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High-level ab initio calculations are used to obtain accurate potential energy curves for Na1
•Kr,

Na1
•Xe, and Na1•Rn. These data are used to calculate spectroscopic parameters for these three

species, and the data for the whole Na1
•Rg series (Rg5He–Rn) are compared. Potentials for the

whole series are then used to calculate both mobilities and diffusion coefficients for Na1 moving
through a bath of each of the six rare gases, under conditions that match previous experimental
determinations. Different available potentials and experimental data are then statistically compared.
It is concluded that the present potentials are very accurate. The potential and other data for Na1

•Rn appear to be the first such reported. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1591171#
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I. INTRODUCTION

We have recently been involved in the generation of
curateab initio potential energy curves for the alkali meta
rare gas 1:1 complexes and the derivation, from these
spectroscopic constants and transport coefficients. To d
we have reported the whole set of results for Li1

•Rg (Rg
5He–Rn)1,2 and the potential energy curves and spectr
copy of Na1•Rg (Rg5He–Ar).3 This work follows on from
these results and from previous work by one of us4,5 where
interaction potentials were derived from transport data. In
present work, we presentab initio potential energy curves
and derive spectroscopic quantities for the three heavier
cies, Na1•Kr, Na1

•Xe and Na1•Rn, as well as transpor
coefficients for the whole Na1•Rg series. We shall compar
our calculated spectroscopic and transport results with pr
ously available values, particularly the spectroscopic w
on M1

•Rg species summarized in a recent review6 and the
transport data referred to below. Complexes involving an
kali metal cation interacting with a rare gas atom are pro
typical closed-shell neutral/closed-shell cation species. T
are simple enough that very accurate calculations can be
formed, so providing insight into the fundamental intera
tions that occur in this model microsolvation system.6

a!Electronic mail: Viehland@chatham.edu
b!Electronic mail: e.p.lee@soton.ac.uk
c!Electronic mail: t.g.wright@sussex.ac.uk
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A number of previous studies are of relevance here. K
and Gordon provided early attempts to describe the attrac
and repulsive parts of the interaction potential of close
shell/Rg systems.7,8 Waldman and Gordon9 have reported the
results of the most recent~modified! electron gas modeling
although an earlier study by Gianturco had been publishe10

Powers and Cross11 have reported the results of ion bea
scattering studies, as have Gislason12 and Kita et al.13

Viehland4,14 derived potential parameters from ion scatteri
and transport data, and subsequently Koutseloset al.5 de-
veloped a universal scaling scheme that provided g
agreement with experiment for all alkali metal/rare gas s
tems ~excepting species involving Fr and Rn!. Nyland
et al.15 considered the interaction potentials of Na1

•Kr and
Na1

•Xe using a range of fitting and combination rules. F
nally, Freitaget al.16 reported results for Na1•Xe using SCF
and CEPA methods.

II. THEORETICAL DETAILS

A. Ab initio calculations

The interatomic curves were computed at the CCSD~T!
level of theory using a derived17 basis set equivalent to a
aug-cc-pVQZ basis set for Na1. The standard version o
these basis sets was used for He, Ne, and Ar, as reporte
Ref. 3. For Kr, the ECP28MWB18 effective core potential
~ECP! was employed. Here and below, the M generally
dicates that the neutral atom is used in the derivation of
9 © 2003 American Institute of Physics
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ECP, and WB implies the use of the quasirelativistic a
proach described by Wood and Boring;19 the number indi-
cates the number of electrons which are included in the c
To this was added a@8s7p5d3 f 2g# valence basis set a
detailed in Ref. 2. For Xe, the ECP46MWB18 ECP was
employed, to which was added a@6s6p4d3 f 2g# valence
basis set detailed in Ref. 2. For Rn, the ECP78MWB20 ECP
was employed, augmented by a@10s9p7d4 f 2g# valence
basis set: this basis set has been given explicitly in Refs
and 22.

Energies were determined at a range of intermolec
separations,R, covering the short- as well as long-range r
gions. The ranges ofR used were selected based upon
position of the minimum and upon the demands of the tra
port property calculations. Basis set superposition e
~BSSE! was accounted for by employing the full counte
poise correction of Boys and Bernardi23 in a point-by-point
manner. All energy calculations were performed employ
MOLPRO.24 The frozen core approximation was used throug
out, with the 2s and 2p electrons of Na1 treated as valence
We showed in Ref. 17 that the freezing of the core orbit
had a negligible effect on the calculated dissociation ene
and equilibrium bond length; indeed, freezing these orbi
had the beneficial effect of reducing the BSSE. The froz
core approximation obviously affects the calculated total
ergy, but our previous calculations with the Li1

•Rg
systems1,2 indicate that it has a negligible effect upon th
calculated interaction potential energies.

