Benjamin R Gray 
  
Edmond P F Lee 
  
Ahlam Yousef 
  
Shraddha Shrestha 
  
Larry A Viehland 
email: viehland@chatham.edu
  
Timothy G Wright 
email: tim.wright@nottingham.ac.uk
  
  
  
  
Accurate Potential Energy Curves for Tl + -Rg (Rg = He-Rn): Spectroscopy and Transport Coefficients
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High-quality ab initio potential energy curves are presented for the Tl + -Rg series (Rg = He-Rn).

Calculations are performed at the CCSD(T) level of theory, employing aug-cc-pV5Z quality basis sets, with "small core" relativistic effective core potentials being used for Tl + and Kr-Rn. The curves are shown to be in excellent agreement with experimental mobility data for the systems Tl + -Rg (Rg = He-Xe), and generally excellent agreement is also obtained with longitudinal diffusion data. An exception to the latter is Tl + in He, which is attributed to the experimental data not being obtained under steady state conditions. We also present spectroscopic information for the titular species, derived from our potential energy curves, and compare the results to previous potentials inferred from the ion transport data.

Introduction

This work continues our series of studies focused on the production of accurate atomic ion/rare gas atom interaction potentials. In this paper, as with the others in the series, we employ the potentials to obtain transport coefficients and spectroscopic data and compare these to experiment and theory where data are available. Other papers in this series concern: the 36 alkali metal/Rg systems; 1,2,3,4 O -with He, Ne and Ar; 5 S -with He; 6 Hg + and Cd + with all six Rg; 7 O + with He; 8 F -with all of the Rg; 9 and Br -with all of the Rg. 10 . One of us has also looked at 3 He + and 4 He + in their parent gases, 11 the Cl -/Rg systems 12 and the I -/Rg systems. 13 In this paper we present six new interaction potentials between the group 13 ion, Tl + , and the rare gas atoms, Rg. The only previously-reported potentials appear to be the "directly determined" (DD) potentials 14 , i.e. those obtained from measurements 15,16,17,18,19 of the gas-phase ion transport properties by inversion 20,21 . (Note that the smoothed versions of the original data 15,16,17 used herein are reported in refs. 18,19.) The purpose of the present work is to determine ab initio potential energy curves for the Tl + -Rg systems over wide ranges of the ion-neutral separations. The potentials are employed to calculate spectroscopic constants and gaseous ion transport data. Where available, we compare these to the experimental and theoretical results mentioned above.

Calculational Details

The potential energy curves were calculated point by point at the restricted coupled cluster level 22 , RCCSD(T), with single and double excitations and with the non-iterative correction to triple excitations, using the MOLPRO 23 suite of programs. The full counterpoise (CP) correction was employed at each point to correct for basis set superposition error (BSSE).

The calculations were run with augmented, all-electron quintuple-ζ basis sets (aug-cc-pV5Z) for He, Ne and Ar. We employed the "small-core" effective core potentials ECP10MDF, ECP28MDF and ECP60MDF for Kr, Xe and Rn, respectively; and an ECP60MDF one for Tl + . Tl has the electronic configuration, ⋅⋅⋅5s 2 5p 6 5d 10 6s 2 6p 1 , and so the ground state is a 1 S state, with ⋅⋅⋅6s 1 6p 1 states lying ~ 50,000 cm higher in energy 24 , and so not expected to interact with the ground state.

There is a complication present in running these calculations, since the ordering of the orbitals changes. The Tl + 5s and 5p orbitals lie above the 1s2s2p orbitals of Ar, and the 1s orbitals of Ne and He, and are correlated; but for the heavier rare gas atoms, the Tl + 5s and 5p orbitals are lower 3 than the valence electrons, and are uncorrelated. This places different demands on the thallium basis set, and tight basis functions need to be added in to describe better the correlation of the "outer core" 5s5p electrons. Thus, for the Tl + -Rg complexes involving the lighter three rare gas atoms, the thallium basis set was as follows: the ECP60MDF ECP was employed, with the standard augcc-pV5Z valence basis set, further augmented by tight functions: three s functions (ζ = 10.0, 4.0 and For the calculations on Tl + -Rg complexes involving the three heavier rare gas atoms, the additional s and p functions were omitted, as were the additional tightest set of d and f functions. All standard exponents and contractions were taken from the MOLPRO internal library. Once the counterpoisecorrected energy points were obtained, they were used as input to LeRoy's LEVEL 25 program, from which we were able to calculate equilibrium nuclear separations, dissociation energies, and rovibrational energy levels.

Transport cross-sections and coefficients were calculated from the interaction potentials as a function of ion-neutral collision energy using the programs QVALUES and GRAMCHAR. 26,27,28 The accuracies of the calculated mobilities and diffusion coefficients were 0.1% and 1.0%, respectively, unless otherwise noted below.

