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We calculate accurate potential energy curves for HeleO', and ArO, including the full
counterpoise correction and allowing for spin—orbit effects. Comparison with previous curves is
presented, where these are available. The three cui¥&s, “I1,,,, andll,,, are used to derive
spectroscopic constants and to calculate the transport coefficients faro@ng in a bath of the
respective rare gas. Conclusions are made based on a comparison with the available2éta. ©
American Institute of PhysicfDOI: 10.1063/1.1861874

I. INTRODUCTION “hole” lies perpendicular to or along the internuclear axis.

These states lie close in energy, and hence the effects of

Over the last five or six years, we have been working Onspin—orbit coupling must be considered. Thé state splits

the production of accurate potential energy curves for . » 2 _ :
. . : into “I1,,, and“I1,,,, and the{)=1/2 component can interact
M*-Rg species, wherdl=alkali metal (Li-Fr) and Rg 8 12 b

N SHe_RnH. We h duced i " with the X" state, which also ha@=1/2. In principle, all
—rare gasgte—in. We have now produced accurale poten-y, .o siates may be populated under laboratory conditions,
tial energy curves for all 36 ion-atom combinations. Initially,

h dt g " ; St since the spin—orbit splitting in Ois small at 177.08 cit
€ curves were used 1o produce Spectroscopic constan S(Ref. 8. We briefly summarize the information available on

but this work expanded into also calculating transport coef-H eO. NeO™ and ArO"

ficients of M* in Rg*~’ The latter are a stringent test of a HeOr. The first study of O moving in a rare gas appears
molecular. potential when experimental results are knowqo be that of McFarlanét al.in 1973(Ref. 9 for the case of
over a wide range of/N (the ra}t|o of the eleptnc f'ek_j helium. In that work, mobilities were measured for a range
strength to the gas number dengitsis the potential then is of E/N at 298 K. (Those data were smoothed and repre-

probed in the short- and lor@-egions, as well as near the ;o0 g by Elliset al. in Ref. 10) The information was not
minimum. In the present'work we expanq these studies b,Ot sed to derive any information on the internuclear potential.
by_movmg to syst_ems involving an anion and to one in In 1977, Lin and Bardsléy performed Monte Carlo
which two energetically close states are coupled by Sping;nations of the motion of ions drifting though rare gases.

orblfb\lgt_er?ctlor:. lati h hed the st h The particular case of Odrifting through helium was con-
AD Initio calcuiations have now reached the stage w eresidered, and it was noted that a degeneracy is present in the
for light diatomic moleculeginvolving first and second row

ionic state and that>* and?Il states needed to be consid-

element} very accurate potential energy curves can be Obéred. An interaction potential for each state was reported, but

tained in most cases._Thls 1S part_|cularly the case if a smglei—t was noted that the derivation of the pair of potentials was
reference wave function will suffice, for then the CQSD

thod b | ; wicted ticted “clearly not unique.”
methoc may be emp oyedlising restricted or unrestricte Bychov12 has fitted the mobility data available to an av-
wave functiong with a moderately large basis seof

. . : > < erage “O—He" potential, but only in a narrow range cover-
quadruple¢ quality or better, and including polarization ing part of the repulsive regiofl.8<R<=2.2). The form of
functiong. For electronegative species and/or anions, diﬁusqhe potential used was
functions must also be included. Complications can arise,
however, for open-shell species when spin-orbit coupling  V(r)=U, exp(- ar), (1)
must also be considered.

In the present case, wherm@P) is approached by a rare WhereUg was determined as 640 eV andas 3.75 A,

gas atom?II and?3* states arise, depending on whether the ~ More recently, Viggiano, Morris, and Mason measured
mobilities of O in helium at a range of temperatu?%ﬁom

93 to 563 K.(The data have been smoothed and reported in

dElectronic mail: Viehland@chatham.edu

bEjectronic mail: E.P.Lee@soton.ac.uk Ref. 14)_ They assumed that there was ? s+tatis_tical S|c2)Iit of the
®Electronic mail: Timothy.Wright@Nottingham.ac.uk interactions into 2/3 fofIl and 1/3 for?S*, with the 1
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components also being statistically split in a 1:1 ratio for 02