B. Spectroscopy and interaction parameters

From the interaction potential energy functions, the eq
librium interatomic separations and the dissociation ener
were obtained, and LeRoy’sLEVEL program25 was used to
calculate rovibrational energy levels. Theve and vexe pa-
rameters were then determined from the calculated en
levels by straightforward means.

C. Transport coefficients

Starting from the interaction potentials, transport cro
sections were calculated to an accuracy of 0.1% using
programQVALUES.26,27 These cross sections were then us
in the programGRAMCHAR28 to determine the ion mobility
and the other gaseous ion transport coefficients as funct
of E/N, the ratio of the electric field strength to the g
number density, at particular gas temperatures. The mo
ties are generally precise within 0.1%, which means that
numerical procedures within the programsQVALUES and
GRAMCHAR have converged within 0.1% for the given ion
neutral interaction potential. However, at some intermed
E/N values convergence is sometimes only within a f
tenths of a percent and a slight wobble is detectable in
computed values for the heavier rare gases. The diffus
coefficients are generally precise within 1%, with the exc
tion of intermediateE/N values where convergence is on
within 3%.
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III. RESULTS AND DISCUSSION

Our ion–neutral interaction potential energies are giv
in Table I. For a closed-shell atom interacting with a sing
charged ion at long range

U~R!52
D4

R42
D6

R6 1¯5Eind~R!1Edisp~R!, ~1!

where

Eind~R!52
1

2 S a1

R4 1
a2

R6 1¯ D , ~2!

and Edisp~R!52
C6

R62
C8

R8 1¯ , ~3!

where Eind is the induction energy,Edisp is the dispersion
energy,a1 is the static dipolar polarizability~or simply static
polarizability!, anda2 is the static quadrupolar polarizabilit
of the rare gas atom. Ignoring the higher order terms, A
richs et al.29 ~among others! have noted thatD4 andD6 are
related to the other parameters by

D45a1/2, ~4!

D65a2/21C6~Na1
•Rg!. ~5!

As a consequence of Eqs.~4! and ~5!, least-squares fit-
ting of the calculated potentials at largeR to Eq. ~1! should
yield values for the parametersD4 and D6 . Note that it is
also possible to incorporate ‘‘universal damping function

TABLE I. Potentials for Na1•Rg: the energies are given in cm21, with
respect to the relevant dissociation limit.

R/Å

V~R!/cm21

Na1
•Kr Na1

•Xe Na1
•Rn

2.000 14 978.206 28 550.083 35 301.860
2.300 2 501.035 7 319.638 10 152.053
2.400 754.059 3 946.776 5 966.843
2.500 2362.443 1 627.742 3 011.228
2.600 21 046.239 66.584 956.434
2.700 21 435.992 2952.903 2441.124
2.800 21 628.650 21 588.206 21 361.655
2.900 21 691.798 21 953.746 21 938.421
3.000 21 672.267 22 132.424 22 269.793
3.100 21 602.272 22 184.060 22 428.214
3.200 21 503.724 22 151.616 22 466.863
3.300 21 391.284 22 065.737 22 424.602
3.400 21 274.571 21 948.091 22 329.701
3.500 21 159.681 21 813.805 22 202.589
3.800 2855.020 21 398.531 21 753.606
4.100 2625.769 21 045.462 21 334.499
4.400 2462.352 2778.059 21 001.700
4.700 2347.268 2583.967 2753.850
5.000 2265.620 2444.633 2573.593
6.000 2122.201 2201.020 2257.194
8.000 237.186 260.305 276.448

10.000 215.019 224.238 230.623
13.000 25.232 28.403 210.602
15.000 22.958 24.737 25.973
17.000 21.805 22.879 23.627
20.000 20.960 21.519 21.898
22.000 20.667 21.049 21.318
25.000 20.416 20.645 20.807
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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in the fit for D4 andD6 ~see, e.g., Ref. 29!; however, it has
been noted by Ahmadiet al.30 that this can lead to significan
error in the fitted potential. Although in Ref. 3 we were ab
to derive D4 and D6 from the long-range regions of th
Na1