Results

A. Potential Curves

The six potential curves are plotted in Figure 1 and the tabulated values (which extend both to smaller and larger separation) are available from the authors upon request. The only other potential energy curves available, the directly-determined ones, are shown in Figure 2, plotted against the present curves. The differences between the present and the previous results will be discussed briefly in this section, and in more detail after their abilities to reproduce the transport data are discussed in the next section.

The parameters for each of our calculated potentials are given in Table I. They are: the separation, σ, at which the interaction energy is zero (on the repulsive wall); the equilibrium separation, R e , at which the potential energy reaches its minimum value; and D e , which is the depth of the potential well. The parameters show monotonic trends down the Rg group, with smooth decreases in σ and R e and a reasonably smooth decrease in D e -the non-periodicity of the directly-determined For Tl + -He, the DD potential encompasses only a fragment of the repulsive wall and the start of the potential well. The DD wall is steeper and the zero energy separation is 0.25 Ǻ shorter than our potential, suggesting that the complete potential would probably be too strongly bound. For Tl + -Ne, part of the repulsive wall is given by the DD potential as well as the potential well. Again, the wall is steeper and the zero energy value is 0.27 Ǻ shorter than our potential. Here we can also compare the equilibrium separation and the dissociation energy. The potential is too strongly bound, has too short an equilibrium separation, and has too deep a well, compared to the present potential. At around 3.2 Ǻ our potential and the DD potential cross (see Figure 2) and the latter appears to approach the dissociation limit above our curve.

For Tl + -Ar, the behaviour is similar to Ne, with shorter zero energy and equilibrium distances, a deeper well, and a steeper repulsive wall. This time, however, the difference in dissociation energy is more pronounced, with the DD potential being almost twice as deep as the present potential, and with a bond length that is 0.7 Å shorter. The trend continues for Tl + -Kr where a similarly large dissociation energy results from the DD potential, and a bond length that is 0.5 Å too short.

For Tl + -Xe, only a short section of the attractive region of the potential was previously generated to which to compare. The curves appear to be converging asymptotically to large R, but again, the trend suggests that the DD potential is too attractive. The results given here for Tl + -Rn appear to be the only ones available.

B. Spectroscopic Data

Our calculated spectroscopic parameters are given in Table II. The dissociation energy, D 0 , is given as computed, while the vibrational constants, ω e and ω e x e , have been determined from the energies of the three lowest vibrational levels with rotational quantum number J = 0. The rotational constant, B 0 , and the centrifugal distortion constant, D J0 , have been obtained by fitting the energies of the three lowest rotational energy levels for vibrational quantum number v = 0 to the standard energy expression.

There are no experimental results with which to compare our values. 

C. Transport Data

Gaseous ion mobility and diffusion coefficients serve as good tests of the accuracy of ion-neutral interaction potentials over wide ranges of internuclear separation. This is because the data are often available with fair to high accuracies over wide ranges of the gas temperature, T 0 , and of the ratio, E/n 0 , of the electrostatic field strength to the gas number density in the drift-tube mass spectrometers used for the experiments 29 .

We have calculated diffusion coefficients and mobilities for thallium cations in the rare gases over wide ranges of E/n 0 and at a variety of T 0 , and we have placed the results in the gaseous ion transport database at Chatham College 30 . In Fig. 3, we show the calculated mobilities at 300 K as compared to the experimental values, with a corresponding comparison for diffusion coefficients being presented in Figure 4. Statistical comparisons 21 at 300 K are shown in Tables III andIV, where N is the number of experimental values in the indicated range of E/n 0 , "Acc" is the estimated accuracy given by experiment and "Prec" is the precision of our numerical calculations. The statistical quantity δ is small if there is good agreement, with values above 1 or below -1 indicating that the experimental values are significantly above or below the calculated values, respectively.

The statistical quantity χ is always positive and should not be much greater that |δ|; larger values indicate either that the data is scattered or that the comparison is significantly dependent upon E/n 0 .

For Tl + in He, the mobility values in Table III indicate that the potential is performing extremely well, as the | δ | values are almost zero. However the |δ| value for the products, n 0 D L , of the gas number density and the ion diffusion coefficient parallel to the electrostatic field, given in Table IV, are greater than 1, suggesting disagreement with experiment, as can be seen in Figure 4. It was noted in the original experimental paper 17 that there was disagreement between the n 0 D L values predicted from the mobilities by generalized Einstein relations, despite these relations giving good agreement for Tl + moving in Ne and Ar. It was concluded that the Tl + ions had not reached a steady state in the drift tube filled with He, owing to the mass mismatch, and that this would lead to disagreement with the calculated values, as was observed.

Transport properties calculated from the DD potential for Tl + -He are in approximately as good agreement with the data as the present potential, even though the potentials themselves differ significantly. We attribute this to the limited range of separations (4.20-5.40 bohr) that significantly influence the transport coefficients over the small range of E/n 0 used in the experiments and the rather smooth behaviour of the potential on this region of the repulsive wall. The DD procedure We conclude that the present potential is accurate based on the good agreement of the present potential with the mobility data, and the recognized weakness of the experimental diffusion values.