0 =3/2 and 1/2yespectively(The authors of Ref. 13 noted

that it was probable that the statistical weights employed by

the authors of Ref. 11 were incorrect, owing to the assump- 091

tion of a Il ground state thereinThe potential derived in

Ref. 13 from the new mobility data presented therein has a.s

minimum of 5.12 meMV(41 cnil) at 3.53 A. It was not pos- S 02 1

sible to obtain a separate determination of parameters fo

more than one potential, and so these parameters correspotr

to an average O-He potential. <04 1
NeO'. As far as we are aware, there is no information

available on the potential energy curves, spectroscopy, o

transport coefficients for NeO -06
ArO~. Bowen and co-worket3 have reported the results

of electron detachment studies of ArOrhis work was ex-

tended in a later stud§3/ of ArO~ (together with studies on FIG. 1. Comparison of the present counterpoise-corrected RCORD

KrO~, XeO, and N—-O") that led to dissociation energies aug-cc-pv5Z curves for HeO’S* and?IT with previously reported curves.

o5+ : The solid lines are the present results; the data points from Ref. 11 are given
and bond lengths for théfT and 2" states. Prior to that, an as inverted triangle$?>*) and circles(?IT)—note that the state ordering

ab initio study _Of the _phtheleCtron spe(_:troscopy of ArO ysed here is the reverse to that noted in Ref. 11—see text. The dashed line
had been published, in which the low-lying states of ArO is the 8-6-4 potential from Ref. 13. The same curves are shown in the inset

and ArO were considere]d; the latter work has also been atsmallinternuclear distances, where also the curve from BytRef 12
summarized as part of a review articfeln that work 2+~ has beenincluded as a dotted fine.
and ?I1 potential energy curves were calculated at various

levels of theory with the highest level, UMP4, employing a mine the spin—orbit coupling at ea& with the correspond-
basi; set of triple= quglity, augmented with dpuble diffuse ing RCCSOT) energies being used for the unperturbed
functions and also with bond-centered functions, d-aug-CCstates. The CASSCF calculations employed the frozen-core
pVTZ(+bf). Thesg two potentia_ls were then employed Withapproximation. For the HeCcalculations, the standard aug-
a model for the spin—orbit couplirigee Eqs(10) and(11) of ¢ nv57 hasis set was employed for He and O, but only the
Ref. 17, in which the twoQ=1/2 states were allowed to sandp, for He, ands,p andd for O were includeduncon-
interact. Although spectroscopic parameters were not regacted. For NeO, the standard aug-cc-pV5Z basis set was
ported for the spin—orbit curves, standard ion mobilities Werg,qaq for Ne and O but only including the p, andd func-
reported in graphical form. Also briefly mentioned in that i (uncontractell For the ArO™ calculations, the aug-cc-
work were some results at the RCCSDaug-cc- vz basis set was used for Ar and O, with only thep,
pVQZ(+bf) Ievel..We .shaII compare the UMP4/d-aug-cc- 5nqd functions includeduncontractey
PVTZ(+bf) potential with our own below. Spectroscopy From the interaction potential energy
functions, equilibrium internuclear separations, dissociation
energies, and rovibrational energy levels were obtained using
LeRoy’s LEVEL program>

Potential energy curvesPotential energy curves were Transport coefficientsStarting from the interaction po-
calculated over a wide range &, covering the long and tentials, transport cross sections were calculated as a function
short regions. The precise range and separations employed ion-neutral collision energy using the program
were, to some extent, dictated by the demands of the tranQVALUEs.24*25Appropriate averages of the cross sections for
port coefficient calculations. the 23* and 21 curves, i.e., in the absence of spin—orbit