•He, Na1
•Ne and Na1•Ar potentials, we noted that fo

D6 in particular, a heuristic approach had to be taken.
gions of the potential energy curve were matched to Eq.~1!
to obtain the smallest error, with no account being taken
the repulsive terms, damping factors, or higherDn terms.
Subsequent detailed work on Li1

•He1, where the latter
terms were considered, has led us to the conclusion tha
fitting of D6 ~and otherDn terms! requires very careful con
sideration, and we refrain from such fits in the present wo
We did, however, confirm that the potentials at very largeR
have a2D4 /R4 dependence, and that the value ofD4 was
consistent with well-established values for the polariza
ities of He–Ar, and with the values for Kr–Rn calculated
ourselves31 and others. Breckenridge and co-workers ha
considered the importance of the various contributions
M1

•Rg bonding.6,32,33

A. Spectroscopy

The derived rovibrational spectroscopic quantities
given in Tables II and III. The rotational energy levels f
each vibrational level were fitted to the expression

E~v,J!5E~v,0!1BvJ~J11!2DvJ2~J11!2

1HvJ3~J11!3. ~6!

TABLE II. Calculated spectroscopic parameters for23Na1
•Rg. Bold values

are those calculated in the present work.

Species Re /Å ve /cm21 vexe /cm21 De /cm21

Na1
•

4He 2.324 154.7 20.5 329.1
Na1

•

20Ne 2.472 106.6 6.56 513.8
Na1

•

40Ar 2.780 125.2 3.41 1333.0
Na1

•

84Kr 2.920 117.7 2.34 1693.3
3.50a 1340a

2.89b 1500b

2.77c 1900c

2.85d 1630d

2.87e 1690e

2.7160.10f 21006300f

2.87g 1770g

Na1
•

132Xe 3.104 118.5 1.79 2184.1
3.47a 2280a

2.92c 2300c

3.06d 1940d

3.03e 2090e

2.7960.11f 105f 1.8f 29006500f

3.11g 2080g

3.21h 1690h

Na1
•

222Rn 3.192 115.9 1.48 2467.2

aFrom Ref. 11.
bFrom Ref. 8, model III.
cFrom Ref. 10.
dFrom Ref. 9.
eFrom Ref. 12.
f‘‘Best’’ estimate I from Ref. 15.
gFrom Ref. 4.
hFrom Ref. 16.
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Note that in Ref. 3 there were some errors in the repor
value of the exponent for the centrifugal distortion terms
Na1

•Ne and Na1•Ar, and so we present the whole set
correct results in the present work for clarity. The expli
vibrational energy levels are given in Table III for all s
complexes, and the derivedve andvexe values are given in
Table II; for all except Na1•He, these were obtained from
fit of the four vibrational energies listed in Table III to th
two-term Morse potential energy function~the higher anhar-
monicity of Na1

•He meant that such a fit had significa
error, and so only the two lowest energy levels were use
this case!.

We only include the Na1•He, Na1
•Ne, and Na1•Ar

results here for comparison and completeness; the spe
scopic results and their comparison with previous stud
have been described in detail in Ref. 3, where good ag
ment with the most-recent, high-level calculations was not

Information on Na1•Kr and Na1•Xe has been obtained
indirectly from ion beam scattering studies,11,12 as well as
from ion transport data.4,5 Theoretical studies have bee
undertaken, but these seem to have been limited to elec
gas calculations9 and some recent Coupled Electron P
Approximation ~CEPA! calculations.16 No previous studies
of Na1

•Rn have been reported to our knowledge. The val
for the internuclear separations and the dissociation ener
obtained in the previous studies are given in Table II,

TABLE III. Calculated rovibrational spectroscopic constants for23Na1

•Rg. E(v,J)5E(v,0)1BvJ(J11)2DvJ2(J11)21HvJ3(J11)3.