In addition, the good agreement for the other systems (vide infra), using the same methodology, also indicates that this potential is accurate.

For Tl + in Ne, we again observe extremely small values for |δ| values for the mobilities calculated from the present potential, but this time we also obtain small values for the diffusion coefficients.

Thus both sets of data show excellent agreement through all regions of E/n 0, and this may also be seen in Figures 3 and4. The good agreement with the diffusion data is in line with the good agreement achieved in ref. 17 between the experimental and generalized Einstein relation values.

The values of |δ| are smaller than those reported in ref. 14 for the DD potential, although those values are also less than 1. The experimental data for this system probes the repulsive wall and only a small portion of the well, i.e. separations between 4.6 and 6.8 bohr, so the DD potential directly inferred from these data are expected to have only fair accuracy, as shown in Fig. 2. We conclude that our current potential is accurate.

For Tl + in Ar, our potential is in exceptionally good agreement with the mobility results over the whole range of E/n 0 -see Table III andFigure 3. For the diffusion data, the results in Table IV are broken into two groups, between E/n 0 = 10-150 Td (1 Td = 10 -21 Vm 2 ) and E/n 0 = 150-350 Td.

The lower E/n 0 data shows good agreement between experiment and theory, however for the larger E/n 0 values, the value of |δ| suggests a significant disagreement between the calculated experimental and calculated data, although the |δ| value for the whole range is still good. Figure 4 shows this as well, with the calculated diffusion data just coming outside the error bars at high E/n 0 . This is likely a reflection of the known inaccuracies of the Georgia Tech diffusion data at high E/n 0, owing to an inadequate treatment of the raw arrival time spectra. 31 Tl + in Kr continues the trend in this present series of potentials by producing excellent agreement between experiment and theory over a very wide range of E/n 0 values, with good agreement seen within each of the ranges as well. The indications are that the potential is consistent with the experimental data over long-, mid-and short-R values -see Tables III and IV and Figures 3 and4.

A very similar story holds for Tl + in Xe, and similar conclusions are drawn. There is no experimental data with which to compare Tl + in Rn, but since the methodology is the same, we assume that the potential is of a similar reliability. 

Conclusions

We have calculated Tl + -Rg potentials over a wide range of separation, and have found that the potentials are in excellent agreement overall with the available experimental data, well within the 3-4% error bars on the mobility, and also generally within the 12-14% error bars on the diffusion data. The level of theory employed is high, using the RCCSD(T) correlated method and large basis sets, with small-core ECPs for the heavier atoms. We have noted that the 5s and 5p Tl + orbitals lie above the valence orbitals of He, Ne and Ar, but below those of Kr, Xe and Rn. We chose to correlate these for the lighter atoms, and included appropriate basis functions in the basis set to account for this.

The only poor result is that observed for Tl + in He with respect to the value for the product, n 0 D L , of the gas number density and the ion diffusion coefficient parallel to the electrostatic field, given in Table IV. We have noted, however, that the original experimenters pointed out a disagreement between the data and an approximate theoretical model, and concluded that their experimental data was affected by the failure of the light helium to allow steady state conditions to be reached. In light of this, and the overall good agreement for the other systems, we conclude that the present calculated transport data is more reliable than the experimental data. The only other region of disagreement was with the Ar high E/n 0 data for n 0 D L , and again, it is probably safe to assume that the experimental data is unreliable.

In summary, apparently for the first time, we have presented tested potential energy curves for a cation of a sixth-period element, interacting with each of the Rg atoms, and have shown that these curves are in excellent agreement with the only available experimental data, and are thus accurate descriptions of the Tl + -Rg interactions. 

F

Calculated potential energy curves for the Tl + -Rg complexes at the RCCSD(T) level of theory.

Basis sets are of approximate aug-cc-pV5Z quality -see text for details. Figure 3 Comparison between the experimental (solid line, points and error bars) and calculated (dotted line) mobilities for the Tl + -Rg species (Rg = He-Xe). The differences between the two sets of values are barely discernible -see text for discussion. K 0 in cm 2 V -1 s -1 and E/n 0 in Td. This work continues our series of studies focused on the production of accurate atomic ion/rare gas atom interaction potentials. In this paper, as with the others in the series, we employ the potentials to obtain transport coefficients and spectroscopic data and compare these to experiment and theory where data are available. Other papers in this series concern: the 36 alkali metal/Rg systems; 1, 2, 3, 4

O -with He, Ne and Ar; 5 S -with He; 6 Hg + and Cd + with all six Rg; 7 O + with He; 8 F -with all of the Rg; 9 and Br -with all of the Rg. 10 . One of us has also looked at 3 He + and 4 He + in their parent gases, 11 the Cl -/Rg systems 12 and the I -/Rg systems. 13 In this paper we present six new interaction potentials between the group 13 ion, Tl + , and the rare gas atoms, Rg. The only previously-reported potentials appear to be the "directly determined" (DD) potentials 14 , i.e. those obtained from measurements 15,16,17,18,19 of the gas-phase ion transport properties by inversion 20,21 . (Note that the smoothed versions of the original data 15,16,17 used herein are reported in refs. 18,19.)