RCCSOT) (Ref. 19 calculations were employed using coupling, or for the’S},, 215, and?l1,,, curves, i.e., in the
the MOLPRO packag@)O to generate curves for the lowest” presence of spin—orbit coupling, were then taken. In each
and Il states. As noted above, these are the two states thaaise, there is an issue as to what ratio of populations of the
arise as the degeneracy of testate of O is broken by the  states to employ, and this will be discussed below.
rare gas atom. The basis sets employed for Ha NeO The average cross sections as a function of collision en-
were d-aug-cc-pV5Z. For ArQ however, only the singly ergy were used in the prograGRAMCHAR (Ref. 26 to de-
augmented aug-cc-pV5Z basis set was employed owing ttermine the ion mobility and the other gaseous ion transport
computational limitations. Basis sets were obtained from theoefficients as functions dE/N at particular gas tempera-
Gaussian basis set order fofiThese curves were point-by- tures. The mobilities are generally precise within 0.1%,
point corrected for basis set superposition efB8SH, em-  which means that the numerical procedures within programs
ploying the full-counterpoise correctiofCP). The frozen- QVALUES and GRAMCHAR have converged within 0.1% for
core approximation was employed in all cases except Hehe given ion-neutral interaction potential. However, at some
which has no core electrons. intermediateE/N values for NeO and ArQ’, convergence is

Spin—orbit calculations Spin—orbit coupling was in- sometimes only within a few tenths of a percent and a slight
cluded employing the Breit—Pauli operator, as implemefited “wobble” is observed in the computed values. The diffusion
in MOLPRO. CASSCF calculations are carried out to deter-coefficients are generally precise within 1%, with the excep-

L

R/ Ang

Il. CALCULATIONAL DETAILS
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TABLE |. Spectroscopic data derived for HeO

State CcP R. (A) D, (cm™) D, (cm™) ZPVE 0-1(cmh) Nyip?
3 No 2.882 119.4 86.8 325 44.5 4
5 Yes 2.892 114.2 825 317 44.6 4

3, Yes 2.987 75.0 52.4 22.6 29.0 4
Qi No 4.116 29.0 18.5 10.5 12.0 3
1 Yes 4.147 27.1 17.1 10.0 12.0 3

oy, Yes 4.146 27.2 17.2 10.0 12.3 3

o, Yes 3.921 34.1 21.7 12.4 14.8 3

Number of bound vibrational levels.

tion of intermediateE/N values where convergence is only and represents an average of the three spin—orbit states. In
within 3%. Fig. 1 is presented a comparison of %" and?II potential
The differences between the measured and calculateshergy curves of Lin and Bardsley, the “averagé8“6-4)
transport coefficients were determined graphically and by uspotential of Viggiano, Morris, and Bowen together with our
ing statistical quantitiesy and x, which take into account the own CP-corrected RCCSID) curves, in the absence of spin—
estimated errors in each quantity. If the experimental an@rbit coupling. We also show, in the insert, the repulsive
calculated errors are the same atilN, thenéd'is the ratio  regions of the curves and the potential of Bychov. As may be
of the average percentage difference to the maximum conkeen from Fig. 1, we find that the ground state of He®©
bined percentage difference expected, whilis the ratio of  indeed the’S* state, and that it has a potential well depth
the standard deviation of the percentage differences to thgignificantly deeper than that of tRH state. In addition, our
root mean square of the maximum combined percentage dgge|| depth for theZ* state (D,=87 cni?) is significantly

viations expected. A positive value @ indicates that the greater than that of the lowest state of Lin and Bardsley, who
data lie above the calculated values, and vice versa. Values ghtained well depths of 58 and 26 chOur 23" well depth

|8l that are substantially lowealternatively, higherthan 1 is aiso greater than that of Viggiano, Morris, and Bowen
indicate that there is substantial agreem@tisagreement \yhose averaged potential was only 41 érdeep. We note
between the calculated and measured values, on averagfat the value obtained by Viggiano, Morris, and Bowen

Values of y that are not much larger thdd| indicate that  gpqyd perhaps more properly be compared with 2,
there is little scatter in the experimental data and that th"?/alue(52.4 cm), to which it is much closefvide infra).

agreement between the calculated and measured values is Although our HeO curves were obtained via anpriori
uniform over all values oE/N, while values ofy substan-

X N correction for BSSE, it is interesting to compare the spectro-
tially greater thand| indicate that at least one of these factors

scopic parameters obtained from the curves both before and

IS not true. after the counterpoise correction is made. Table | presents

these spectroscopic parameters. It may be seen that the effect
lll. RESULTS AND DISCUSSION is very small, largely due to the significant internuclear sepa-
A. HeO~ ration in the molecule. Thus, even though @ight reason-