v E(v,0)2E(0,0) Bv /cm21 Dv cm21 Hv cm21

Na1
•

4He
0 0 0.848 1.44231024 5.61131028

1 113.71 0.702 2.13731024 14.7131028

2 186.43 0.541 3.23231024 36.0231028

3 226.88 0.380 4.62331024 79.2631028

Na1
•

20Ne
0 0 0.250 6.41031026 3.947310210

1 93.56 0.233 7.51231026 5.950310210

2 173.70 0.215 8.90431026 8.983310210

3 241.06 0.197 10.6331026 13.43310210

Na1
•

40Ar
0 0 0.147 8.76331027 9.798310212

1 118.38 0.143 9.30331027 11.78310212

2 229.90 0.139 9.90631027 14.19310212

3 334.63 0.134 10.5831027 17.14310212

Na1
•

84Kr
0 0 0.108 3.87331027 2.337310212

1 113.022 0.106 4.03531027 2.675310212

2 221.352 0.104 4.21031027 3.066310212

3 325.007 0.101 4.40131027 3.520310212

Na1
•

132Xe
0 0 8.86431022 2.06231027 7.234310213

1 114.902 8.72231022 2.12431027 8.056310213

2 226.222 8.57731022 2.19031027 8.979310213

3 333.958 8.43031022 2.26131027 10.023310213

Na1
•

222Rn
0 0 7.89231022 1.51131027 3.887310213

1 112.952 7.78231022 1.54731027 4.268310213

2 222.943 7.67131022 1.58431027 4.691310213

3 329.966 7.55931022 1.62531027 5.158310213
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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gether with the values derived in the present work. It may
seen that, on the whole, there is reasonable agreemen
tween our results and the previous experimental values
though the bond lengths derived from the earlier elect
beam scattering experiments11 seem to be too long. One ex
ception is that the dissociation energy for Na1

•Kr obtained
experimentally appears to be too small—perhaps this is
surprising as beam studies generally probe the repulsive
gion of the potential, rather than the attractive part: inde
no information on the attractive regions of the lighter Na1

•Rg systems could be obtained,11 owing to the insensitivity
of the experiment to this part of the potential. The quantit
derived from the ion transport studies are in relatively go
agreement with the results obtained herein, which is likely
be due to the fact that the potentials have been derived f
a wide range ofE/N data, which will be sensitive to both th
attractive and repulsive regions of the potential—statist
comparisons between these potentials will be made be
when considering the transport data.

Looking at the theoretical studies, the~modified! elec-
tron gas model of Waldman and Gordon9 performs fairly
well, giving values for both the internuclear separation a
the well depth that are close to the values derived from
present work for both Na1•Kr and Na1•Xe ~see Table II!.
The only otherab initio study is that of Freitaget al.,16 who
only considered Na1•Xe at the CEPA level of theory. Thei
bond length is in good agreement with the present value,
the well depth is a little shallow: this probably results from
combination of the omission of some of the correlation e
ergy, as well as the use of a relatively small basis set. On
small basis set could be used in that work, both becaus
computational limitations at that time, but also as no E
was employed, and so the number of valence basis funct
was limited. It is especially important in these species to
able to describe the distortion of the Rg valence orbit
along the internuclear direction, as caused by the cha
induced-dipole interaction. This in turn means that one m
be able to describe the polarization of the Rg atom well;
showed in Ref. 31, and for Li1

•Rg in Ref. 2, that the types
of basis sets we employ herein are able to describe th
effects well.

There appears only to have been one previous report
vibrational frequency for these species—for Na1

•Xe in Ref.
16. The values for bothve andvexe are in good agreemen
with our derived values~see Table II!.

We conclude that we have produced a reliable set
potential energy parameters for these species; in a numb
cases, these values are the first ones reported.

Considering the set of values in Table II for the Na1

•Rg series, we see that, as expected, the dissociation en
increases as we descend the Rg group, in line with the
creasing polarizability of Rg~Ref. 31!—a trend also ob-
served in our work on Li1

•Rg ~Ref. 2! and Rg•NO1 ~Refs.
34 and 35!. Interestingly, the vibrational frequencies do n
follow a monotonically increasing trend, and such a variat
is also seen for other M1•Rg species;2,6 it probably repre-
sents a subtle balance between the increasing attra
~charge/induced dipole! and increasing repulsive~electron–
electron repulsion! terms.
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B. Transport data

We have calculated the transport coefficients at a la
number of E/N values and at many gas temperatures
each of the six Na1•Rg systems. The number of results
too large to list here or even to show graphically; we ha
placed them in the gaseous ion transport database mainta
at Chatham College.36 As a guide to the eye, we present
Fig. 1 the calculated standard mobilities and the experim
tal results from the Georgia Tech group.37,38As noted above,
there are very slight ‘‘wobbles’’ in theKo curves at interme-
diateE/N caused by a slower convergence in these regio
which we did not attempt to overcome with more extens
computations.