The purpose of the present work is to determine ab initio potential energy curves for the Tl + -Rg systems over wide ranges of the ion-neutral separations. The potentials are employed to calculate spectroscopic constants and gaseous ion transport data. Where available, we compare these to the experimental and theoretical results mentioned above.

Calculational Details

The potential energy curves were calculated point by point at the restricted coupled cluster level 22 , RCCSD(T), with single and double excitations and with the non-iterative correction to triple excitations, using the MOLPRO 23 suite of programs. The full counterpoise (CP) correction was employed at each point to correct for basis set superposition error (BSSE).

The calculations were run with augmented, all-electron quintuple-ζ basis sets (aug-cc-pV5Z) for He, Ne and Ar. We employed the "small-core" effective core potentials ECP10MDF, ECP28MDF and ECP60MDF for Kr, Xe and Rn, respectively; and an ECP60MDF one for Tl + . Tl has the electronic configuration, ⋅⋅⋅5s 2 5p 6 5d 10 6s 2 6p 1 , and so the ground state is a 1 S state, with ⋅⋅⋅6s 1 6p 1 states lying ~ 50,000 cm -1 higher in energy 24 , and so not expected to interact with the ground state.

Since there is no orbital angular momentum, then first-order spin-orbit coupling is not an issue here; in addition, the nearest J = 0 levels for Xe are over 76, 000 cm -1 higher in energy, and even higher for the other lighter Rg atoms -even for Rn, it is unlikely there are complications arising from 3 spin-orbit coupling. There is, however, another complication present in running these calculations, since the ordering of the orbitals changes. The Tl + 5s and 5p orbitals lie above the 1s2s2p orbitals of Ar, and the 1s orbitals of Ne and He, and are correlated; but for the heavier rare gas atoms, the Tl + 5s and 5p orbitals are lower than the valence electrons, and are uncorrelated. This places different demands on the thallium basis set, and tight basis functions need to be added in to describe better the correlation of the "outer core" 5s5p electrons. Thus, for the Tl + -Rg complexes involving the lighter three rare gas atoms, the thallium basis set was as follows: the ECP60MDF ECP was employed, with the standard aug-cc-pV5Z valence basis set, further augmented by tight functions: ). For the calculations on Tl + -Rg complexes involving the three heavier rare gas atoms, the additional s and p functions were omitted, as were the additional tightest set of d and f functions. As a check on the role of the 5s5p electrons of Tl + , we correlated these in the case of Tl + -Ar, with an appropriate basis set, and found that R e was essentially unchanged to 0.01 Å, and D e got larger by < 12 cm -1 when the 5s5p were correlated (amounting to an error of 1.3 %). We conclude that the non-correlation of the 5s5p electrons for the heavier species is unlikely to have an important effect on the potential energy curves. All standard exponents and contractions were taken from the MOLPRO internal library. Once the counterpoise-corrected energy points were obtained, they were used as input to LeRoy's LEVEL 25 program, from which we were able to calculate equilibrium nuclear separations, dissociation energies, and rovibrational energy levels.

Transport cross-sections and coefficients were calculated from the interaction potentials as a function of ion-neutral collision energy using the programs QVALUES and GRAMCHAR. 26,27,28 The accuracies of the calculated mobilities and diffusion coefficients were 0.1% and 1.0%, respectively, unless otherwise noted below.

Results

A. Potential Curves

The six potential curves are plotted in Figure 1 and the tabulated values (which extend both to smaller and larger separation) are available from the authors upon request. The only other potential energy curves available, the directly-determined ones, are shown in Figure 2, plotted against the present curves. The differences between the present and the previous results will be discussed briefly in this section, and in more detail after their abilities to reproduce the transport data are The parameters for each of our calculated potentials are given in Table I. They are: the separation, σ, at which the interaction energy is zero (on the repulsive wall); the equilibrium separation, R e , at which the potential energy reaches its minimum value; and D e , which is the depth of the potential well. The parameters show monotonic trends down the Rg group, with smooth decreases in σ and R e and a reasonably smooth decrease in D e -the non-periodicity of the directly-determined parameters 14 was attributed to errors in the original transport data.

