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 18 

Abstract 19 

The reactions between Ni+(2D) and O3, O2, N2, CO2 and H2O were studied at 294 K using the 20 

pulsed laser ablation at 532 nm of a nickel metal target in a fast flow tube, with mass 21 

spectrometric detection of Ni+ and NiO+. The rate coefficient for the reaction of Ni+ with O3 22 

is k(294 K) = (9.7  2.1)  10-10 cm3 molecule-1 s-1; the reaction proceeds at the ion-23 

permanent dipole enhanced Langevin capture rate with a predicted T -0.16 dependence. 24 

Electronic structure theory calculations were combined with Rice-Ramsperger-Kassel-25 

Markus theory to extrapolate the measured recombination rate coefficients to the temperature 26 

and pressure conditions of planetary upper atmospheres. The following low-pressure limiting 27 

rate coefficients were obtained for T = 120 – 400 K and He bath gas (in cm6 molecule-2 s-1, 28 

uncertainty  at 180 K): log10(k, Ni+ + N2)  =  -27.5009 + 1.0667log10(T) - 29 

0.74741(log10(T))2,  =29%; log10(k, Ni+ + O2)  = -27.8098 + 1.3065log10(T) - 30 

0.81136(log10(T))2,  =32%; log10(k, Ni+ + CO2)  = -29.805 + 4.2282log10(T) - 31 

1.4303(log10(T))2,  =28%; log10(k, Ni+ + H2O)  = -24.318 + 0.20448log10(T) - 32 

0.66676(log10(T))2,  =28%). Other rate coefficients measured (at 294 K, in cm3 molecule-1 33 

s-1) were: k(NiO+ +  O) = (1.7 ± 1.2) × 10-10; k(NiO+ +  CO) = (7.4 ± 1.3) × 10-11; k(NiO+ +  34 

O3) = (2.7 ± 1.0)  10-10 with (29 ± 21)% forming Ni+ as opposed to NiO2
+; k(NiO2

+ +  O3) = 35 

(2.9  1.4)  10-10, with (16  9)% forming NiO+ as opposed to ONiO2
+; and k(Ni+.N2 + O) =  36 

(7 ± 4) × 10-12. The chemistry of Ni+ and NiO+ in the upper atmospheres of Earth and Mars is 37 

then discussed.  38 

 39 

1. Introduction 40 

 41 

The ablation of cosmic dust particles injects a variety of metals including Ni and Fe into 42 

planetary upper atmospheres.1 A recent estimate of the dust flux from comets and asteroids 43 

into the terrestrial atmosphere is 28  12 tonnes per day.2 About 0.3 tonnes of this is Ni 44 

(based on carbonaceous chondritic abundances), of which 39% ablates in the mesosphere-45 

lower thermosphere (MLT) region between 75 and 110 km where the m-sized dust particles 46 

heat up and melt during atmospheric entry.2  47 

The injection of these metals gives rise to layers of metal atoms and ions in the MLT.1 Most 48 

work has focused on the Na and Fe layers, because these metals can be observed relatively 49 

easily from the ground using resonance lidars.3 The Fe layer peaks at around 85 km in 50 

altitude, with a density up to around 20,000 atom cm-3.4 In 2015, the mesospheric Ni layer 51 

was observed for the first time by resonance lidar at Fairbanks, Alaska 5. The layer was 52 

reported to have a peak density of ~16,000 atom cm-3 at a height of 87 km, which is within a 53 

factor of 2 of the Fe layer peak at the same location and season. This was unexpected because 54 

the relative Ni to Fe ratio in carbonaceous chondrites is 1:18.6 Indeed, a more recent set of 55 

lidar measurements at Kühlungsborn, Germany, found the Ni peak density varied between 56 

280 and 450 atom cm-3, which is only a factor of ~2 lower than the chondritic ratio.7 A 57 

notable feature in both lidar studies is that the vertical profile of the Ni layer is broader than 58 

the Fe layer, suggesting that somewhat different gas-phase chemistry may be occurring. 59 

Metallic ions in the MLT have mostly been observed by rocket-borne mass spectrometry.8 As 60 
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shown in our recent study on cosmic dust sources,2 the Ni+:Fe+ ratio in the MLT is very close 61 

to the chondritic ratio (see Figure 7 in that paper). Ni+ has also been observed recently in the 62 

upper atmosphere of Mars (120 – 180 km) by a mass spectrometer on the MAVEN 63 

spacecraft; the Ni+:Fe+ ratio is within a factor of 2 of the chondritic ratio.2 64 

The present study is motivated by the need to understand the ion-molecule chemistry that 65 

partitions nickel between Ni and Ni+ above 90 km in the terrestrial atmosphere (we have 66 

recently published a laboratory study of the reaction kinetics of neutral nickel species9). 67 

Figure 1 is a schematic of the likely chemistry in the terrestrial atmosphere, based on the 68 

chemistry of other meteoric metals such as Fe, Mg and Ca.3 Ni+ ions will be produced in the 69 

MLT through charge transfer of Ni atoms with ambient NO+ and O2
+ ions, photo-ionization, 70 

and also directly during atmospheric entry when the freshly ablated Ni can ionize through 71 

hyperthermal collisions with air molecules.3 NiO+ can also form directly through the reaction 72 

of Ni with ambient O2
+ ions.10  73 

 74 

Figure 1. Reaction scheme for the ion-molecule chemistry of Ni+ in the Earth’s mesosphere 75 

and lower thermosphere. 76 

 77 

The oxidation of Ni+ to NiO+ is then likely to proceed via reaction with O3: 78 

Ni+ + O3  →  NiO+ + O2  HO = -125 [-157  19] kJ mol-1  (R1) 79 

NiO+ can react further with O3 to produce higher oxides, or be recycled to Ni+ by reaction 80 

with O3, CO or O: 81 

NiO+ + O3  →  Ni+ + 2O2  HO = -184 [-136  19] kJ mol-1  (R2a) 82 

        →  NiO2
+ + O2  HO = -259 kJ mol-1    (R2b) 83 

NiO2
+ + O3  →  NiO+ + 2O2  HO = -61 kJ mol-1    (R3a) 84 

         →  ONiO2
+ + O2  HO = -142 kJ mol-1    (R3b) 85 

NiO+ + O  →  Ni+ + O2  HO = -284 [-237  19] kJ mol-1  (R4) 86 

NiO+ + CO  →  Ni+ + CO2  HO = -195 [-269  19] kJ mol-1  (R5) 87 
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where the reaction enthalpies (at 0 K) are calculated at the B3LYP/aug-cc-pVQZ level of 88 

theory (see Section 4), and those shown in parentheses use the experimental bond energies 89 

D0(Ni+-OH) = 235  19 kJ mol-1 11 and D0(Ni+-O) = 257  19 kJ mol-1.12 Note that the ground 90 

electronic state of NiO+ is 4-, so in the case of R5 we assume that spin is conserved and the 91 

Ni+ forms in the low-lying Ni+(4F) state, which is 8394 cm-1 above the Ni+(2D) ground state.13 92 

