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High-level ab initio calculations are employed to generate potential energy curves for rare gas cations, RG + , interacting with neutral atoms of other rare gases, RG′, that are lighter (RG + /RG′ = Ne-Rn). The calculations employ the RCCSD(T) method, with doubly-augmented basis sets of quintuple-ζ quality. The interaction potential curves, with the full counterpoise correction applied, are calculated point-by-point. Spin-orbit coupling is applied analytically in an atom-based model.

The potentials are used to calculate spectroscopic parameters, which are then compared to recent experimental work, and the very limited previous theoretical work. In addition, the potentials are used to calculate ion transport properties, and the ion mobilities are compared to the few experimental data available.

I. Introduction

In recent papers 1,2 , we have reported high-level, ab initio potential energy curves for the interactions of RG + ions with He. Those calculations employed the restricted coupled cluster method with singles, doubles and non-iterative triples, RCCSD(T), with large basis sets that, when necessary, are extrapolated to the complete basis set limit. The full counterpoise correction was performed at each separation and spin-orbit coupling was taken into account. The calculated spectroscopic parameters were generally in very good agreement with those obtained from UV absorption and microwave spectra. In addition, the calculated potentials were in good agreement with empirically-fitted potentials obtained from microwave spectra of energy levels close to the dissociation limit. Finally, ion mobilities in helium calculated from the interaction potential energy curves were also in good agreement with experimental results. 1,3,4,5,6 The purpose of the present paper is to extend this work to other cases in which a rare gas cation, RG + , interacts with a lighter rare gas atom (RG′).

The first emission spectrum from a RG/RG′ mixture was obtained by Druyvesteyn 7 in Ne/He mixtures. These studies were confirmed and extended to Kr/Ar, Xe/Ar and Xe/Kr mixtures by Oskam and Jongerius in 1958/9. 8,9 Excitation by electron beams produced similar emissions. 10,11,12 Tanaka et al. 13 were the first to suggest that these emissions might be due to electronic transitions within RG + -RG′ ions, and they produced emission spectra of the ten possible pairs of species for RG + , RG′ = He-Xe by electric discharge.

We have outlined the previous work on the RG + -He species in our recent work. 1,2 For the heavier species under consideration here, we note that there are emission studies on Kr + -Ar by Holland et al. 14 and Tsuji et al. 15 , on Xe + -Ar by Huber and Lipson 16 and on Xe + -Kr by Tsuji et al. 17 Photoionization and photoelectron spectroscopic studies have been carried out on RG-Ne (RG = Ar-Xe); 18 Xe-RG′ (RG′ = Ne-Kr); 19 Kr-Ar, Xe-Ar and Xe-Kr; 20,21 Xe-Ar; 22 and Xe-Kr, 23 allowing information on the corresponding cations to be obtained. The combined results from these studies are usefully summarized in Table I of ref. 21. Threshold photoelectron-photoion coincidence (TPEPICO) spectra have also yielded information on the lower cationic levels for Kr-Ar 24 , Xe-Kr 25 , and Xe-Ar. 26 By far the most detailed information, however, has come from recent zero-kinetic energy (ZEKE) spectroscopic studies by Merkt's group, who have tackled Xe + -Kr, 27 Kr + -Ar, 28 and Xe + -Ar. 29 Reference and comparison to the results of these experimental results will be made below. Ion mobilities have been measured for a number of these systems. The mobilities of Ar + in Ne at 77 K have been reported by Helm and Elford, 30 Kr + in Ar at 300 K by Kaneko et al. 31 and Xe + in Ne at 300 K by Johnsen and Biondi, 32 and in Ar at 294 K by Jones et al. 33 For the purposes of the present work, we have used the smoothed versions of the experimental mobility data, as reported in refs. 4 and 5.

Interestingly, in contrast to the RG + -He species, 2 and particularly Ne + -He, 1,2 there have been very few theoretical studies on the heavier RG + -RG′ species. There are model potential calculations on all ten heterodiatomic species by Hausamann and Morgner 34 ; empirically-fitted results for Ar + -Ne by Brunetti et al., 35 and also HF and MP2 optimized geometries for Ar + -Ne, Kr + -Ne and Kr + -Ar, together with D 0 values calculated using G2 energetics. 36 There appear to be no previous reports of ion transport properties calculated from potential energy curves for the titular systems.