1. Potential energy curves and spectroscopy ably be expected to lead to basis set superposition effects

First, it has been noted by Viggiano, Morris, and Mason
that Lin and Bardsley assigned the lowest state as’fhe 08

a) 084} b)
state, whereas the former authors deduced that the lowes_ , |1 \2q ol
state was more likely to be?®* state based upon the known ‘g Hes)+OCP)| £ ‘u‘
ground state of HeNe This state ordering also follows on @ 00 20011
from considerations based upon the minimization of electron -04 -04
repulsion, and has been discussed for the heavier Bgp&- s

cies by de Clercqg, Hendricks, and Bow&n. R/fxng ’ 10
Viggiano, Morris, and Mason fitted their mobility data,
obtained over a range of temperatures and a wide range ¢ He(S) + 0P )

E/N, to an(n-6-4) potential, which has been put forward for
modeling ion-neutral interactiorfé:

u'(r) = n 20y (L)_n
= Gryp-121+y | n t N5,

He(?8) + O°(P;p)

2 4 6 8 10

-6 -4 R/ Ang
—A4y\ =) -31-y| 2
Fm Mm FIG. 2. Counterpoise-corrected RCCSd-aug-cc-pV5Z curves for the

_ . 23" and?I states of HeOin the (a) absence antb) presence of spin—orbit
wheren=8, y was obtained as 0.1, ang, was found to be coupling in the? state. In(c) the subsequent result of the interaction

3.53 A. The well depth obtained was 5.12 mé¥l cmiY),  between théll,, and?S" states is shown. See text for details.
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TABLE II. Mobility data for HeO

J. Chem. Phys. 122, 114302 (2005)

TemperaturgK)
[Ref] States considered Range BfN A2 No. p? ) X
93 1 1.0-12.0 5.0 9 0.1 2.408 2.042
[13,14
o, 1.0-12.0 5.0 10 2.079 2.094
1y, 1.0-12.0 5.0 9 0.1 2.024 2.025
=t 1.0-12.0 5.0 9 2.958 15.493
DA 1.0-12.0 5.0 10 0.810 1.449
P 1.0-12.0 5.0 9 0.1 2.809 2.848
DRE | L | I 1.0-12.0 5.0 9 0.05 1.809 1.839
171 11 1.0-15.0 5.0 10 0.1 0.885 0.887
[13,14
11, 1.0-15.0 5.0 10 0.1 0.727 0.728
M, 1.0-15.0 5.0 10 0.1 0.882 0.884
N 1.0-15.0 5.0 10 -0.158 0.828
5, 1.0-15.0 5.0 10 -2.621 2.639
AL 1.0-15.0 5.0 10 0.1 0.639 0.660
DL | WL | PN 1.0-15.0 5.0 10 0.5 -0.015 0.049
300 11 1.0-160.0 7.0 21 1.090 1.176
[9,10] o, 1.0-160.0 7.0 19 0.992 1.069
1y, 3.0-160.0 7.0 19 1.118 1.025
=t 3.0-160.0 7.0 19 -1.544 1.633
DA 1.0-160.0 7.0 19 -1.800 1.842
WL 1.0-160.0 7.0 21 0.531 0.689
DRNE | L | I 1.0-160.0 7.0 20 0.294 0.450
563 11 1.0-40.0 5.0 17 0.714 0.734
[13,14
o, 1.0-40.0 5.0 15 0.1 0.491 0.531
1y, 1.0-40.0 5.0 16 0.705 0.725
= 1.0-40.0 5.0 15 0.1 -3.863 3.863
IR 1.0-40.0 5.0 15 0.1 -4.359 4,378
2320 1.0-40.0 5.0 17 -0.406 0.452
DRE | VL | I 1.0-40.0 5.0 16 -0.611 0.656

A is the fractional accuracy of the experimental data and P is the fractional precision of the theoretical values. Where there is a blank entryiimthe P co
it implies that different precisions were used over different ranges, depending on the ease of convergence.

owing to the diffuseness of the orbitals, in fact the effect isidentical to those obtained for the unperturb@d state.