Ni+ can also potentially undergo recombination reactions with a number of molecules 93 

relevant to planetary upper atmospheres: 94 

Ni+ + N2 (+ M) →  Ni+.N2  HO = -112 kJ mol-1    (R6)  95 

Ni+ + O2 (+ M) →  NiO2
+  HO = -74 kJ mol-1    (R7) 96 

Ni+ + CO2 (+ M) →  Ni+.CO2  HO = -109 kJ mol-1    (R8) 97 

Ni+ + H2O (+ M) →  Ni+.H2O  HO = -168 kJ mol-1    (R9) 98 

where M is a third body, and the dot notation is used to indicate a cluster ion where the bond 99 

with the Ni+ is primarily electrostatic in nature (e.g. ion-induced dipole), rather than 100 

chemical. All of these molecular ions can then undergo dissociative recombination with 101 

electrons, which will typically produce Ni atoms. Note that radiative (or dielectronic) 102 

recombination of Ni+ with electrons should - by analogy with Fe+ ions3, 14 - only be 103 

significant in the thermosphere above 120 km where the atmospheric pressure is very low, 104 

and so is not included in Figure 1. 105 

Here we report an experimental study of the kinetics of reactions R1 – 9, complemented 106 

where appropriate with theory in order to extrapolate to temperature and pressure regimes of 107 

atmospheric interest. Lastly, the relative importance of these reactions in the upper 108 

atmospheres of Earth and Mars is examined. 109 

 110 

2. Experimental 111 

 112 

The Laser Ablation - Fast flow tube - Mass Spectrometer (LA-FT-MS) system used to study 113 

reactions R1 – R9 was very similar to that used to study reactions of Al+,15  Fe+,16 Ca+ 17 and 114 

Mg+ ions,18 and so only a brief description is given here. The stainless steel flow tube, with 115 

an internal diameter of 35.0 mm, consists of cross-pieces and nipple sections connected by 116 

conflat flanges and sealed with Viton or copper gaskets. A Nd:YAG laser (Continuum 117 

Surelite, pulse energy = ~25 mJ at 532 nm) was used to generate pulses of Ni+ ions by 118 

ablating a Ni rod in the upstream section of the flow tube. The ions were then entrained in a 119 

He carrier gas flow 2.6–3.3 slm and transported down the tube to the skimmer cone of a 120 

quadrupole mass spectrometer (Hiden HPR60), 973 mm from the Ni rod. This skimmer cone 121 

had a 0.4 mm orifice and was biased at -17 V. As in our previous study,15 there was no 122 

evidence of weakly-bound clusters dissociating during acceleration through the cone. 123 

Downstream of the rod, the reagent gas was added via a sliding injector, allowing several 124 

milliseconds for reaction before the skimmer cone. An Edwards E2M80 pump with a roots 125 

blower (Edwards EH500A) maintained a constant pressure in the flow tube of 1-4 Torr. Flow 126 
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velocities in the tube were typically 70 m s-1, resulting in reaction times of 8 - 40 ms. All the 127 

experiments reported here were conducted at 294 K. 128 

O3 was generated by flowing O2 through a high voltage corona in a commercial ozonizer, and 129 

its concentration measured by optical absorption at 253.7 nm in a 19 cm pathlength optical 130 

cell downstream of the ozoniser. This resulted in O3 concentrations ranging from 1.5 to 4% of 131 

the O2 concentration, depending on the ozoniser voltage and the O2 flow rate. Atomic O was 132 

generated by flowing N2 through a microwave discharge (McCarroll cavity, Opthos 133 

Instruments Inc.), and titrating the resulting N atoms with NO.19 The O atoms were 134 

introduced by sliding injector, downstream of the Ni rod. The concentration of O at the point 135 

of injection was measured via titration with NO2 added upstream of the injector. This was 136 

achieved by operating the mass spectrometer in neutral mode and determining the fraction of 137 

NO2 removed when the O atoms were injected. The first-order loss rate of O to the walls of 138 

the flow tube was determined by measuring the relative change in [O] as the carrier gas flow 139 

rate, and therefore the flight time, was varied at constant pressure. The change in [O] was 140 

monitored by adding NO downstream and measuring the relative intensity of the 141 

chemiluminescence (at   > 550 nm) from the reaction between NO and O. 142 

Materials: N2 (99.9999%, Air products), O2 (99.999%, Air products), CO2 (99.995%, BOC 143 

gases) and CO (99.5% pure, Argo International) were used without further purification. He 144 

(99.999%, BOC gases) was passed through a trap containing molecular sieve at 77 K before 145 

entering the flow tube. NO (99.95%, Air products) and H2O were purified via 3 freeze-pump-146 

thaw cycles before dilution in He. The Ni rod (99.99% purity) was obtained from Alfa Aesar. 147 

 148 

3. Results 149 

 150 

3.1 Recombination reactions 151 

 152 

Since the kinetics of these reactions are comparatively straightforward to study, we discuss 153 

them first. The depletion in Ni+ was measured in the presence and absence of the reactant of 154 

interest, designated here as X. For the generalised three body reaction  155 

Ni+ + X (+M)  →  Ni+.X        (R10) 156 

a plot of ln ([Ni+]X𝑡[Ni+]0𝑡 ) vs. reaction time  t yields the pseudo first-order rate coefficient k. Here, 157 [Ni+]X𝑡  is the Ni+ signal at the detector at time t in the presence of reactant X, and [Ni+]0𝑡  is 158 

the Ni+ signal in the absence of X. Note that the contact time t is measured directly from the 159 

arrival time of the Ni+ pulses at the mass spectrometer.15 160 

Figure 2 shows examples of these kinetic plots for R7 (Ni+ + O2). Typical Ni+ concentrations 161 

in the upstream section of the tube are estimated at ~5 × 106 cm-3, whereas [X] is > 1 × 1011 162 

molecule cm-3, and the linearity of these plots confirms the assumption of pseudo first-order 163 

conditions i.e., [X] is orders of magnitude larger than [Ni+], so the rate equation can be 164 

written as d[Ni+]/dt = -k [Ni+], where k = kX[X] is effectively constant (kX is the second-165 
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order rate coefficient of R10). The advantage of using this method is that k can be 166 

determined without needing to know the rate of loss of Ni+ to the tube walls (kdiff).15, 16  167 

 168 

Figure 2. Plot of ln ([Ni+]X𝑡[Ni+]0𝑡 ) against reaction time for [O2] = 1.5 × 1014 molecule cm-3 (dark 169 

grey squares), 5.5 × 1014 molecule cm-3 (grey triangles), 1.1 × 1015 molecule cm-3 (light grey 170 

circles), 2.2 × 1015 molecule cm-3 (black diamonds). Conditions: 2.5 Torr, 294 K. The lines 171 

are exponential fits through the experimental data, the slopes of which yield k. 172 

 173 

Plots of k versus [X] yield the second-order rate coefficients. These are plotted as a function 174 

of [He] in Figure 3, and the slopes of these plots produce the third-order rate coefficients 175 

listed in Table 1. The 1 uncertainties are computed from the standard errors of the slopes of 176 

the regression lines, combined with the uncertainty in the reactant concentrations. 177 

 178 

Figure 3. Recombination rate coefficients plotted as a function of pressure, in terms of He 179 

concentration. Dark grey squares: R6 (Ni+ + H2O); black diamonds: R9 (Ni+ + CO2); grey 180 
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circles: R8 (Ni+ + N2); grey triangles: R7 (Ni+ + O2). Note the two different ordinates: left 181 

hand ordinate for reactions R6 and R9; right hand ordinate for R7 and R8 (indicated with 182 

arrows). T = 294 K. The lines are linear regression fits through the experimental data, the 183 

slopes of which yield the 3rd order rate coefficients. 184 

 185 

Table 1. Summary of reaction rate coefficients measured in the present study (T = 294 K). 186 