II. Calculational Details and Results

A. Potential Energy Curves

We have performed calculations with the MOLPRO suite of programs 37 at the RCCSD(T) level of theory. It has been argued 38 that single-determinant methods such as this might not be sufficient to be able to describe contributions from charge transfer in RG + -RG′ systems. However, our previous calculations 1 with Ne + -He found little multireference character in the wave functions for the lowlying states of interest here. Moreover, the RCCSD(T) method has the advantages of recovering a large fraction of the dynamic correlation energy and of being size consistent. Hence we have again chosen to use this method.

Our calculations employed aug-cc-pV5Z basis sets 39 , augmented with additional diffuse functions of all angular moment types in the original set. These additional functions were obtained in an even-tempered fashion from the two most diffuse basis functions in the original set, and the augmented set is referred to as d-aug-cc-pV5Z. For the heavier atoms, small-core effective core potentials (ECP10MDF, ECP28MDF and ECP60MDF for Kr, Xe and Rn, respectively) and were supplemented with the d-aug-cc-pV5Z-PP basis sets for the valence electrons. 40 The non-spinorbit (non-SO) interaction potentials of the 2 Σ + and 2 Π states were constructed by making the full counterpoise correction at each point. Since the interaction between RG + and RG′ is weak, the spin-orbit coupling is localized on RG + . Therefore the spin-orbit (SO) potentials for the X 2 Σ 1/2 + , A 1 2 Π 3/2 and A 2 2 Π 1/2 states were calculated directly from the non-SO potentials for the 2 Σ + and 2 Π states, using equations for the so-called atomic model that are well known. 2,41 The values of ∆, the SO splitting between the RG + atomic 2 P 3/2 and 2 P 1/2 states from ref. 42 were employed; these are 1431.41, 5371.0, 10537.01 and 30895.1 cm -1 for RG = Ar-Rn, respectively. The final potentials for both the non-SO and SO states are given as numerical tables as Electronic Supplementary Information.

B. Spectroscopic Values

Our potential energy curves were used as input to the LEVEL program. [START_REF] Leroy | Level 7.2 -A computer program for solving the radial Schrödinger equation for bound and quasibound levels, and calculating various values and matrix elements[END_REF] Least-squares fitting of calculated rovibrational energies to standard Morse expressions was employed to determine spectroscopic constants from the lowest few levels. The results are given in Tables 1 and2 for the SO and non-SO potentials, respectively.

C. Gaseous Ion Mobilities

We calculated the transport cross sections for RG + in RG′ from the SO ab initio interaction potential energy curves as functions of the ion-neutral collision energy using the classical-mechanical program QVALUES. [START_REF] Viehland | [END_REF]45 The transport coefficients depend upon weighted averages of these values. Since we do not know the ratios that were present in the previous experiments, or those that may be present in future work, we have calculated the mobilities based upon the following cross sections: a 1:1 average of the 2 Σ 1/2 + and 2 Π 3/2 molecular states that arise from RG + ( 2 Π 3/2 ) +RG′ interactions, with SO included (denoted "Ground" hereafter); pure 2 Π 1/2 , arising from RG + ( 2 Π 1/2 ) +RG (denoted "Excited" hereafter); and, a 1:1:1 average of the three SO states (denoted "Statistical" hereafter). It is expected that the Ground results are most likely to be applicable to the previous experiments, given the large spin-orbit coupling. If the method for generating RG + is such that the excited SO component is populated, then the experimental results will lie between the Excited and Ground values, depending on the method of production, as well as spin-orbit relaxation processes present in the experiment. The Statistical calculations are expected to be most applicable at large ratios, E/n 0 , of the electrostatic field strength to the gas number density, where the magnitude of the field is sufficient to scramble the atomic ion states.