In previous work,39,40 we have reported the average pe
centage difference and standard deviation between calcu
and measured transport coefficients. More recently,28 we in-
troduced statistical quantities,d andx, to measure the differ-
ences between calculated and measured transport coeffic
while taking into account the estimated errors in each qu
tity. If the experimental and calculated errors are the sam
all E/N, thend is the ratio of the average percentage diffe
ence to the maximum combined percentage difference
pected, whilex is the ratio of the standard deviation of th
percentage differences to the root-mean-square of the m
mum combined percentage deviations expected. A posi
value of d indicates that the data lie above the calcula
values, and vice versa. Values of the absolute value ofd that
are substantially lower~alternatively, higher! than 1 indicate

FIG. 1. Log–log plots of the standard mobility,Ko in cm2 V21 s21, as a
function of the reduced field strength,E/N in Td (1 Td510221 V m2), for
Na1 in the rare gases. The temperature is 300 K for all gases except Xe
which T5303 K. The curves are those calculated in the present work—
Tables IV–VIII for statistical analyses. The lines are experimental val
from Refs. 37 and 38, whose length represents the maximum estim
experimental errors. The small wobbles in the calculatedKo curves are
artifacts—see the text.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Statistical comparison of calculated and experimental transport data for Na1 ions in He gas.

Data type
Range of

E/Na Accuracyb
No. of
Points

Ref. 5 Ref. 43 This work/Ref. 3

Precisionc d x Precisionc d x Precisionc d x

Ko 300 K
1–10 2 14 0.1 21.300 1.316 0.1 21.548 1.554 0.1 0.544 0.585

Ref. 37 10–50 2 10 0.1 0.089 0.704 0.1 20.431 0.756 0.1 1.164 1.175
50–174 2 5 0.1 0.906 0.995 0.1 0.555 0.606 0.1 1.306 1.3
1–174 29 20.44 1.09 20.80 1.19 0.89 0.97

D i 300 K 1–10 5 14 1 1.509 1.539 1 1.045 1.087 1 2.355 2.3
10–50 5 10 1 2.973 3.446 1 2.595 3.248 1 3.069 3.3

Ref. 41 50–174 5 5 1 3.223 3.456 1 3.228 3.467 1 4.216 4.3
1–174 29 2.31 2.70 1.96 2.51 2.92 3.12

Ko 309 K 1–10 3 14 0.1 20.738 0.774 0.1 21.407 1.426 0.1 0.499 0.555
10–50 3 21 0.1 20.213 0.703 0.1 20.730 1.046 0.1 0.584 0.811

Ref. 40 50–139 3 9 0.1 0.032 0.488 0.1 20.071 0.465 0.1 0.198 0.498
2–125 44 20.33 0.69 20.81 1.10 0.48 0.68

aIn units of Td.
bAccuracy of experiment~%!.
cPrecision of calculations~%!.
o

t b
r

n
Th
at
u

the

ide
tic
pth

t-
that there is substantial agreement~disagreement! between
the calculated and measured values, on average. Valuesx
that are not much larger thanudu indicate that there is little
scatter in the experimental data, and that the agreemen
tween the calculated and measured values is uniform ove
values ofE/N, while values ofx substantially greater tha
udu indicate that at least one of these factors is not true.
statistical comparisons are performed at low, intermedi
and highE/N regions, using a larger estimate of the calc
lation errors at intermediateE/N in order to prevent the
slight wobble from influencing our conclusions.

Tables IV–VIII give the values ofd andx obtained for
the transport properties of Na1 ions in the first five rare
Downloaded 17 Nov 2009 to 152.78.208.72. Redistribution subject to AIP
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gases. There are no data to which we can compare
present Na1/Rn results.

1. Na¿"He

Ion scattering and transport experiments do not prov
information on shallow potentials unless the relative kine
energy or gas temperature is very low. Since the well de
for the Na1•He interaction is 40.8 meV~equivalent to 474
K!, we expect ourab initio potential for He to be more
accurate near and beyond the minimum position~4.4 bohr or
2.3 angstrom! than are potentials derived from inverting sca
tering or mobility data.
8
1
6

8
0
0

0

1

TABLE V. Statistical comparison of calculated and experimental transport data for Na1 ions in Ne gas.