No. Reaction Rate coefficient a, b 

R1 Ni+ + O3  → NiO+ + O2  (9.7 ± 2.1) × 10-10 

R2a NiO+ + O3 → Ni+ + 2O2 (7.8  2.9) ×10-11   

R2b NiO+ + O3 → NiO2
+ + O2 (1.9  0.7) × 10-10   

R3a NiO2
+ + O3 → NiO+ + 2O2 (4.6  2.2) × 10-11   

R3b NiO2
+ + O3 → ONiO2

+ + O2 (2.4 ± 1.2)  10-10  

R4 NiO+ + O → Ni+ + O2 
 (1.7 ± 1.2) × 10-10 

R5 NiO+ + CO → Ni+ + CO2 (7.4 ± 1.3) × 10-11 

R6 Ni+ + N2 (+He) → Ni+.N2 (3.5 ± 0.5) × 10-30 

R7 Ni+ + O2 (+He) → Ni+.O2 (2.8 ± 0.5) × 10-30 

R8 Ni+ + CO2 (+He) → Ni+.CO2 (7.7 ± 1.0) × 10-29 

R9 Ni+ + H2O (+He) → Ni+.H2O (1.3 ± 0.2) × 10-28 

R11 NiO+ + H2O → NiO+.H2O (6.2  3.0)  10-10 

R12 Ni+.N2 + O → NiO+ + N2 (7  4)  10-12 

a Units for bimolecular reactions: cm3 molecule-1 s-1. Units for termolecular reactions: cm6 187 

molecule-2 s-1. b The stated errors are 1. 188 

 189 

3.2 The reaction Ni+ + O3 190 

 191 

Measurements of the pseudo first-order reaction of Ni+ with O3 (R1) initially gave a lower 192 

than expected rate coefficient of ~3 × 10-10 cm3 molecule-1 s-1,  as shown in Figure 4 193 

(experimental points are shown as grey diamonds). Given that the analogous systems Fe+ + 194 

O3 20 and Al+ + O3 15) exhibit significant recycling of the metal oxide ion back to the atomic 195 

ion through reaction with O3, it seemed likely that the same recycling was happening via 196 

NiO+ + O3 (reaction R2a). We therefore added a constant concentration of H2O into the flow 197 

tube to prevent recycling of NiO+ by R2a, since the recombination reaction 198 

NiO+ + H2O (+ M)  →  NiO+.H2O HO = -212 kJ mol-1    (R11a) 199 

was calculated to be close to its high pressure limit at the pressure of 1 Torr He in the flow 200 

tube (details of the theoretical methods used in this calculation are provided in Section 4). It 201 

should be noted that the bimolecular reaction 202 

NiO+ + H2O  →  NiOH+ + OH HO = +22 kJ mol-1    (R11b) 203 
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is too endothermic calculated at the B3LYP/aug-cc-pVQZ level of theory. In fact, taking the 204 

experimental values for D0(Ni+-OH) = 235  19 kJ mol-1 11 and D0(Ni+-O) = 257  19 kJ 205 

mol-1 12 indicates that the reaction may be significantly more endothermic, HO = +(92  27) 206 

kJ mol-1. Furthermore, rearrangement of the NiO+.H2O to yield the di-hydroxide ion 207 

NiO+.H2O  →  Ni(OH)2
+  HO = +13 kJ mol-1    (R11c) 208 

is also exothermic has a barrier of 128 kJ mol-1 with respect to NiO+ + H2O, so only reaction 209 

channel R11a would be important for removing NiO+ and hence preventing its reaction with 210 

O3. As shown in Figure 4, k increased significantly in the presence of H2O (black triangles), 211 

consistent with O3 recycling being shut down. However, a linear fit of k vs. [O3] does not go 212 

through the origin and obvious curvature can be seen in the plot. This suggests that the H2O 213 

does not completely prevent recycling of NiO+ to Ni+ when [O3] > 1 × 1012 molecule cm-3 
214 

(this is unavoidable because there is an upper limit to the amount of H2O that can be added, 215 

constrained by its vapour pressure at 293 K). We therefore developed a full kinetic model to 216 

fit k1, k2, k3 and k11 to the measured data from different experiments. 217 

 218 

 219 

Figure 4.  k for reaction 1 plotted as a function of [O3], for 3 cases: a) Ni+ + O3 with full 220 

recycling of NiO+ by reaction R2a (grey diamonds are measurements, dotted line is the model 221 

fit, extrapolated to [O3] = 0 with the sparse dotted line); b) Ni+ + O3 with added [H2O] = 3 × 222 

1012 cm-3, which reduced the recycling of NiO+) (black triangles are measurements, black 223 

solid line is the model fit); and c) the limiting case of Ni+ + O3 with no recycling by R2a 224 

(black dashed line). The shaded regions correspond to the model fits ± 1σ. Conditions: 1.0 225 

Torr, 294 K. 226 

 227 

3.2.1 Flow tube model 228 

The model was developed to describe both the gas-phase reactions of the ions and their loss 229 

on the flow tube walls. The wall loss rate for each ion was computed from its diffusion 230 

coefficient in He: 21 231 
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  𝐷 = 𝑘𝐵𝑇2.21𝑛𝜋𝜇 √ 𝜇𝛼𝑒2        (E1) 232 

and the wall loss rate is then given by 233 

 𝑘diff = 𝐷 5.81𝑃𝑟2          (E2) 234 

where P is pressure, r is the radius of the flow tube, T is temperature, µ  is the reduced mass of 235 

the ion and He, α is the polarizability of He, e is the charge, and n is the He concentration.19 236 

kdiff for Ni+, NiO+ and NiO2
+ is then 661, 656 and 653 s-1, respectively, at 1 Torr and 294 K. 237 

The coupled Ordinary Differential Equations (ODEs) E3 to E5, which describe the wall 238 

losses and gas-phase chemistry of Ni+, NiO+ and NiO2
+, were then solved numerically using a 239 

4th-order Runge-Kutta algorithm: 240 

 241  𝑑[Ni+]𝑑𝑡 = 𝑘2a[NiO+][O3] − (𝑘diffNi+ + 𝑘1[O3] + 𝑘9[H2O][He] + 𝑘7[O2][He])[Ni+]  242 

          (E3) 243 𝑑[NiO+]𝑑𝑡 = 𝑘1[Ni+][O3] + 𝑘3a[NiO2+][O3] − (𝑘diffNiO+ + (𝑘2a + 𝑘2b)[O3] + 𝑘11[H2O][He] +244 𝑘14[O2][He])[NiO+]         245 

           (E4) 246 𝑑[NiO2+]𝑑𝑡 = 𝑘2b[NiO+][O3] + 𝑘7[Ni+][O2]  − (𝑘diffNiO2+ + (𝑘3a + 𝑘3b)[O3]) [NiO2+]      247 

           (E5) 248 

The model was designed to replicate the experimental conditions in the flow tube as closely 249 

as possible. k' was calculated by sampling the model output (i.e. the concentration of Ni+ 250 

versus t) at 3.75 and 5.00 ms, which were the reaction times set by varying the distance from 251 

the sliding injector to the skimmer cone of the mass spectrometer. These times were chosen 252 

because the Ni+ decay was observed to be first-order over this time interval, apart from at low 253 