The weighted cross sections as a function of collision energy were used in the program GC 46,47 to determine the gaseous ion mobility and the other gaseous ion transport coefficients as functions of E/n 0 at gas temperatures of 100, 200, 300, 400 and 500 K, as well as at any gas temperatures for which experimental values are known. The calculated mobilities are generally precise within 0.1%, which means that the numerical procedures within programs QVALUES and GC have converged within 0.1% for the ion-neutral interaction potential. Calculations were performed for every isotope of the ion that is naturally occurring, but in all cases the RG′ gas was assumed to have the natural abundance of isotopes. The numerous results have been placed in the database maintained at Chatham University. 48 Figure 2 compares the calculated mobilities with the limited data available for these systems. The differences can also be more easily understood in terms of the statistical quantities, δ and χ, given in Table 3. The dimensionless quantity δ is a measure of the relative difference compared to the combined experimental and calculational errors, while χ is a measure of the relative standard deviation compared to the sum of the squared error estimates. 45 

Discussion

A. Spectroscopic Quantities

A.1 Non-SO Potentials

The spectroscopic quantities obtained from the non-SO potentials are presented in Table 1. Since it is only possible to compare the experimental results to the SO potentials, the values in Table 1 can only be compared to previous theoretical results where the spin-orbit interaction was not considered. The only such case appears to be that of Ma et al., 36 where good agreement is seen in the case of Ne-Ar + for both R e (at the MP2 level) and D 0 (calculated employing the G2 approach).

Good agreement is also seen for R e in the case of Ne-Kr + , but surprisingly this species was calculated to be unbound in that work. Similarly, for Ar-Kr + , the R e value is in agreement with the present work, whereas the D 0 value is about half of the present calculated value; this suggests that these species demand the much higher levels of theory and basis sets used here. The spectroscopic quantities obtained from the SO potentials are presented in Table 2. Note that with the states considered in the present work, the 2 Π 3/2 state parameters are identical to those for the non-SO 2 Π potential. We show the curves for Ne-Ar + in Figure 1 as an example.

For the X 2 Σ 1/2 + state of Ne-Ar + there is very good agreement between the present values, the calculated model potential of Hausamann and Morgner 34 and the CI values of Brunetti et al. 35 agreement with the present one. The value of ≤4585 cm -1 obtained from emission spectroscopy 16 is also consistent with the value we obtain; better agreement is seen with the PEPICO value of 4313±12 cm -1 and the recent ZEKE value 28 of 4326.9±5 cm -1 , although these values are still somewhat higher than ours. On the other hand, very good agreement is seen for ω e , where our value is in excellent agreement with the PEPICO 24 and ZEKE 28 studies, with the agreement for ω e x e also being good; the ω e value from the emission study 16 is somewhat too high. Similar comments apply to the 2 Π 3/2 state, where again the agreement with the ZEKE 28 work is extremely good for all values, but the D e value from the model potential 34 is significantly higher, as is the PEPICO 24 value. This is in stark contrast with the comparison for the 2 Π 1/2 state where the ZEKE value 28 for D e is significantly higher than the value obtained in the present work (with the model potential 34 again also giving a value higher than both of these); although the PEPICO 24 value is also higher, it is much closer to the present value. The ZEKE 28 ω e value is also significantly larger than the present value; in contrast to the excellent agreement seen for the other two states; on the other hand, the PEPICO 24 26 and ZEKE studies 29 , is extremely good, and similar comments apply to the 2 Π 3/2 state. As with the case of Ar-Kr + , however, the experimental D e and ω e values for the 2 Π 1/2 state are somewhat higher than the present ones in contrast to the agreement seen for the other states. No previous results have been reported for Ar + -Rn.

For Kr-Xe + , in contrast to the other species, the binding energy for the X 2 Σ 1/2 + state from the model potential 34 is smaller than the present value, while for the other states it is larger. There have been a

small number of experimental studies, with the two most precise being the recent PEPICO 25 In summary, good agreement is generally seen between the experimental results and the theoretical ones reported here, at least for the X 2 Σ 1/2 + and 2 Π 3/2 states; for the 2 Π 1/2 state, on the other hand, significant differences are seen with the ZEKE values; the agreement is sometimes slightly better between the present results and the PEPICO results.

B. Ion Mobilities

In the cases where experimental data exist, the calculated mobilities compared to experiment are given in Figure 2, and the results of the statistical comparison with the available experimental data are given in Table 3.

Since δ > 0 for all three weights of the interactions of 40 Ar + in Ne, the experimental values lie above the calculated data, as can be seen in Figure 2 The situation is essentially reversed for 84 Kr + in Ar. For 84 Kr + in Ar, the experimental values all lie below the calculated data by amounts that are statistically significant. This may indicate that the experimental error was greater than the 2% that was estimated.