For Tl + -He, the DD potential encompasses only a fragment of the repulsive wall and the start of the potential well. The DD wall is steeper and the zero energy separation is 0.25 Ǻ shorter than our potential, suggesting that the complete potential would probably be too strongly bound. For Tl + -Ne, part of the repulsive wall is given by the DD potential as well as the potential well. Again, the wall is steeper and the zero energy value is 0.27 Ǻ shorter than our potential. Here we can also compare the equilibrium separation and the dissociation energy. The potential is too strongly bound, has too short an equilibrium separation, and has too deep a well, compared to the present potential. At around 3.2 Ǻ our potential and the DD potential cross (see Figure 2) and the latter appears to approach the dissociation limit above our curve.

For Tl + -Ar, the behaviour is similar to Ne, with shorter zero energy and equilibrium distances, a deeper well, and a steeper repulsive wall. This time, however, the difference in dissociation energy is more pronounced, with the DD potential being almost twice as deep as the present potential, and with a bond length that is 0.7 Å shorter. The trend continues for Tl + -Kr where a similarly large dissociation energy results from the DD potential, and a bond length that is 0.5 Å too short.

For Tl + -Xe, only a short section of the attractive region of the potential was previously generated to which to compare. The curves appear to be converging asymptotically to large R, but again, the trend suggests that the DD potential is too attractive. The results given here for Tl + -Rn appear to be the only ones available.

B. Spectroscopic Data

Our calculated spectroscopic parameters are given in Table II. The dissociation energy, D 0 , is given as computed, while the vibrational constants, ω e and ω e x e , have been determined from the energies of the three lowest vibrational levels with rotational quantum number J = 0. The rotational constant, B 0 , and the centrifugal distortion constant, D J0 , have been obtained by fitting the energies of the three lowest rotational energy levels for vibrational quantum number v = 0 to the standard energy expression.

There are no experimental results with which to compare our values.

C. Transport Data

Gaseous ion mobility and diffusion coefficients serve as good tests of the accuracy of ion-neutral interaction potentials over wide ranges of internuclear separation. This is because the data are often available with fair to high accuracies over wide ranges of the gas temperature, T 0 , and of the ratio, E/n 0 , of the electrostatic field strength to the gas number density in the drift-tube mass spectrometers used for the experiments 29 .

We have calculated diffusion coefficients and mobilities for thallium cations in the rare gases over wide ranges of E/n 0 and at a variety of T 0 , and we have placed the results in the gaseous ion transport database at Chatham College 30 . In Fig. 3, we show the calculated mobilities at 300 K as compared to the experimental values, with a corresponding comparison for diffusion coefficients being presented in Figure 4. Statistical comparisons 21 at 300 K are shown in Tables III andIV,

where N is the number of experimental values in the indicated range of E/n 0 , "Acc" is the estimated accuracy given by experiment and "Prec" is the precision of our numerical calculations. The statistical quantity δ is small if there is good agreement, with values above 1 or below -1 indicating that the experimental values are significantly above or below the calculated values, respectively.

The statistical quantity χ is always positive and should not be much greater that |δ|; larger values indicate either that the data is scattered or that the comparison is significantly dependent upon E/n 0 .

For Tl + in He, the mobility values in Table III indicate that the potential is performing extremely well, as the | δ | values are almost zero. However the |δ| value for the products, n 0 D L , of the gas number density and the ion diffusion coefficient parallel to the electrostatic field, given in Table IV, are greater than 1, suggesting disagreement with experiment, as can be seen in Figure 4. It was noted in the original experimental paper 17 that there was disagreement between the n 0 D L values predicted from the mobilities by generalized Einstein relations, despite these relations giving good agreement for Tl + moving in Ne and Ar. It was concluded that the Tl + ions had not reached a steady Transport properties calculated from the DD potential for Tl + -He are in approximately as good agreement with the data as the present potential, even though the potentials themselves differ significantly. We attribute this to the limited range of separations (4.20-5.40 bohr) that significantly influence the transport coefficients over the small range of E/n 0 used in the experiments and the rather smooth behaviour of the potential on this region of the repulsive wall. The DD procedure requires knowledge of the position of the potential minimum, and without such knowledge it can lead to many different potentials that describe the experimental data with about the same accuracy.

We conclude that the present potential is accurate based on the good agreement of the present potential with the mobility data, and the recognized weakness of the experimental diffusion values.

In addition, the good agreement for the other systems (vide infra), using the same methodology, also indicates that this potential is accurate.

For Tl + in Ne, we again observe extremely small values for |δ| values for the mobilities calculated from the present potential, but this time we also obtain small values for the diffusion coefficients.

Thus both sets of data show excellent agreement through all regions of E/n 0, and this may also be seen in Figures 3 and4. The good agreement with the diffusion data is in line with the good agreement achieved in ref. 17 between the experimental and generalized Einstein relation values.

The values of |δ| are smaller than those reported in ref. 14 for the DD potential, although those values are also less than 1. The experimental data for this system probes the repulsive wall and only a small portion of the well, i.e. separations between 4.6 and 6.8 bohr, so the DD potential directly inferred from these data are expected to have only fair accuracy, as shown in Fig. 2. We conclude that our current potential is accurate.