Data type
Range of

E/Na Accuracyb
No. of
points

Ref. 5 This work/Ref. 3

Precisionc d x Precisionc d x

Ko 300 K 4–15 2 7 0.1 0.233 0.491 0.1 0.144 0.48
15–65 2 10 0.3 0.327 0.424 0.3 0.244 0.31

Ref. 37 65–200 2 8 0.1 0.061 0.403 0.1 0.739 0.80
4–200 25 0.22 0.44 0.37 0.56

D i 300 K 4–15 5 7 0.1 0.640 0.815 1 0.540 0.76
15–65 5 10 0.3 2.051 2.132 3 2.226 2.45

Ref. 41 65–200 5 8 0.1 1.662 1.851 1 2.873 2.91
4–200 25 1.53 1.76 1.96 2.30

Ko 311 K 2–15 0.85 24 0.1 22.457 2.505 0.1 22.706 2.740
15–65 0.85 24 0.3 21.590 1.611 0.3 21.827 1.870

Ref. 46 65–125 0.85 5 0.1 22.007 2.064 0.1 20.921 1.001
2–125 53 22.02 2.10 22.14 2.25

D i 311 K 2–15 18.5 24 1 0.540 0.930 1 0.509 0.92
15–65 7 24 3 20.194 0.719 3 0.046 0.591

Ref. 46 65–125 7 5 1 20.637 1.271 1 0.154 1.118
2–125 53 0.10 0.88 0.27 0.81

D' 295 K 10–65 3 6 3 0.052 0.176 3 0.118 0.18
65–200 3 14 1 21.542 1.698 1 20.514 0.764

Ref. 47 10–200 20 21.06 1.42 20.32 0.65

aIn units of Td.
bAccuracy of experiment~%!.
cPrecision of calculations~%!.
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TABLE VI. Statistical comparison of calculated and experimental transport data for Na1 ions in Ar gas.

Data type
Range of

E/Na Accuracyb
No. of
points

Ref. 5 This work/Ref. 3

Precisionc d x Precisionc d x

Ko 300 K 6–40 2 12 0.3 0.531 0.595 0.1 0.435 0.52
40–125 2 12 0.9 0.860 1.305 0.3 0.166 0.86

Ref. 37 125–190 2 4 2.0 0.446 0.515 0.3 0.095 0.13
190–502 2 7 0.9 20.187 0.327 0.3 0.577 0.694
6–502 35 0.49 0.87 0.33 0.67

D i 300 K 6–40 5 12 3 1.223 1.340 1 1.238 1.28
120–190 5 5 20 0.809 0.873 3 1.980 2.04

Ref. 41 190–502 5 7 9 0.550 0.578 1 2.905 2.98
6–502 24 0.94 1.07 1.88 2.07

Ko 303 K 42–125 3 8 0.9 1.979 2.033 0.1 1.784 1.85
125–190 3 4 2.0 0.462 0.495 0.3 0.825 0.86

Ref. 48 190–339 3 6 0.9 20.396 0.784 0.1 0.013 0.854
42–339 18 0.85 1.45 0.98 1.39

Ko 314 K 6–40 0.85 17 0.3 20.731 0.807 0.1 21.375 1.398
40–125 0.85 11 0.9 0.543 0.867 0.3 20.979 1.273

Ref. 46 125–190 0.85 6 2.0 20.705 0.722 0.3 21.536 1.571
190–409 0.85 6 0.9 21.404 1.422 0.1 20.601 0.816
6–409 40 20.48 0.93 21.17 1.32

D i 314 K 6–40 18.5 17 3 1.180 1.376 1 1.213 1.48
125–190 7.0 6 20 0.004 0.307 3 0.501 0.72

Ref. 46 190–409 18.5 6 9 20.302 0.354 1 20.079 0.272
6–409 29 0.63 1.07 0.80 1.19

D' 297 K 10–40 3 6 1 0.445 0.504 1 0.204 0.27
40–125 3 9 3 21.751 2.171 3 21.987 2.247

Ref. 47 125–190 3 3 3 24.314 4.327 3 22.613 2.627
190–260 3 4 1 24.798 4.798 1 24.132 4.133
10–260 22 22.06 2.96 21.12 2.48

aIn units of Td.
bAccuracy of experiment~%!.
cPrecision of calculations~%!.
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In Ref. 2, we noted thatab initio curves at very shortR
may suffer from the effects of BSSE, which is difficult t
correct for as the basis functions overlap more, and the m
eties in the counterpoise correction become less defined.
tunately, the BSSE becomes a smaller percentage of the
v 2009 to 152.78.208.72. Redistribution subject to AIP
i-
or-
tal

energy as the internuclear separation increases, and
Na1

•He potential gives scattering results that are in go
agreement with experiment.