For 132 Xe + in Ne, calculations for all three weights are virtually identical, and very similar for 132 Xe in Ar. The calculated results for Ne lie above the experimental values, which can be seen in Figure 2 for the ground state, but they lie slightly below for Ar. The differences are not quite significant for Ne and they are certainly not significant for Ar. There is little scatter in the data for either gas, and the disagreements do not depend on E/n 0 . Consequently, without more precise experimental data, it is not possible to ascertain what the distribution of Xe + SO states was in these experiments from the present comparison.

The precise isotope used was not identified in any of the experiments reported in Table 3. The theoretical prediction (from the first approximation of the two-temperature kinetic theory 49 ) is that the mobility is inversely proportional to the square root of the RG + -RG′ reduced mass. This indicates that 36 Ar + has a mobility in Ne that is 1.8 % higher than that of 40 High-level ab initio calculations have been employed to generate interaction potentials for RG + -RG′ complexes, where RG′ is lighter than RG. For the lowest 2 P state of RG + , 2 Σ + and 2 Π states result, and these two curves were calculated. We combined these, using relatively standard expressions that assume that the spin-orbit splitting is the same as in the isolated atom and does not vary with R. For the most part, very good agreement is seen with the most precise experimental data, suggesting that the potentials are reliable. That the spin-orbit potentials are derived from ab initio potentials using the same approach, suggests that the reliability of the curves should be similar for all of the states. However, it is seen that we obtain extremely good agreement with the experimental spectroscopic results for some of the states, but not all of them; even when all three states are studied in the same experiment. Additionally, even though there is occasionally better agreement with one study compared to another, this statement does not tend to cover all three spinorbit states, and hence it is difficult to come to a definitive conclusion regarding the reliability of the experimental data, or indeed the present results. That said, the fact that the present data ought to be internally consistent and of a comparable reliability for each state, coupled with the fact that very good agreement is seen with experimental data for some of the states of most of the species where data exist, we believe leads to the conclusion that the experimental data in some cases needs to be confirmed.

We note that, in principle, charge transfer states and their coupling to the lower states ought to be included in a fuller treatment of these states (see for example, refs 27,28 and 29). In the present case, as before, 1,2 we did not find evidence of any deviation from single-reference behaviour for the lowest 2 Σ + and 2 Π states. Inclusion of the excited states, necessitating a multireference, multiroot approach with spin-orbit coupling, might be an area for future exploration.

On this occasion, the comparison with mobility data has proven to be less useful than usual. This is primarily due to the limited systems and temperatures for which they were available. In addition, the experimental errors were usually too large to allow us to be conclusive about the population of the spin-orbit states; although the evidence appeared to suggest it was the ground state ( 2 P 3/2 ) that was the most likely -a conclusion that would be consistent with our earlier work on Ne + in He. 20 Ne, 40 Ar, 84 Kr, 131 Xe and 222 Rn. Here, the symbols represent the usual spectroscopic quantities: R e is the equlibrium bond length, D e is the depth of the potential, D 0 is the energy between the zero-point and the asymptote, ω e is the harmonic vibrational frequency, ω e x e is the anharmonicity constant, B 0 is the equilibrium rotational constant of the v = 0 level, D 0J is the first distortion constant for the v = 0 level, σ is the crossing point of the potential, when the potential = 0, and ∆G 1/2 and ∆G 3/2 are the first two vibrational separations. 
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 1 Figure 1: Interaction energy (E int ) curves for Ne-Ar + , relative to the energy of the lower spin-orbit asymptote Ne + Ar + ( 2 P 3/2 ).

Figure 2 :

 2 Figure 2: Comparison of calculated mobilities for RG + ( 2 P 3/2 ) to available experimental data. The lines represent the calculated data, and the data points with error bars represent the experimental data. The latter are the smoothed versions taken from refs. 4 and 5; see text for original references.E/n 0 is given in Td, and K 0 is given in cm 2 V -1 s -1 .
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  for R e and D e. There are no experimental data to which to compare. The R e values from refs. 34 and 35 are also in good agreement with each other and those obtained herein, but the D e values differ markedly, with those of Brunetti et al. 35 being in very good agreement with the present value, whereas the value of ref. 34 is significantly higher. For the 2 Π 1/2 state, similar comments apply.