O3 concentrations (< 1012 cm-3) in the absence of H2O. The modelled k values were then 254 

compared with the experimental data, for experiments both with and without H2O (solid and 255 

dotted lines in Figure 4). Also included in Figure 4 is the case where the only reaction is Ni+ 256 

+ O3 → products i.e. with no recycling by reaction R2a. This results in the dashed straight 257 

line which passes through the steepest part of the curve of the experimental data when H2O is 258 

added.  259 

The model was fitted to the experimental data both manually and using a Monte Carlo 260 

method. The rate coefficient for Ni+ + O3, k1, was increased until the initial steep part of the 261 

curve matched the experimental data, where reaction 11 with H2O effectively shuts down the 262 

recycling of NiO+. Combining the fitted k1 here with similar fits obtained in the experiments 263 

on NiO+ + CO (R4) and NiO+ + O (R5) (see sections 3.3 and 3.4), yields k1(294 K) = (9.7 ± 264 

2.1) × 10-10 cm3 molecule-1 s-1. The second-order rate coefficient for NiO+ + H2O at 1Torr 265 

was (6.2  3.0)  10-10 cm3
 molecule-1 s-1, which is in good agreement with the theoretical 266 

estimate in Section 4. 267 
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If significant recycling of higher NiOx
+ (x = 2, 3 …) through reaction with O3 occurs, then the 268 

model fits to the data with and without H2O became much poorer. The best fits were obtained 269 

with only (16  10%) of NiO2
+ recycling to NiO+ through R3, and (29  14)% of NiO+ 270 

recycling to Ni+ through R2. The uncertainties in the rate coefficients k2a, k2b, k3a and k3b were 271 

estimated by fitting each data point in turn and determining the mean and standard deviation 272 

of the fitted values (Table 1). 273 

 274 

3.3 Reaction of NiO+ with CO 275 

 276 

R5 was studied by injecting CO a distance 5 mm upstream of the fixed point where O3 was 277 

introduced into the carrier gas flow. In order to extract k5, the ratio of [CO]/[O3] was varied. 278 

The recycling of Ni+ was modelled using the rate coefficients and branching ratios for R1 – 279 

R3 that were fitted in Section 3.2. Figure 5 shows the fractional recovery in Ni+ signal (where 280 

0 is the Ni+ concentration when [CO] = 0) recovery in Ni+ signal as a function of the ratio 281 

[CO]/[O3]. As this ratio increases, the percentage recovery starts to plateau around 75%, 282 

evident in both the experimental and modelled data. k5 was obtained by fitting the model to 283 

each data point in Figure 5 separately. The resulting mean and standard deviation of the fitted 284 

values yields k5(294 K) = (7.4 ± 1.3) × 10-11 cm3 molecule-1 s-1. 285 

 286 

Figure 5. The fractional recovery in [Ni+] (where 0 is the Ni+ concentration when [CO] = 0), 287 

as a function of [CO]/[O3]. The solid points are experimental data, and the solid black line is 288 

the model fit with the ±1σ uncertainty shown by the shaded region. Conditions: 1 Torr, 294 289 

K. 290 

 291 

3.4 Reaction of NiO+ with O 292 

 293 

The reaction of O with NiO+ recycles Ni+, so in the presence of O3 (needed to make NiO+
 via 294 

R1) the increase in [Ni+] when O is injected can be used to obtain k4.  In practice, since it is 295 

easier to keep [O] constant with an accurately measured concentration and wall loss rate (see 296 
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Section 2), the change in Ni+ signal was measured for a range of [O3]. The O concentration in 297 

the example plot in Figure 6 was maintained at 9.2 × 1012 molecule cm-3. The recycling of 298 

Ni+ was modelled using the rate coefficients and branching ratios for R1 – R3 from Section 299 

3.2, and the measured wall loss of O (470  65 s-1). 300 

The atomic O is generated from the microwave discharge of N2 (Section 2). This meant that a 301 

significant fraction (~8%) of the total flow in the reaction zone was N2, which led to the 302 

formation of Ni+.N2 through reaction R6. This ion then ligand-switches with O: 303 

 Ni+.N2 + O  →  NiO+ + N2  HO = -112 kJ mol-1   (R12) 304 

 In fact, at the low end of the O3 concentration range (see Figurer 6), the Ni+ + N2 reaction 305 

was faster than Ni+ + O3, so that Ni+.N2 became a significant reservoir species. The flow tube 306 

model was modified by adding the rate of R4 (NiO+ + O) to ODEs E3 and E4, and inserting 307 

an additional ODE to describe the formation and removal of Ni+.N2 through R6 and R12, 308 

respectively. An independent fit of k4 and k12 was then made to each data point in Figure 6. 309 

The resulting mean and standard deviation of the fitted values yields k4(294 K) = (1.7 ± 1.2) 310 

× 10-10 cm3 molecule-1 s-1, and k12(294 K) = (7 ± 4) × 10-12 cm3 molecule-1 s-1. Note that if k12 311 

was faster than 7  10-12 cm3 molecule-1 s-1 then significantly more NiO+ would be produced 312 

in the absence of O3 than is observed. Indeed, the NiO+ measurements indicate that k12 is 313 

probably closer to the lower end of the stated uncertainty. 314 

 315 

 316 

Figure 6. [Ni+] as a function of [O3], showing the increased recycling of Ni+ in the presence 317 

of O. When [O] = 9.2 × 1012 molecule cm-3, the experimental points (black triangles) and 318 

model fit (black line) should be compared with the experimental points (grey diamonds) and 319 

model fit (grey line) in the absence of O. The shades envelopes depict the ±1σ uncertainties 320 

of the model fits. Conditions: 1 Torr, 294 K, [N2] = 3.0  1015 cm-3. 321 

 322 

 323 
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4. Discussion 324 

 325 

A set of electronic structure calculations was performed to understand the experimental 326 

results and extrapolate to the conditions of planetary mesospheres. The geometries of the 327 

NiOn
+ (n = 1 to 3) ions, and the Ni+ cluster ions were first optimized at the B3LYP/aug-cc-328 

pVQZ level of theory (Dunning's quadruple-zeta correlation consistent basis set with added 329 

diffuse functions) within the Gaussian 16 suite of programs.22 The resulting geometries are 330 

shown in Figure 7, and the Cartesian coordinates, rotational constants and vibrational 331 

frequencies are listed in Table 2. Note that the cluster bond energies decrease in the order 332 

H2O >  N2 > CO2 > O2. The NiO+ bond energy of 225 kJ mol-1 compares well with values of 333 

230 kJ mol-1 23 and 233 kJ mol-1 24 determined in high level ab initio studies using the Multi-334 