The transport data from Refs. 37, 41, and 42 are co
pared in Table IV to the present calculated results and to
6
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9
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TABLE VII. Statistical comparison of calculated and experimental transport data for Na1 ions in Kr gas.

Data type
Range of

E/Na Accuracyb
No. of
points

Ref. 5 This work

Precisionc d x Precisionc d x

Ko 300 K 7–40 2.5 11 0.2 20.142 0.296 0.1 0.482 0.549
40–100 2.5 15 2 0.540 0.745 1 1.376 1.54

Ref. 38 100–115 4 2 2 0.713 0.713 1 0.908 0.90
115–515 4 18 0.2 0.528 0.565 0.1 0.550 0.57
7–515 46 0.38 0.59 0.82 1.01

D i 300 K 7–40 5.5 11 2 20.166 0.728 1 0.121 0.887
160–515 10 15 2 1.053 1.232 1 1.223 1.41

Ref. 38 7–515 26 0.54 1.05 0.76 1.22
D' 295 K 10–45 2 5 1 20.567 0.724 1 20.405 0.599

45–115 2 6 3 21.238 1.425 3 21.132 1.345
Ref. 45 115–500 2 9 1 20.346 0.460 1 20.326 0.395

10–500 20 20.67 0.91 20.59 0.84
D' 303 K 5–42 3 8 1 0.192 0.224 1 0.326 0.36

42–115 3 10 3 20.971 1.154 3 20.888 1.102
Ref. 50 15–500 3 19 1 20.329 0.459 1 20.310 0.462

5–500 37 20.39 0.69 20.33 0.68

aIn units of Td.
bAccuracy of experiment~%!.
cPrecision of calculations~%!.
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TABLE VIII. Statistical comparison of calculated and experimental transport data for Na1 ions in Xe gas.

Data type
Range of

E/Na Accuracyb
No. of
points

Ref. 5 This work

Precisionc d x Precisionc d x

Ko 303 K 7–42 2 13 0.1 20.337 0.425 0.1 0.648 0.722
42–155 2 17 1 20.064 0.710 1 0.903 1.132

Ref. 38 115–509 2 18 0.1 1.791 2.078 0.1 1.006 1.1
7–509 48 0.56 1.36 0.87 1.05

NDi 303 K 12–42 5 10 1 0.934 1.886 1 1.585 2.30
42–155 5 17 3 20.129 1.641 3 0.213 1.300

Ref. 38 155–509 5 18 1 3.648 3.792 1 1.967 2.15
7–509 45 1.62 2.75 1.22 1.92

Ko 300 K 7–42 5 4 0.1 20.305 0.307 0.1 0.110 0.133
42–155 5 4 1 20.066 0.312 1 0.340 0.435

Ref. 52 155–500 5 5 0.1 0.876 0.934 0.1 0.395 0.4
7–500 13 0.223 0.628 0.290 0.496

D' /K 303 K 5–42 3.5 8 1 20.174 0.371 1 20.005 0.193
42–155 3.5 15 3 20.694 0.886 3 20.299 0.485

Ref. 51 155–440 3.5 17 1 20.281 0.396 1 21.171 1.309
5–440 40 20.41 0.62 20.61 0.91

aIn units of Td.
bAccuracy of experiment~%!.
cPrecision of calculations~%!.
43
ro

po
e

th
e

m
nc
ut
ot
d

ar
en
h
e
t

e
al
be
ra
f.

os
p

a
iv

m
x

ent

re
est-

ror
both
ten-
r
3,

the
sing
nd

ent

.

m-
ose
x-

n the
ved
the

the
III
the

the
results calculated from the potentials of Refs. 5 and
~Note that additional results that have been calculated f
the potential in Ref. 5 are given in Ref. 44!. The mobility
data from Refs. 37 and 42 are consistent with all three
tentials, with the best agreement being found for the pres
potential. This is a somewhat surprising result since
model potential in Ref. 5 was derived from inverting th
mobility data.