For Ne-Kr + and Ne-Xe + , for the R e values there is again good agreement between the present work and the model potential results

34 

of all three states, but the D e values are significantly higher than the present ones. There are no previous values for Ne-Rn + . For Ar-Kr + (X 2 Σ 1/2 + ), good agreement with ref. 34 is again obtained, but the D e value is somewhat higher in that work. The photoionization value of 4260±120 cm -1 from ref. 21 is in reasonable

  value is lower.There have been a few studies on Ar-Xe + , with the present D e value being in good agreement with most of the experimental values for the X 2 Σ 1/2 + state. Again, the agreement with the most precise experiments, the PEPICO

	F o r
	P
	e
	e r
	R
	e
	v i e
	w
	O n l
	y
	7

  and ZEKE 29 studies. For the X 2 Σ 1/2 + state, we see that there is good agreement between the experimental values and the present calculated ones. For the 2 Π 3/2 state, similar comments hold. It is noticeable that the D 0 value from the PEPICO study appears to be in slightly better agreement with the present value for the 2 Π 3/2 state than is the ZEKE study, while both the PEPICO and ZEKE studies yield virtually identical values for the X 2 Σ 1/2

+ state. For the 2 Π 1/2 state, we see that there is very good agreement between the PEPICO study and the present values for both ω e and D 0 ; the agreement is not so good with the ZEKE study, where significantly larger D 0 and ω e values are obtained. It is unlikely that this effect is attributable to isotope effects.

  and statistical states are not significantly different. If it is assumed that the experimental error30 of 2% is a true indication of the precision of the data, then the suggestion here is that there may have been a mixture of Ar + ( 2 P 3/2 ) and Ar + ( 2 P 1/2 ) present. For all three states, χ is only slightly above |δ|, which means that the disagreements are not significantly different at various values of E/n 0 and that the experimental values have little scatter.
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for the ground state calculations. It can be seen that |δ| > 1 for the ground state, suggesting that there is a statistically-significant difference between the experimental data and those calculated for this state. The values of |δ| < 1 for the other two weightings indicate that the differences between the data and the values calculated for the excited

  84 Kr + (56.987 %). Although the abundances make this highly unlikely, it would increase the value of δ in Table III by 0.59 and bring the experimental and ground-state values into nearly perfect agreement (on average). The worst-case predictions for Xe + are too small to bring about disagreement between the calculated and measured mobilities in Ne or Ar, since the experimental uncertainties are already so large.
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Ar + , which (in the unlikely event that this isotope only was monitored) would lead to even larger disagreements between the calculated and measured values. The best-case situation would be for Kr + in Ar if experiments measured the mobility of 78 Kr + (0.355 % natural abundance), which lies 1.2 % above that for

Table 1 .

 1 Parameters of the RG + -RG′ non-SO interaction potentials, with numbers in parentheses denoting the power of 10. Distances are in Å, and all other values are in cm -1 . Isotopes employed are:

	1

Table 2 .

 2 Parameters of the RG + -RG′ SO interaction potentials, with numbers in parentheses denoting the power of 10. Distances are in Å, and all other values are in cm -1 . See Table1for definition of terms, and isotopes used. Two values obtained in that work, arising from inclusion of two different sets of previous data in fit to potential.