minimal as far as the bond length and vibrational constant3here is little effect of the spin—orbit coupling for this state,

are concerned; the effect for the dissociation energies is aixcept to move it down, parallel to tHél curve. The?ll,,,

the order of 5% and 22‘1“,2 states, on the other hand, change their shapes ap-
In Fig. 2, the effect of “turning on” spin—orbit coupling preciably, with thezl'II,2 state becoming appreciably shal-

is seen. In Fig. @ we show the unperturbetil and?s* lower than the unperturbet®* state. Concomitantly, the

states; in Fig. ), we show the effect of spin—orbit coupling 2H1,2 state also becomes shallower upon interaction. Note

in the ?IT state only(i.e., ignoring the presence of tH&"  that in the absence of the interaction with ﬁié[,z state, the

statg. The latter is modeled by assuming that the splitting for2Hl,2 state would be parallel to both tt?rEI3,2 state and the

the 2I1,, state is the same as that for tfid,, state, but in  2IT state[see Fig. 2)], and consequently have the saRe

the opposite direction. Figure(@ shows the effect of the and vibrational constants. Consequently, we conclude that it

interaction between th#8l1,,, and the’S], states: théll,,, s important to consider the effects of spin—-orbit coupling in

state is pushed up in energy, so that it correctly approachamderstanding the spectroscopy of the He@n.

the He+O(?P,,,) asymptote, and thé&;,, state is pushed

down in energy, so that it correctly converges with fﬁ%,z

state, approaching the He¥6P3/2) asymptote. Since this

repulsion is dependent upon the energetic separation, and Diffusion coefficients and mobilities have been calcu-

since this separation depends upon the internuclear distandafed over wide ranges d&/N and at a variety of tempera-

the shapes of the two interacting curves also change durinires, and we have placed the results in the gaseous ion trans-

this interaction. port database at Chatham Coll@ﬁeHere, we will only
Considering first the2H3,2 state, it may be seen from discuss the mobility results since there have been no experi-

Table | that the results obtained for this state are essentiallgnental determinations of diffusion coefficients. Of particular

2. Transport coefficients
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35
30

importance here, and as noted above, is the fact that there are 3
three low-lying spin—orbit states which can contribute, but
the precise ratio to use is not clear. >

In the HeO experiments of Viggiano, Morris, and Ma- 20

. . . 15
son, the O ions were producedia electron impact on bD, o
10

171K

in a relatively high-pressure regint®.1-1 Tory. Although 1 235 1020 50 100200 I 235 1020 50100200
the distribution of the O states was not measured, it was EN EN
speculated that the distribution was likely to have been sta- 3

tistical (i.e., 2:1 in favor of the2P3,2 statg. Once interaction 3 300K 563K

with He has occurred, assuming again that statistical behav- »s
ior occurs, the appropriate ratio is 1:1:1 for the three spin— g i
orbit states mentioned above.

The question naturally arises as to whether it is reason-
able to assume statistical behavior, and essentially this im- 1 235 10 20 50 100200 1 235 10 20 50 100200
plies two things. First, the production of the @ns is ener- EN EN
g?tlc enough tha.t .the higher eneréﬁl’z state is produced FIG. 3. Calculated standard mobilitigsn?V=1s™) for O™ in He as a
with the same efficiency as the lowd,, state. Second, that fynction of E/N (Td) at different temperatures. The error bars indicate the
the populations remain statistical in the drift regionde  estimated 7% experimental error, with the data being smoothed versions of
infra). the original experimental data ssee text for details and referenzeShe

