NO ® N( 2 D, 4 S) + CO (2a) ® O( 3 P) + CN (2b) where the branching ratio [N( 2 D) + N( 4 S)]/[O( 3 P)] has previously been estimated to be 1.5 ± 0.3 at room temperature 33 with a total rate constant 𝑘 2( 3 4)(#) (298 K) = 1.5 × 10 -10 cm 3 s -1

  negligible production of C( 1 D) atoms. Although C( 1 D) atoms also react with NO molecules with rate constants which are smaller than those of the equivalent ground state carbon reaction,37 the products are likely to be similar to those of the C( 3 P) + NO reaction, with the added possibility of O( 1 D) formation. Among the potential reaction products, only secondary reactions of CN radicals and O( 1 D) atoms could potentially interfere with our kinetic study of the N( 2 D) + NO reaction (the O( 3 P) + NO association reaction is slow38 ). The CN + NO reaction is thought to proceed mostly by association at low temperature,39 so this secondary process is also unlikely to interfere with the present measurements. Moreover, the only exothermically available products of the O( 1 D) + NO reaction are N( 4 S) + O2, which are only accessible through nonadiabatic transitions.40 Neither of these products should influence the N( 2 D) kinetics measurements.N( 2 D) atoms were detected directly in the present experiments by on-resonance pulsed laser induced fluorescence in the vacuum ultraviolet wavelength range (VUV LIF) through the 2s 2 2p 3 2 D° -2s 2 2p 2 ( 3 P)3d 2 F transition at 116.745 nm. To obtain tunable light at this wavelength, the 700.5 nm output of a pulsed tunable dye laser was first injected into a BBO crystal, allowing radiation around 350.25 nm to be generated by second harmonic generation with a pulse energy of approximately 8 mJ. After separation of the fundamental radiation, the UV beam was steered and focused into a cell containing 40 Torr of Xe and 560 Torr of Ar for phase matching purposes, generating tunable VUV radiation by frequency tripling. The cell itself was attached to a 75 cm long side arm positioned at right angles to the reactor at the level of the detection region. The side arm was constantly flushed by either Ar or N2 to avoid attenuation of the VUV beam by reactive gases in the chamber. A MgF2 lens at the exit of the cell allowed the VUV beam to be collimated while most of the divergent residual UV radiation was trapped by circular baffles placed along the length of the sidearm. VUV emission from excited N( 2 D) atoms in the cold supersonic flow was collected by a LiF lens and focused onto the photocathode of a solar blind photomultiplier tube (PMT). The PMT was protected from reactive gases in the chamber by a LiF window while the region between the PMT and the LiF window was evacuated to prevent supplementary VUV absorption losses by atmospheric O2.

  in excess with respect to both C( 3 P) and N( 2 D) atoms in these experiments. The variation of the N( 2 D) VUV LIF signal as a function of time is displayed in Figure 1 for two different values of [NO] recorded at 50 K.

Figure 1 N

 1 Figure 1 N( 2 D) VUV LIF signal as a function of time recorded at 50 K. (Red solid circles)

  is a term corresponding to other first-order reactive losses of N( 2 D) atoms (such as through the N( 2 D) + CBr4 reaction for example) and 𝑘 HIJJ,#( % &) represents the first-order diffusional loss of N( 2 D) atoms. In this instance, the starting point for the fits had to be chosen carefully to avoid fitting to the rising part of the temporal profiles. In practice, this was achieved relatively easily by displaying the N( 2 D) VUV LIF signals on a logarithmic scale and by carefully selecting the 'linear' part of the decay curves. Fortunately, as the rate constant for reaction (

Figure 2

 2 Figure 2 Second-order plots for the N( 2 D) + NO reaction. (Red solid circles) data recorded at

Figure 3

 3 Figure 3 Rate constants for the N( 2 D) + NO reaction as a function of temperature. Experimental

  based on a new ground state 1 A¢ potential energy surface is seen to be in better agreement with the measured values. As N2O intermediate formation follows a capture-type mechanism, with the dominant contribution being the electrostatic interactions between the N( 2 D) quadrupole and the NO dipole in addition to the N( 2 D)

  are still four times smaller than those obtained during the present investigation, a discrepancy that almost certainly indicates the role of other channels leading to O( 1 D) + N2, O( 3 P) + N2 and O( 1 S) + N2 in the overall reactivity. Interestingly, the larger measured increase in reactivity below 75 K determined in the present work could be indicative of the increased contribution of another mechanism at low temperature. Indeed, Gonzalez et al. 22 hint at the possible existence of crossing seams between the lowest singlet and triplet adiabatic potential energy surfaces which might become more important as the intermediate N2O lifetime increases. Although the N( 2 D) + NO reaction itself has little or no known application in planetary atmospheres at the present time (other than the Earth's atmosphere), this study could represent an important breakthrough in the investigation of other more important reactions for planetary atmospheres due to its potential as a source of N( 2 D) atoms. Although the production of N( 2 D) atoms through reaction (2a) and their subsequent removal through reaction (1) are coupled processes, we can nonetheless envisage using these reactions to investigate other N( 2 D) reactions such as N( 2 D) + hydrocarbons that are considered to be major sources of N-bearing organic molecules in Titan's atmosphere. Crucially, none of the most abundant saturated hydrocarbon molecules in Titan's atmosphere (CH4 and C2H6) react with ground state atomic carbon, our source for N( 2 D) atoms, so that the yield of N( 2 D) atoms will remain relatively unaffected by the addition of these molecules to the supersonic flow. If the NO concentration is maintained at a constant (small) value it should be possible to extract pseudo-first-order rate constants for the specific hydrocarbon reaction by varying its excess concentration. Here, 𝑘 L = = 𝑘 #( % &)(#) [NO] + 𝑘 #( % &)(N2 [HC] + 𝑘 HIJJ,#( % &) where the term 𝑘 #( % &)(N2 [HC] is now the pseudo-first-order loss rate of N( 2 D) through reaction with the hydrocarbon. Consequently, a plot of the pseudo-first-order loss rate of N( 2 D) as a function of the corresponding [HC] should

  2 D) is very difficult to produce photolytically, a chemical source of these atoms was used in the present work, involving the generation of C( 3 P) atoms through the multiphoton dissociation of CBr4 molecules at 266 nm followed by their reaction with NO. N( 2 D) atoms were detected directly through vacuum ultraviolet laser induced fluorescence. The derived rate constants are seen to be in excellent agreement with most of the previous studies at room temperature. Below room temperature the rate constant displays a slight negative temperature dependence down to 75 K, with a more pronounced increase at lower temperature. This work demonstrates the potential importance of this chemical source of N( 2 D) atoms for future investigations of astrochemically relevant N( 2 D) reactions such as those with saturated hydrocarbons.
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 1 Characteristics of the supersonic flows
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Table 2

 2 Temperature dependent rate constants for the N( 2 D) + NO reaction Uncertainties on the calculated temperatures represent the statistical (1s) errors obtained from Pitot tube measurements of the impact pressure. b Number of individual measurements.
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