For Tl + in Ar, our potential is in exceptionally good agreement with the mobility results over the whole range of E/n 0 -see Table III and Figure 3. For the diffusion data, the results in Table IV are broken into two groups, between E/n 0 = 10-150 Td (1 Td = 10 -21 Vm 2 ) and E/n 0 = 150-350 Td.

The lower E/n 0 data shows good agreement between experiment and theory, however for the larger E/n 0 values, the value of |δ| suggests a significant disagreement between the calculated experimental and calculated data, although the |δ| value for the whole range is still good. Figure 4 shows this as well, with the calculated diffusion data just coming outside the error bars at high E/n 0 . This is likely a reflection of the known inaccuracies of the Georgia Tech diffusion data at high E/n 0, owing to an inadequate treatment of the raw arrival time spectra. III andIV and Figures 3 and4.

A very similar story holds for Tl + in Xe, and similar conclusions are drawn. There is no experimental data with which to compare Tl + in Rn, but since the methodology is the same, we assume that the potential is of a similar reliability.

Conclusions

We have calculated Tl + -Rg potentials over a wide range of separation, and have found that the potentials are in excellent agreement overall with the available experimental data, well within the 3-4% error bars on the mobility, and also generally within the 12-14% error bars on the diffusion data. The level of theory employed is high, using the RCCSD(T) correlated method and large basis sets, with small-core ECPs for the heavier atoms. We have noted that the 5s and 5p Tl + orbitals lie above the valence orbitals of He, Ne and Ar, but below those of Kr, Xe and Rn. We chose to correlate these for the lighter atoms, and included appropriate basis functions in the basis set to account for this.

The only poor result is that observed for Tl + in He with respect to the value for the product, n 0 D L , of the gas number density and the ion diffusion coefficient parallel to the electrostatic field, given in Table IV. We have noted, however, that the original experimenters pointed out a disagreement between the data and an approximate theoretical model, and concluded that their experimental data was affected by the failure of the light helium to allow steady state conditions to be reached. In light of this, and the overall good agreement for the other systems, we conclude that the present calculated transport data is more reliable than the experimental data. The only other region of disagreement was with the Ar high E/n 0 data for n 0 D L , and again, it is probably safe to assume that the experimental data is unreliable. 
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Basis sets are of approximate aug-cc-pV5Z quality -see text for details. 

Comparison between the experimental (solid line, points and error bars) and calculated (dotted line) mobilities for the Tl + -Rg species (Rg = He-Xe). The differences between the two sets of values are barely discernible -see text for discussion. K 0 in cm 2 V -1 s -1 and E/n 0 in Td. 
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Table I .

 I Parameters derived from the present Tl + -Rg interaction potentials, compared to those from ref. 14. (See text for details.)

	Potential	Ref.	σ/ Ǻ	R e / Ǻ D e / cm -1
	Tl + -He				
		present	2.85	3.28	119.0
		KV	2.60	a	a
	Tl + -Ne				
		present	2.81	3.23	263.1
		KV	2.54	2.85	372.0
	Tl + -Ar				
	o r Tl + -Kr F o r	present KV present KV	2.85 2.50 2.89 2.54	3.32 2.64 3.38 2.86	919.0 1600.6 1295.3 2149.3
	P e e r Tl + -Xe present KV P e Tl + -Rn present e r	2.96 a 2.97	3.48 a 3.50	1870.7 a 2262.0
		R R			
		e e		
		v i e v i e	
			w w	
				O n l O n l
					y y
					8 9

a Curve derived in ref.

14

, but portion was not wide enough to establish this parameter.

Table II .

 II Calculated spectroscopic constants in cm -1 , with numbers in parentheses denoting the power of ten. (See text for details.)

	System	D 0	ω e	ω e x e	B 0	D j0
	Tl + -He	119.0	63.04	8.87	0.365	6.49(-05)
	Tl + -Ne	263.2	49.42	2.68	0.0865	1.22(-06)
	Tl + -Ar	919.1	62.46	1.20	0.0454	1.01(-07)
	Tl + -Kr	1295.3	53.44	0.62	0.0247	2.18(-08)
	Tl + -Xe	1870.7	52.84	0.41	0.0174	7.68(-08)
	Tl + -Rn F o 2262.0 r	49.33	0.29	0.0129	3.58(-09)
		P				
		e				
		e r			
			R			
			e			
			v i e		
				w		
				O n l
					y
						10

Table III .