Reference Configuration Interaction method. Note that these values for the bond energy are 335 

lower than the most recent experimental value of 257  19 kJ mol-1.12 Our calculated bond 336 

energy for Ni+-OH of 252 kJ mol-1 agrees well with previous theoretical estimates of 250 kJ 337 

mol-1 25 and 261 kJ mol-1,26 and is within error of the measured D0(Ni+-OH) = 235  19 kJ 338 

mol-1.11 The Ni+-N2 bond energy of 112 kJ mol-1 is somewhat higher than a value of 99 kJ 339 

mol-1 published in 1989 by Bauchlicher et al.27 Our value for the Ni+-O2 bond energy of 75 kJ 340 

mol-1 is very close to an earlier estimate of 68 kJ mol-1 by Jarvis et al.28 Comparing with the 341 

available experimental values discussed above, and taking account of a study comparing 342 

density functional methods for calculating bond energies of 3d-transition metal diatomics,29 343 

we assign an uncertainty of  35 kJ mol-1 to the bond energies of the Ni-containing ions 344 

calculated in the present study. 345 

It should be mentioned at this point that laser ablation of the Ni rod could also produce Ni+ in 346 

the excited 4F state, which is 100.4 kJ mol-1 above the Ni+(2D) ground state.13 Both states 347 

would be observed as Ni+ by the mass spectrometer. The role of this excited state has been 348 

considered in previous work by Koyanagi et al.,30 since Ni+(4F) is radiatively very long-349 

lived13 and its rate of quenching by He is not known. However, in our experiment Ni+(4F) 350 

would need to survive > 5  104 collisions with He before reaching the reaction zone in the 351 

flow tube, and there was no evidence of any unexpected change in kinetic behaviour when 352 

the He pressure was changed by a factor of 4. 353 
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 354 

Figure 7. Geometries of NiO+, Ni+.H2O, Ni+.CO2, Ni+.N2, NiO2
+, NiO+.CO2, ONiO2

+, 355 

NiO+.H2O and NiO+.N2 ions calculated at the B3LYP/aug-cc-pVQZ level of theory.22 356 

 357 

4.1 Ni+ + O3, NiO+ + O3, NiO++ CO, and NiO++ O  358 

Reaction R1 (Ni+ + O3) is fast, with k1(294 K) = (9.7  2.1)  10-10 cm3 molecule-1 s-1. The 359 

reaction, which is spin conserved on a doublet surface, is about 20% faster than the Langevin 360 

capture rate of 8.1  10-10 cm3 molecule-1 s-1 (although within the experimental error). This 361 

probably indicates that the modest dipole moment of O3 (0.53 D 31) enhances its capture by 362 

Ni+. The effect of the charge-permanent dipole interaction can be estimated using the 363 

formalism of Su and Chesnavich 32, which is derived from trajectory calculations. This yields 364 

k1(294 K) = 9.8  10-10 cm3 molecule-1 s-1, in excellent agreement with the measured value. 365 

The statistical adiabatic channel model of Troe 33 with a rotational constant for O3 of 0.428 366 

cm-1 (the geometric mean of the rotation constants for rotation orthogonal to the C2v axis of 367 

the molecule along which the dipole lies), yields a slightly higher value of k1(294 K) = 1.1  368 

10-9 cm3 molecule-1 s-1, still well within the error of the measured value. Both methods 369 

predict slightly negative temperature dependences for the reaction which, combined with the 370 

experimental value at 294 K yields: k1(100 – 300 K) = 9.7  10-10 (T/300)-0.16 cm3 molecule-1 371 

s-1.  372 
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 373 

Table 2. Molecular properties and ion-ligand bond energies of the NiO+, Ni+.CO2, Ni+.H2O, 374 

Ni+.N2, NiO2
+, ONiO2

+, NiO+.N2, NiO+.CO2, and NiO+.H2O ions (illustrated in Figure 7). 375 

Molecule Geometry 

(Cartesian co-ordinates in Å) a 

Rotational 
constants 
(GHz) a 

Vibrational 
frequencies  

(cm-1) a 

D0(0 K) 

(kJ mol-1) a 

Ni-O+  

(4-) 

Ni, 0.0, 0.0, 0.0 
O, 0.0, 0.0, 1.637 

15.042 707 225 b  

Ni+-CO2 

(2) 

Ni, 0.0, 0.0, 0.132 
O, 0.0, 0.0, 2.093 
C, 0.0, 0.0, 3.268 
O, 0.0, 0.0, 4.408 

1.7623 30 (2),  272, 
628 (2), 
1399, 2460 

109 

Ni+-H2O 
(2B1) 

Ni, -0.006, -0.021, 0.055 
O, 0.030, 0.112, 1.985 
H, 0.797, -0.052, 2.549 
H, -0.716, 0.353, 2.549 

409.21 
9.1211 
8.9222 

304, 417, 588, 
1645, 3744, 
3822 

168 

Ni+-N2 

(2) 

Ni, 0.0, 0.0, 0.126 
N, 0.0, 0.0, 2.041 
N, 0.0, 0.0, 3.132 

4.1199 239 (2) 343, 
2434 

112 

Ni+-O2 

(2A) 
Ni, -0.302, 0.968, 0.0 
O, 0.623, -1.727, 0.0 
O, -0.322, -0.974, 0.0 

109.27 
4.1414 
3.9902 

159, 325, 1571 75 

ONi+-O2 
(2A) 

Ni,0,-0.0659, 0.984, -0.184 
O, -0.034, -0.774, 0.711 
O, -0.013, -1.269, 1.805 
O, -0.094, 2.430, -0.945 
 

142.98 
2.3051 
2.2685 

79, 143, 287, 
702, 1620 

 

81 

ONi+-N2 

(4) 

Ni, 0.0, 0.0, 0.959 
O, 0.0, 0.0, 2.601 
N, 0.0, 0.0, -2.135 
N, 0.0, 0.0, -1.046 

0.07891 87 (2), 250 
(2), 308, 692, 
2459 

111 

ONi+-CO2 

(4) 

Ni, 0.017, -0.954, 0.0 
O, 0.025, -2.580, 0.0 
C, 0.003, 2.167, 0.0 
O, -0.003, 3.303, 0.0 
O, 0.008, 0.987, 0.0 

1.2461 32 (2), 119 
(2), 287, 627 
(2), 751, 
1400, 2462 

134 

ONi+-H2O 
(4A2) 

Ni, 0.161, 0.0, 0.0 
O, 1.791, 0.0, -0.0 
O, -1.772, -0.0, 0.0 
H, -2.337, -0.785, 0.0 
H, -2.339, 0.785, 0.0 

407.60 
4.4435 
4.3956 

113, 136, 299, 
444, 639, 706, 
1662, 3728, 
3801 

212 

a Calculated at the B3LYP/aug-cc-pVQZ level of theory 22 376 

b Dissociation to Ni+(2D) + O(3P) 377 
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 378 

Reaction R1 is exothermic by 125 kJ mol-1, and so NiO+ could be produced in 9 low-lying 379 

electronic states (3 of quartet spin multiplicity and 6 doublet states), in addition to the 380 

NiO+(X4-) ground state.23 When using the flow tube model to determine rate coefficients for 381 

NiO+ reactions, we have to assume that the NiO+ is largely produced in the ground state or 382 

else is quenched sufficiently rapidly in 1 Torr of He. The rate coefficient for the reaction 383 

between NiO+ and O3, k2, is about 35% of its Langevin capture rate. Both channels of the 384 

reaction are quite exothermic (Section 1); the more exothermic channel producing NiO2
+ + 385 

O2 has a higher branching ratio (f2b = 71%). For comparison, the branching ratio to produce 386 

FeO2
+ from the analogous reaction FeO+ + O3 is 39%,20 and to produce MgO2

+ from MgO+ + 387 

O3 is 65%.18 In the case of reaction R3 between NiO2
+ and O3, once again the more 388 

exothermic channel producing ONiO2
+ + O2 (Section 1) has the higher branching ratio (f3b = 389 