As may be seen from Table IV, the diffusion data fro
Ref. 41 are not consistent with any of the potentials, si
d.1 for all of the potentials and the disagreement is o
side the cited range. We suspect that these data are n
accurate as claimed by the experiments, for reasons
cussed in Ref. 45.

2. Na¿"Ne

The transport data from Refs. 37, 41, 46, and 47
compared in Table V with values calculated from the pres
potential and those derived from the potential of Ref. 5. T
mobility data from Ref. 46 are not consistent with eith
potential, whereas the other data are, suggesting that
cited error of 0.85% in Ref. 46 is optimistic. Although th
diffusion data from Ref. 46 are consistent with the potenti
and the other experimental data, this is probably only
cause of the large error bars claimed for the data. In cont
to Na1

•He, this time the results from the potential from Re
5 are in slightly better agreement with the data than th
from the present work: this is as expected as the model
tential in Ref. 5 was derived from the experimental data.

3. Na¿"Ar

The transport data from Refs. 37, 41, 46, 47, and 48
compared in Table VI to the present results and those der
from the potential of Ref. 5. As with Na1

•He, but in contrast
to Na1

•Ne, the present potential fits the mobility data fro
Ref. 37 slightly better than that of Ref. 5—again an une
v 2009 to 152.78.208.72. Redistribution subject to AIP
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pected result. The mobility data from Ref. 48 are inconsist
with the calculated values at lowE/N, suggesting that the
cited accuracy is too small; however, at highE/N the agree-
ment is much better. The mobility data from Ref. 46 a
slightly in disagreement with the calculated values, sugg
ing that the cited error is a little on the low side.

The diffusion data from Ref. 48 have such large er
bars that they encompass the results calculated from
potentials, and hence cannot discriminate between the po
tials. The D' /K data from Ref. 47 are certainly in erro
above 40 Td. With regard to the diffusion data from Ref. 4
the potential from Ref. 5 is close to being consistent with
data, whereas the present potential is not. This is surpri
because it is the reverse of the situation for the mobility a
because the raw data used in both cases37,40 were from the
same experiments. One possibility for this disagreem
would be that insufficient analysis49 of the raw data makes
the cited errors too small, especially for the diffusion data

4. Na¿"Kr

The transport data from Refs. 38, 45, and 50 are co
pared in Table VII to the present calculated results and th
derived from the potential of Ref. 5. With the possible e
ception of theD' /K data from Ref. 45, the potential from
Ref. 5 appears to represent the available data better tha
present potential. Since the potential from Ref. 5 was deri
from the data in Ref. 38, this merely suggests that all of
experimental data are in agreement.

5. Na¿ in Xe

The transport data from Refs. 38 and 51 and
smoothed data from Ref. 52 are compared in Table V
to the present calculated results and those derived from
potential of Ref. 5. At lowE/N the potential from Ref. 5
represents the data from Refs. 38 and 52 better then
present potential, but the reverse is true for highE/N. Both
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potentials are more consistent with the data from Refs.
and 52 than the data from Ref. 38, suggesting that the er
in the latter are not as small as claimed—a conclusion c
sistent with the larger-than-usual errors cited for these dat
Ref. 52.

IV. SUMMARY AND CONCLUDING REMARKS

The potential energy curves presented for the six N1

•Rg species, in the present work and in Ref. 3, are either
most accurate or the onlyab initio results available for thes
species. The level of theory employed and the large vale
basis sets used are expected, from our experience and
comparison with other high-level results, to lead to very
curate results. Consequently, the spectroscopic data rep
in the present work are expected to be very reliable. T
accuracy of the potentials is further backed by the gener
good agreement between the calculated transport coeffic
and experiment. The similar agreement with experim
shown by both the presentab initio potential and the mode
potential of Ref. 5 lends support to both potentials, and
course to the experimental data used to generate the m
potentials. The statistical analyses point to some experim
tal data being outside the cited error ranges, sometimes
nificantly so. The very good agreement for Na1

•Rg (Rg
5He–Xe) indicates that the calculated transport proper
for Na1 in Rn are also accurate. Finally, we note that theab
initio curves are most likely to be the most accurate close
and beyond the potential energy minima for species N1

•He, which has a very shallow potential energy minimu
such minima are only accessed in low-temperature stud
whereas most scattering and mobility studies occur at ro
temperature.
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