 III Statistical Comparison of Calculated and Experimental Mobility Data at 300 K. a

	System	Expt. Data	E/n 0 Range	N	Acc	Prec	δ	χ
	Tl + -He	Smooth	6.0-60.0	8	4.00	0.02	0.05	0.25
		Raw	6.0-70.0	20	4.00	0.02	0.15	0.22
	Tl + -Ne	Smooth	7.0-100.0	9	4.00	0.02	-0.07	0.18
		Raw	7.0-81.4	40	4.00	0.02	0.09	0.27
	Tl + -Ar	Smooth 10.0-150.0	9	4.00	0.10	0.09	0.19
			150.0-350.0	4	4.00	0.10	0.03	0.08
	Raw Smooth o F Tl + -Kr r	10.0-350.0 10.0-150.0 150.0-369.0 10.0-369.0 20.0-80.0	13 45 34 79 7	4.00 4.00 3.00	0.10 0.10 0.02	0.07 0.15 0.01 0.09 0.12	0.16 0.47 0.49 0.48 0.13
	Tl + -Xe	80.0-700.0 20.0-700.0 20.1-80.0 80.0-710.1 20.1-710.1 e Raw P Smooth 25.0-120.0 120.0-350.0 e r	11 18 17 57 74 8 5	3.00 3.00 3.00 3.00 3.00	0.10 0.02 0.10 0.10 0.50	-0.33 -0.16 0.14 -0.27 -0.18 0.21 -0.01	0.40 0.33 0.33 0.59 0.54 0.22 0.16
		Raw	25.0-350.0 25.1-120.0 120.0-352.4 R 25.1-352.4 e 13 14 28 42	3.00 3.00	0.10 0.50	0.13 0.22 0.12 0.16	0.20 0.37 0.58 0.52
				v i e			
					w			
					O n l		
						y	
								11

a Calculated mobilities were obtained from the present potential. The smooth experimental data were taken from Ref.

18 

and the raw experimental data were obtained from the gaseous ion transport database in Ref.

28. 

Table IV .

 IV Statistical Comparison of Calculated and Experimental Values of n 0 D L at 300 K. a

	System	Expt. Data		E/n 0 Range	N	Acc	Prec	δ	χ
	Tl + -He	Smooth	6.0-35.0	9	12.0	1.00	1.31	1.66
		Raw		6.0-35.0	15	12.0	1.00	1.45	1.95
	Tl + -Ne	Smooth	7.0-110.0	12	15.0	1.00	0.42	0.58
		Raw		7.0-81.4	71	15.0	1.00	0.29	0.55
	Tl + -Ar	Smooth	7.0-150.0	9	12.0	1.00	0.22	0.59
				150.0-350.0	4	12.0	3.00	1.19	1.19
				7.0-350.0	13			0.52	0.83
	Raw Smooth F Tl + -Kr o r 150.0-250.0 10.0-150.0 250.0-369.0 10.0-369.0 2.0-90.0	46 28 14 88 5	12.0 12.0 12.0 13.0	1.00 2.00 3.00 1.00	0.16 0.72 1.13 0.49 0.48	0.54 0.98 1.23 0.84 0.61
		Raw	90.0-800.0 2.0-800.0 20.1-90.0 P 90.0-710.1 e	11 16 21 53	13.0 13.0 13.0	2.00 1.00 2.00	0.02 0.16 0.39 0.23	0.43 0.50 0.63 0.54
	Tl + -Xe	Smooth	20.1-710.1 20.0-120.0 120.0-450.0 e r	74 6 7	14.0 14.0	1.00 5.00	0.28 0.35 0.14	0.57 0.37 0.42
		Raw		20.0-450.0 25.1-120.0 120.0-352.4 R 13 14 28 25.1-352.4 42 e	14.0 14.0	1.00 5.00	0.24 0.40 -0.05 0.10	0.40 0.88 0.40 0.60
					v i e		
						w		
						O n l
								y

a Calculated products of the gas number density and the ion diffusion coefficient along the electrostatic field, n 0 D L , were obtained from the present potential. The smooth experimental data were taken from Ref.

18 

and the raw experimental data were obtained from the gaseous ion transport database in Ref.

28. 

Table I .

 I In summary, apparently for the first time, we have presented tested potential energy curves for a cation of a sixth-period element, interacting with each of the Rg atoms, and have shown that these curves are in excellent agreement with the only available experimental data, and are thus accurate descriptions of the Tl + -Rg interactions. Parameters derived from the present Tl + -Rg interaction potentials, compared to the KV results from ref.14. (See text for details.)

	Potential	Ref.	σ/ Ǻ a R e / Ǻ D e / cm -1
	Tl + -He				
		present	2.85	3.28	119.0
		KV	2.60	b	b
	Tl + -Ne				
		present	2.81	3.23	263.1
		KV	2.54	2.85	372.0
	Tl + -Ar				
	F o r F o r Tl + -Kr F o r	present KV present KV	2.85 2.50 2.89 2.54	3.32 2.64 3.38 2.86	919.0 1600.6 1295.3 2149.3
	P e e r P e e r Tl + -Xe present KV P e Tl + -Rn present e r	2.96 b 2.97	3.48 b 3.50	1870.7 b 2262.0
		R R R			
		e e e		
		v i e v i e v i e		
			w w w	
				O n l O n l O n l
					y y y
					10

a σ is the distance at which the potential energy curve has a value of zero.

b Curve derived in ref.