84%). In contrast, for the reaction FeO2
+ + O3 the channel producing FeO3

+ + O2 is close to 390 

thermoneutral, and the branching ratio is only 21%.20 391 

Reaction 1 has been studied previously by McDonald et al.34 in a selected-ion flow tube. 392 

They measured k1(300 – 500 K) = (11 ± 2) × 10-10 cm3 molecule-1 s-1, which is in very good 393 

agreement with the present study. McDonald et al.34 showed that recycling of NiO+ by O3 394 

(reaction 2a) had been neglected in an earlier study35 which reported a 40% smaller value for 395 

k1. Again, this is consistent with the present finding, and the measured branching ratios f2a = 396 

(29  14)% from the present study and (40  20)% from McDonald et al.34 agree within error. 397 

However, k2 from the present study is (2.7  0.8)  10-10 cm3 molecule-1 s-1, which is outside 398 

the uncertainty of the value (9.5  3.0)  10-10 cm3 molecule-1 s-1 from McDonald et al.34 In 399 

the case of reaction R3 between NiO2 and O3, k3 = (2.9  1.2)  10-10 cm3 molecule-1 s-1 from 400 

the present study, which agrees within error with the value of (10  7)  10-10 cm3 molecule-1 401 

s-1 from McDonald et al.,34 although our value of f3a = (16  10)% is lower than their estimate 402 

of the branching ratio lying between 45 and 95%. If we put the rate coefficients for R1 – R3, 403 

including the branching ratios for R2 and R3, from McDonald et al.34 into our flow tube 404 

model, we can model our data in Figure 4 when H2O is added (black diamonds), which is 405 

expected because of the very good agreement of k1; however, in the absence of H2O the k 406 

modelled values as a function of O3 are significantly higher than the experimental (grey 407 

diamonds in Figure 4), even within the error of the rate coefficients. 408 

The rate coefficient for NiO+ + O is k4(294 K) = (1.7 ± 1.2) × 10-10 cm3 molecule-1 s-1, which 409 

is 29% of the Langevin capture rate. This reaction can occur on doublet and sextet surfaces, 410 

and is exothermic enough to produce excited products: Ni+(4F) + O2(X3g
-) (exothermic by 411 

184 kJ mol-1), or Ni+(2D) + O2(a1g) (exothermic by 190 kJ mol-1).   The rate coefficient is 412 

significantly faster than the analogous reactions of FeO+ ((3.2  1.5)  10-11 cm3 molecule-1 413 

s-1 19) and CaO+ ((4.2  2.8)  10-11 cm3 molecule-1 s-1 17), although not as fast as MgO+ + O 414 

((5.9  2.4)  10-10 cm3 molecule-1 s-1 36). 415 
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 416 

Figure 8. Potential energy surface of quartet spin multiplicity for reaction 5, NiO+ + CO, 417 

calculated at the B3LYP/aug-cc-pVQZ level of theory. 418 

 419 

The rate coefficient for NiO+ + CO is k5(294 K) = (7.4 ± 1.3) × 10-11 cm3 molecule-1 s-1, 420 

which is somewhat slower than the analogous reactions of CO with FeO+ ((1.59  0.34) × 421 

10-10 cm3 molecule-1 s-1  19), CaO+ ((2.8  1.5) × 10-10 cm3 molecule-1 s-1 17) and MgO+ ((3.2 × 422 

10-10 cm3 molecule-1 s-1  ). Since the ground state of NiO+ is 4-, if this reaction conserves 423 

spin then Ni+ will be produced in the low-lying 4F state. Figure 8 is a plot of the quartet 424 

potential energy surface for the reaction, calculated at the B3LYP/aug-cc-pVQZ level.22 This 425 

shows that the CO first binds to the Ni, then the O atom (originally from NiO+) rotates around 426 

the Ni to form Ni+.CO2 (quartet spin multiplicity), before dissociating to Ni+(4F) + CO2. The 427 

transition state is calculated to be only 21 kJ mol-1 below the energy of the reactant entrance 428 

channel. Using the Master Equation Solver for Multi-Energy well Reactions (MESMER) 429 

program37 to calculate k5 on this potential energy surface, the experimental rate coefficient 430 

can be fitted if this barrier is raised by only 7 kJ mol-1, which is within the uncertainty at this 431 

level of theory.29   432 

 433 

4.2 Ni+ + N2, O2, CO2 and H2O 434 

The rate coefficient for the recombination of Ni+ with N2 (k6) does not appear to have been 435 

reported previously, although the formation of the product Ni+.N2 ion has been reported in a 436 

ring electrode trap.10 The recombination kinetics of Ni+ with O2 has been studied in a selected 437 

ion flow tube apparatus by Koyanagi et al.,30 who obtained a bimolecular rate coefficient of 438 

2.0 × 10-13 cm3 molecule-1 s-1 in 0.35 Torr of He. This equates to a 3rd-order rate coefficient of 439 

k7 = 1.7 × 10-29 cm6 molecules-2 s-1, which is roughly 6 times the value from the present study 440 

of (2.8 ± 0.5) × 10-30 cm6 molecule-2 s-1. The reason for the discrepancy is not clear, and 441 

Koyanagi et al.30 did not report a pressure-dependent study of the reaction. The most stable 442 

form of the product is bent Ni-O2
+ with doublet spin multiplicity (Table 2), which is 267 kJ 443 

mol-1 more stable (at the B3LYP/aug-cc-pVQZ level) than the ONiO+ quartet where the Ni 444 
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inserts into the O-O bond. The bimolecular reaction channel, Ni+ + O2  →  NiO+ + O, is 445 

endothermic by 284 kJ mol-1, consistent with the measured reaction threshold energy of ~3 446 

eV measured in an ion beam apparatus.38 447 

There do not appear to have been any previous studies of the recombination of Ni+ with CO2 448 

or H2O. However, Cheng et al. studied the reaction between Ni+ and D2O.39 Their value of 449 

1.7 × 10-12 cm3 molecule-1 s-1 in 0.35 Torr He equates to a 3rd-order rate coefficient of 1.5 × 450 

10-28 cm6 molecule-2 s-1, which is slightly higher than our value for H2O, k9 = (1.3 ± 0.2) × 451 

10-28 cm6 molecules-2 s-1. This is expected because the lower vibrational frequencies of D2O 452 

lead to a higher density of states in Ni+-D2O than in the Ni+-H2O adduct. 453 

The rate coefficients for the recombination reactions R6 – R9 can be extrapolated to 454 

temperatures and pressures outside the experimental range by using Rice-Ramsperger-455 