	Page 11 of 20			Molecular Physics
	System State Ref. Ne-Ar + 2 Σ + This Work 2.10 2.42 917.2 848.7 σ R e D e D 0	ω e 139.8 6.10 0.211 2.16(-06) 127.6 115.3 ω e x e B 0 D J0 ∆G 1/2 ∆G 3/2
		36	2.41 a	810 b	
	2 Π	This Work 2.67 3.06 262.7 232.7	61.4	4.25 .131	2.82(-06) 53.0 44.2
	Ne-Kr + 2 Σ +	This Work 2.35 2.71 608.5 562.5	93.9	4.12 0.139 1.37(-06) 85.7 77.4
		36	2.56 a	< 0 b,c	
	2 Π	This Work 2.86 3.27 222.0 197.7	50.1	3.35 0.095 1.65(-06) 43.4 36.5
	Ne-Xe + 2 Σ +	This Work 2.66 3.05 412.4 378.8	68.8	3.26 0.102 1.02(-06) 62.3 55.7
	2 Π	This Work 3.11 3.53 177.6 157.5	41.2	2.81 0.076 1.22(-06) 35.6 29.8
	Ne-Rn + 2 Σ +	This Work 2.76 3.16 373.7 343.2	62.2	2.95 0.090 8.61(-07) 56.4 50.4
	2 Π	This Work 3.20 3.63 164.0 145.7	37.8	2.56 0.068 1.04(-06) 32.7 27.4
	Ar-Kr + 2 Σ +	This Work 2.20 2.59 5459.2 5347.0 226.2 2.09 0.093 6.54(-08) 222.0 217.9
		36	2.62 a	3000 b	
	2 Π	This Work 3.03 3.50 630.3 602.1	57.2	1.56 0.050 1.68(-07) 54.1 50.9
	Ar-Xe + 2 Σ +	This Work 2.53 2.91 2452.9 2386.7 133.6 2.03 0.064 6.22(-08) 129.6 125.5
	2 Π	This Work 3.27 3.75 518.8 495.4	47.4	1.30 0.039 1.10(-07) 44.8 42.2
	Ar-Rn + 2 Σ +	This Work 2.67 3.06 1904.3 1851.9 106.0 1.69 0.053 5.43(-08) 102.6 99.2
	2 Π	This Work 3.36 3.84 489.6 468.3	43.3	1.15 0.033 8.48(-08) 41.0 38.7
	Kr-Xe + 2 Σ +	This Work 2.52 2.93 4960.4 4767.3 128.4 0.78 0.032 8.15(-09) 126.9 125.3
	2 Π	This Work 3.34 3.85 696.7 678.5	36.9	0.58 0.019 1.95(-08) 35.8 34.6
	Kr-Rn + 2 Σ +	This Work 2.65 3.06 3615.8 3561.1 109.9 0.84 0.029 8.63(-09) 108.2 106.5
	2 Π	This Work 3.43 3.94 659.6 641.9	35.7	0.58 0.018 1.82(-08) 34.6 33.4
	Xe-Rn + 2 Σ +	This Work 2.69 3.17 7240.7 7183.2 115.3 0.38 0.020 2.52(-09) 114.5 113.8
	2 Π	This Work 3.53 4.08 902.5 885.8	33.5	0.36 0.012 6.64(-09) 32.7 32.0
	a MP2/6-31G*				
	b G2 value.				

c Calculated to be unbound. URL: http://mc.manuscriptcentral.com/tandf/tmph URL: http://mc.manuscriptcentral.com/tandf/tmph URL: http://mc.manuscriptcentral.com/tandf/tmph a Model potentials fitted to experimental data. b Photoionization Spectroscopy c Emission Spectroscopy d ZEKE Spectroscopy e PEPICO Spectroscopy f REMPI-PES Spectroscopy g URL: http://mc.manuscriptcentral.com/tandf/tmph

Table 3 .

 3 Statistical comparison of calculated and experimental mobilities of RG + ions in RG′. Here T is the gas temperature (in K) used in the experiments whose smoothed values are reported in the reference cited, E/n 0 is the ratio of the electrostatic field strength to the gas number density (in Td, where 1 Td=10 21 V m 2 ), N is the number of data points, %Exp is the maximum inaccuracy claimed by the experimenters, %Calc is the maximum error in the calculations report here, Weight indicates the weighting used for the cross sections (see text), and δ and χ are the statistical quantities discussed in the text.

	RG +	RG′ T	Ref. E/n 0	N %Exp %Calc Weight	δ	χ
	40 Ar + Ne 77 5	6-20	5 2.0	0.1	Ground	1.15 1.16
							Excited	0.29 0.32
							Statistical 0.86 0.86
	84 Kr + Ar 300 4	25-150 9 2.0	0.1	Ground	-1.80 1.81
							Excited	-1.72 2.61
							Statistical -1.53 1.69
	132 Xe + Ne 300 5	15-140 10 5.0	0.2	Ground	-0.98 0.98
							Excited	-0.94 0.95
							Statistical -0.97 0.97
	132 Xe + Ar 294 5	3-90	6 7.0	0.2	Ground	0.15 0.17
							Excited	0.13 0.21
							Statistical 0.11 0.16
				90-220 3 7.0	0.2	Ground	-0.13 0.14
							Excited	-0.47 0.51
							Statistical -0.26 0.27
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