14

, but portion was not wide enough to establish this parameter.

Table II .

 II Calculated spectroscopic constants in cm -1 , with numbers in parentheses denoting the power of ten. (See text for details.)

	System	D 0	ω e	ω e x e	B 0	D j0
	Tl + -He	119.0	63.04	8.87	0.365	6.49(-05)
	Tl + -Ne	263.2	49.42	2.68	0.0865	1.22(-06)
	Tl + -Ar	919.1	62.46	1.20	0.0454	1.01(-07)
	Tl + -Kr	1295.3	53.44	0.62	0.0247	2.18(-08)
	Tl + -Xe	1870.7	52.84	0.41	0.0174	7.68(-08)
	Tl + -Rn F o 2262.0 r	49.33	0.29	0.0129	3.58(-09)
		P				
		e				
		e r			
			R			
			e			
			v i e		
				w		
				O n l
					y

Table III .

 III Statistical Comparison of Calculated and Experimental Mobility Data at 300 K. a Calculated mobilities were obtained from the present potential. The smooth experimental data were taken from Ref. 18 and the raw experimental data were obtained from the gaseous ion transport database in Ref. 28. The statistical quantities δ and χ are described in the text, with a δ value close to zero representing good agreement between the theoretical and experimental data.

	System	Expt. Data	E/n 0 Range	N	Acc	Prec	δ	χ
	Tl + -He	Smooth	6.0-60.0	8	4.00	0.02	0.05	0.25
		Raw	6.0-70.0	20	4.00	0.02	0.15	0.22
	Tl + -Ne	Smooth	7.0-100.0	9	4.00	0.02	-0.07	0.18
		Raw	7.0-81.4	40	4.00	0.02	0.09	0.27
	Tl + -Ar	Smooth 10.0-150.0	9	4.00	0.10	0.09	0.19
			150.0-350.0	4	4.00	0.10	0.03	0.08
	Raw Smooth o F Tl + -Kr r	10.0-350.0 10.0-150.0 150.0-369.0 10.0-369.0 20.0-80.0	13 45 34 79 7	4.00 4.00 3.00	0.10 0.10 0.02	0.07 0.15 0.01 0.09 0.12	0.16 0.47 0.49 0.48 0.13
	Tl + -Xe	80.0-700.0 20.0-700.0 20.1-80.0 80.0-710.1 20.1-710.1 e Raw P Smooth 25.0-120.0 120.0-350.0 e r	11 18 17 57 74 8 5	3.00 3.00 3.00 3.00 3.00	0.10 0.02 0.10 0.10 0.50	-0.33 -0.16 0.14 -0.27 -0.18 0.21 -0.01	0.40 0.33 0.33 0.59 0.54 0.22 0.16
		Raw	25.0-350.0 25.1-120.0 120.0-352.4 R 25.1-352.4 e 13 14 28 42	3.00 3.00	0.10 0.50	0.13 0.22 0.12 0.16	0.20 0.37 0.58 0.52
				v i e			
					w			
					O n l		
						y	
								12

a

Table IV .

 IV Statistical Comparison of Calculated and Experimental Values of n 0 D L at 300 K. a

	System	Expt. Data	E/n 0 Range	N	Acc	Prec	δ	χ
	Tl + -He	Smooth	6.0-35.0	9	12.0	1.00	1.31	1.66
		Raw	6.0-35.0	15	12.0	1.00	1.45	1.95
	Tl + -Ne	Smooth	7.0-110.0	12	15.0	1.00	0.42	0.58
		Raw	7.0-81.4	71	15.0	1.00	0.29	0.55
	Tl + -Ar	Smooth	7.0-150.0	9	12.0	1.00	0.22	0.59
			150.0-350.0	4	12.0	3.00	1.19	1.19
			7.0-350.0	13			0.52	0.83
		Raw	10.0-150.0	46	12.0	1.00	0.16	0.54
			150.0-250.0	28	12.0	2.00	0.72	0.98
			250.0-369.0	14	12.0	3.00	1.13	1.23
			10.0-369.0	88			0.49	0.84
	Tl + -Kr	Smooth	2.0-90.0	5	13.0	1.00	0.48	0.61
			90.0-800.0	11	13.0	2.00	0.02	0.43
			2.0-800.0	16			0.16	0.50
		Raw	20.1-90.0	21	13.0	1.00	0.39	0.63
			90.0-710.1	53	13.0	2.00	0.23	0.54
			20.1-710.1	74			0.28	0.57
	Tl + -Xe	Smooth	20.0-120.0	6	14.0	1.00	0.35	0.37
			120.0-450.0	7	14.0	5.00	0.14	0.42
			20.0-450.0	13			0.24	0.40
		Raw	25.1-120.0	14	14.0	1.00	0.40	0.88
			120.0-352.					
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