Kassel-Markus (RRKM) theory. Here we use a solution of the Master Equation (ME) based 456 

on the inverse Laplace transform method,40  which we have applied previously to 457 

recombination reactions of metallic species.15, 16, 18, 41, 42 Hence, only a brief description is 458 

given here. These reactions proceed via the formation of an excited adduct, which can either 459 

dissociate or be stabilized by collision with the third body (He). The internal energy of this 460 

adduct was divided into a contiguous set of grains (width 30 cm-1), each containing a bundle 461 

of rovibrational states. Each grain was then assigned a set of microcanonical rate coefficients 462 

for dissociation, which were determined using inverse Laplace transformation to link them 463 

directly to krec,, the high pressure limiting recombination coefficient. In the case of these 464 

reactions, krec, was set to the Langevin capture rate (including a correction for the permanent 465 

dipole of H2O in the case of R9). The density of states of each adduct was calculated with the 466 

vibrational frequencies and rotational constants listed in Table 2, using the Beyer-Swinehart 467 

algorithm for the vibrational modes (without making a correction for anharmonicity), and a 468 

classical densities of states treatment for the rotational modes.43 For these reactions, the two 469 

low-frequency degenerate vibrational modes of Ni+-N2 (239 cm-1) and Ni+-CO2 (30 cm-1) 470 

were treated as 2-dimensional free rotor; for Ni+ + O2, the low-frequency bending mode (159 471 

cm-1) was treated as 1-D free rotor; and for Ni+ +  H2O, the out-of-plane and in-plane rocking 472 

modes of the Ni+-H2O cluster (304 and 588 cm−1) were treated as a 2-D rotor. 43 473 

The probability of collisional transfer between grains was estimated using the exponential 474 

down model, where the average energy for downward transitions is designated <E>down,43 475 

and the probabilities for upward transitions are determined by detailed balance. The collision 476 

rate of the third body (He) with the adduct was set to the corresponding Langevin capture 477 

rate. The ME, which describes the evolution with time of the adduct grain populations, was 478 

then expressed in matrix form and solved to yield the recombination rate constant at a 479 

specified pressure and temperature. The only adjustable parameter when fitting to the 480 

experimental data was the average energy for downward transitions, <E>down. Table 3 481 

summarises the results.  The fitted values of <E>down lie between 125 and 150 cm-1 i.e. 482 

within the expected range for He.43 In fact, the sensitivity of the calculated rate coefficient to 483 

<E>down provides a way of assessing the likely uncertainty of the theoretical cluster binding 484 

energy. Taking reaction R8 as an example, the theoretical binding energy of Ni+-CO2 is 108 485 

kJ mol-1; an uncertainty of  15 kJ mol-1 would require <E>down to range between 70 and 486 

190 cm-1 i.e. somewhat outside the expected range for He,43 so this is likely an upper limit to 487 

the uncertainty in the binding energy. 488 
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Table 3.  Fitted RRKM parameters and low-pressure limiting rate coefficients for the 489 

addition of a single ligand to Ni+ with He as third body  490 

Reaction <E>down 

cm-1 

log10(krec,0/ cm6 molecule-2 s-1) 

T = 100 – 600 K 

% uncertainty in 
krec,0 at 180 K 

Ni+ + N2 140 -27.5009 + 1.0667log10(T) - 0.74741(log10(T))2 28.6 

Ni+ + O2 130 -27.8098 + 1.3065log10(T) - 0.81136(log10(T))2 31.5 

Ni+ + CO2 125 -29.805 + 4.2282log10(T) - 1.4303(log10(T))2 27.9 

Ni+ + H2O 150 -24.318 + 0.20448log10(T) - 0.66676(log10(T))2 27.9 

 491 

The temperature dependence of <E>down is typically small and usually described as T.43 492 

Here, the parameter  was set to 0.0, and then varied between the expected range of -0.5 and 493 

+0.5. The resulting fits of the low pressure limiting rate coefficient, krec,0, through the 494 

experimental data points, and extrapolated between 100 and 600 K, are illustrated in Figure 9. 495 

The Ni+ + H2O reaction is nearly 2 orders of magnitude faster than Ni+ + O2 (at the same 496 

temperature), reflecting the much deeper well and the increased number of atoms in the Ni+-497 

H2O cluster, which increases the density of ro-vibrational states of the adduct. krec,0 does not 498 

follow a simple T-n dependence, and so a second-order dependence on log10T was fitted in 499 

each case. The resulting expressions are listed in the third column of Table 3 (the large 500 

number of significant figures in the fitted polynomial parameters are provided for numerical 501 

accuracy). The faint lines in Figure 9 show the sensitivity of the RRKM fit for each reaction 502 

when α is varied between -0.5 and +0.5. At a temperature of 180 K (typical of the terrestrial 503 

mesosphere3), the overall uncertainty in krec,0 obtained by combining the experimental error 504 

and RRKM extrapolation is around 30% (last column in Table 3). These low-pressure 505 

limiting rate coefficients are appropriate for the meteoric ablation region in a planetary 506 

atmosphere where the pressure is less than 10-5 bar.  507 
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 508 

Figure 9. RRKM fits (thick lines) through the experimental data points (solid circles) for the 509 

recombination reactions of Ni+ with N2 (green), O2 (blue), CO2 (red) and H2O (black). The 510 

faint lines indicate the sensitivity of each fit to α, the temperature-dependence of <E>down, 511 

varying between -0.5 and 0.5. 512 

 513 

4.3 Atmospheric Implications  514 

In order to use the recombination reaction rate coefficients for modelling in a planetary 515 

atmosphere, the krec,0 values need to be adjusted to account for the relative efficiencies of the 516 

major atmospheric species compared with the He used in the kinetic measurements. For N2 517 

and O2 acting as a third body in an ion-molecule recombination reaction, the rate coefficients 518 

k6, k7, k8 and k9 should be increased by a factor of 3,3 and for CO2 by a factor of 8.36  519 

Before examining the relative importance of the NiO+ reactions, we estimated the rate 520 

coefficients for the addition of likely atmospheric species to this ion. These calculations were 521 

performed using the RRKM method described in Section 4.2, with the molecular parameters 522 

for ONiO2
+, ONi+.N2, ONi+.CO2 and ONi+.H2O from electronic structure calculations (see 523 

Table 2). The resulting rate coefficients between 120 and 300 K are: 524 

krec,0(NiO+ + N2 + He) = 3.4  10-30 (T/300)-3.38 cm6 molecule-2 s-1 525 

krec,0(NiO+ + O2 + He) = 1.1  10-29 (T/300)-3.39 cm6 molecule-2 s-1 526 

krec,0(NiO+ + CO2 + He) = 1.2  10-27 (T/300)-3.42 cm6 molecule-2 s-1 527 

krec,0(NiO+ + H2O + He) = 2.0  10-26 (T/300)-2.90 cm6 molecule-2 s-1 528 

The expected uncertainty is probably a factor of 3 at 300 K. Note that the second-order 529 

recombination rate for NiO+ + H2O at 1 Torr and 294 K is 7.2  10-10 cm3 molecule-1 s-1, 530 

which agrees well with the experimental fit in Section 3.2 (Table 1). 531 
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The vertical profiles for the removal rates of Ni+ and NiO+ ions in the atmospheres of Earth 532 

and Mars are illustrated in Figure 10. In the case of the terrestrial atmosphere, the vertical 533 

profiles of T, pressure and the mixing ratios of O3, N2, CO2 and H2O are taken from the 534 

Whole Atmosphere Community Climate Model (WACCM4),44, 45 for the conditions of 40oN 535 

in April, at local midnight. Figure 10a shows that reaction with O3 dominates the removal of 536 

Ni+ between 83 and 110 km (rocket-borne mass spectrometric measurements show that the 537 

peak of the Ni+ occurs between 95 and 105 km 2). Even during daytime, when the O3 538 

concentration decreases by around 1 order of magnitude due to photolysis,3 reaction with O3 539 

will still dominate over this altitude range. Above 110 km and below 83 km, recombination 540 

with N2 dominates and recombination with O2 is about a factor of 7 times slower. Formation 541 

of Ni+.CO2 in the terrestrial atmosphere should not be important, not only because direct 542 

recombination is uncompetitive (Figure 10a), but also because – unusually - the Ni+.N2 543 

cluster is more strongly bound than Ni+.CO2 (Table 2) and so will not ligand-switch with 544 

CO2, unlike other metallic ions such as Mg+,18  Al+,15 Ca+,17 and Fe+.16 Recombination of Ni+ 545 

with H2O is least important because of the low mixing ratio of H2O (less than a few ppm 546 

above 80 km 3).   547 

 548 

Figure 10. Removal rates of Ni+ (panels (a) and (b)), and NiO+ (panels (c) and (d)) in the 549 

upper atmospheres of Earth (panels (a) and (c), 40oN, local midnight, April) and Mars (panels 550 

(b) and (d), local noon, latitude = 0o, solar longitude Ls = 85o).  551 

 552 
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For Mars, the vertical profiles of the relevant species and T are taken from the Mars Climate 553 

Database v.5.2 (http://www-mars.lmd.jussieu.fr/mcd_python/),46 for the conditions of latitude 554 

= 0o, local noon and solar longitude Ls = 85o (northern hemisphere summer). Because the 555 

Martian atmosphere is ~95% CO2, and the O3 concentration is much lower than in the 556 

terrestrial atmosphere, recombination with CO2 dominates by over 2 orders of magnitude 557 

across the entire range of altitude from 60 to 140 km (Figure 10b).  558 

On Earth, the fast reaction of NiO+ with O is easily the most important loss process for NiO+ 559 

above 80 km (Figure 10c), so that NiO+ will have a turnover lifetime of around 10 ms. Below 560 

80 km, recombination with N2 and O2 produces the NiO+.N2 and ONiO2
+ ions, which could 561 

then ligand-switch with CO2 or H2O as these molecules bind more strongly to NiO+ (Table 562 

2). Note that any of these cluster ions can react directly with O e.g. for the mostly strongly 563 

bound cluster ion  564 

 NiO+.H2O + O →  NiO2
+ + H2O HO = -136 kJ mol-1   (13a)  565 

   →  Ni+.H2O + O2  HO = -240 kJ mol-1   (13b) 566 

On Mars, the reactions of NiO+ with O and CO dominate above 90 km (Figure 10d), so that 567 

NiO+
 will have a lifetime around 100 ms.  At lower altitudes recombination with CO2 568 

becomes more important, although the resulting NiO+.CO2 cluster ion will likely then react 569 

with O, CO or H2O. 570 

 571 

5. Conclusions 572 

 573 

The rate coefficients for the reactions of Ni+ with O3, N2, O2, CO2 and H2O, and the reactions 574 

of NiO+ with O, CO and O3 have been measured, all but the Ni+ + O2 reaction apparently for 575 

the first time. The reaction of Ni+(2D) with O3 to form NiO+(4-) is spin-conserved and quite 576 

exothermic, and so proceeds at the ion-molecule capture rate slightly enhanced by the small 577 

dipole moment of O3. This reaction dominates removal of Ni+ in the terrestrial atmosphere 578 

because of the relatively high concentration of O3 in the tertiary ozone maximum around 87 579 

km. However, the most likely fate of NiO+ is fast recycling by O atoms to Ni+. In contrast, on 580 

Mars the recombination of Ni+ with CO2 is the most rapid removal process by over 2 orders 581 

of magnitude, throughout Mars’ mesosphere. 582 
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Figure Captions. 689 

 690 

Figure 1. Reaction scheme for the ion-molecule chemistry of Ni+ in the Earth’s mesosphere 691 

and lower thermosphere. 692 

Figure 2. Plot of ln ([Ni+]X𝑡[Ni+]0𝑡 ) against reaction time for [O2] = 1.5 × 1014 molecule cm-3 (dark 693 

grey squares), 5.5 × 1014 molecule cm-3 (grey triangles), 1.1 × 1015 molecule cm-3 (light grey 694 

circles), 2.2 × 1015 molecule cm-3 (black diamonds). Conditions: 2.5 Torr, 294 K. The lines 695 

are exponential fits through the experimental data, the slopes of which yield k. 696 

Figure 3. Recombination rate coefficients plotted as a function of pressure, in terms of He 697 

concentration. Dark grey squares: R6 (Ni+ + H2O); black diamonds: R9 (Ni+ + CO2); grey 698 

circles: R8 (Ni+ + N2); grey triangles: R7 (Ni+ + O2). Note the two different ordinates: left 699 

hand ordinate for reactions R6 and R9; right hand ordinate for R7 and R8 (indicated with 700 

arrows). T = 294 K. The lines are linear regression fits through the experimental data, the 701 

slopes of which yield the 3rd order rate coefficients.  702 

Figure 4.  k for reaction 1 plotted as a function of [O3], for 3 cases: a) Ni+ + O3 with full 703 

recycling of NiO+ by reaction R2a (grey diamonds are measurements, dotted line is the model 704 

fit, extrapolated to [O3] = 0 with the sparse dotted line); b) Ni+ + O3 with added [H2O] = 3 × 705 

1012 cm-3, which reduced the recycling of NiO+) (black triangles are measurements, black 706 

solid line is the model fit); and c) the limiting case of Ni+ + O3 with no recycling by R2a 707 

(black dashed line). The shaded regions correspond to the model fits ± 1σ. Conditions: 1.0 708 

Torr, 294 K. 709 

Figure 5. The fractional recovery in [Ni+] (where 0 is the Ni+ concentration when [CO] = 0), 710 

as a function of [CO]/[O3]. The solid points are experimental data, and the solid black line is 711 

the model fit with the ±1σ uncertainty shown by the shaded region. Conditions: 1 Torr, 294 712 

K. 713 

Figure 6. [Ni+] as a function of [O3], showing the increased recycling of Ni+ in the presence 714 

of O. When [O] = 9.2 × 1012 molecule cm-3, the experimental points (black triangles) and 715 

model fit (black line) should be compared with the experimental points (grey diamonds) and 716 

model fit (grey line) in the absence of O. The shades envelopes depict the ±1σ uncertainties 717 

of the model fits. Conditions: 1 Torr, 294 K, [N2] = 3.0  1015 cm-3. 718 

Figure 7. Geometries of NiO+, Ni+.H2O, Ni+.CO2, Ni+.N2, NiO2
+, NiO+.CO2, ONiO2

+, 719 

NiO+.H2O and NiO+.N2 ions calculated at the B3LYP/aug-cc-pVQZ level of theory.22 720 

Figure 8. Potential energy surface of quartet spin multiplicity for reaction 5, NiO+ + CO, 721 

calculated at the B3LYP/aug-cc-pVQZ level of theory. 722 

Figure 9. RRKM fits (thick lines) through the experimental data points (solid circles) for the 723 

recombination reactions of Ni+ with N2 (green), O2 (blue), CO2 (red) and H2O (black). The 724 

faint lines indicate the sensitivity of each fit to α, the temperature-dependence of <E>down, 725 

varying between -0.5 and 0.5. 726 
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Figure 10. Removal rates of Ni+ (panels (a) and (b)), and NiO+ (panels (c) and (d)) in the 727 

upper atmospheres of Earth (panels (a) and (c), 40oN, local midnight, April) and Mars (panels 728 

(b) and (d), local noon, latitude = 0o, solar longitude Ls = 85o).  729 
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