Let us now consider the statstcs n Table I Theseteld e s 07 e L1t of i, s sl e,
quantify the closeness of the agreement between the mobiliy 2:1:0 ratio.
ties calculated using the potentials of the present work, and
the smoothed experimental restits’ of Refs. 9 and 13. . .
There are results presented for mobilities calculated usinghat Viggiano, Morris, and Mason commented that these ex-
each of théS" and?Il curves, i.e., ignoring spin—orbit cou- perimental results did not appear to fit in with those obtained
pling; for each of the three spin—orbit states, individually; forat other temperatures. It is certainly the case that the agree-
a 1:2 weighting of the’S* and ?II curves, i.e., assuming ment here, for all sets of calculations, was by far the worst,
statistical behavior in the absence of spin—orbit coupling; an@nd, looking at Fig. 3, it is quite clear that the calculated
finally a 1:1:1 weighting of the three spin—orbit states, i.e. mobilities are consistently lower than the experimental val-
assuming statistical behavior in the presence of spin—orbi€s, although at higi/N they come within the error bars. It
coupling. In addition, in Fig. 3, we present a subset of thesséhould additionally be pointed out that the behavior of the
results graphically. experimental mobilities at 93 K is not as expected. The depth
Considering first the results at 171 K, it may be seen tha®f the HeO ?%1,, well is D=75 cnT?, which corresponds to
the results in the absence of spin—orbit coupling are quitéhermal energyksT) at a temperature of 108 K, and conse-
reasonable for thé>" state, but poor for théll state. The quently one expects to see a distinct maximum in the mobil-
agreement is slightly better for the statistically weighted caldty versusE/N curve at moderat&/N. This is indeed seen in
culations. On moving to the calculations that employ thethe theoretical curves, but is absent in the 93 K experimental
spin—orbit curves, it may be seen that the individual spin-data. This again points to a problem with the data, as appar-
orbit states do not give good agreement with experimentently suspected by Viggiano, Morris, and Mason.
with the results for theS;,, state being particularly poor. What do these results imply about the experimental
However, once a statistical weighting of the three spin—orbifopulations? Taken together, there seems to be little doubt
states is employed, it may be seen that the agreement b#at the best agreement between the experimental results and
tween theory and experiment is excellent. the calculations is found when a statistical weighting of the
Similar comments hold at 300 K, where the statisticalspin—orbit states is used. This is particularly the case at
weighting of the spin-orbit states gives the best agreemerdt71 K, and may also be seen fairly clearly with the 300 K
over the whole temperature range, with the final agreemerfesults. Additional calculation@ot reported hepewith other
being very good, as may be seen by eye in Fig. 3. weightings of the spin—-orbit states gave results in greater
At 563 K, the picture is not so clear, with good agree-disagreement with the experimental data than found for the
ment being obtained for théll states(with and without statistical weighting. The conclusion is therefore that a sta-
spin—orbit coupling and good agreement being obtained fortistical distribution of the’S},, “I1,,, and?ll,,, states was
the statistical mixegagain, both with and without spin—orbit present in the experiments, and that changes in populations
coupling. What is clear, is that th&s* state on its own gives of these states through collisions happens at a rate that is
very poor agreement with experiment. What is more cleainfrequent enough not to affect the observed mobilities.
from Fig. 3 is that the calculated values lie consistently ~ What is clear is that for a system such as Where
higher than the experimental ongdthough at highE/N the  energetically close states can contribute, then care must be
calculated values come within the error Barhe indica- taken when deciding what weighting of the contributing
tions are that the 563 K experimental mobilities are probablystates needs to be employed in order to obtain agreement
not reliable. with experiment and/or provide accurate predictions of trans-
Finally, we consider the 93 K experiments. We first noteport coefficients.
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) 350
Ne + O°(“I1, )
0.5 1 30.0 1
He
25.0 1
0.0 1 -1
o y 20.0 4
E Ne + O7( n3/2)
@
15.0 1
-0.5 1 Ne
10.0 -
-1.0 1
2 4 6 8 10 12
R/ Ang

FIG. 4. RCCSWT)/d-aug-cc-pV5Z curves for thés* and 21 states of
NeO in the absencédotted line$ and presencésolid lineg of spin—orbit
coupling (see text for details

B. NeO™

In Fig. 4 are shown th& ?S* andA ?I1 potential energy 3.0 —_—
curves for NeO, both in the absence and presence of spin— 1 2 3 5 10 2030 50 100 200
orbit coupling. Table Il shows the derived spectroscopic E/N
constants for these Curves. C_O”Sidering first the SPeClrQsg 5 calculated standard mobilitiésm?V-'s) for O" in He, Ne, and
scopic parameters obtained with and without counterpois@r as a function ofE/N (Td) at 300 K. The error bars for He indicate the
correction, it may be seen that there is a change of casstimated 7% experimental error, with the data being smoothed versions of
5%-6% for the dissociation energies. This is similar in mag-he original experimental data sefee text for details and referengeshe
. . . Ay dotted line for Ar represents the mobilities obtained using the spin—orbit
nitude as for HeQ, with again minimal changes to the bond ., .ves obtained from Ref. 17. See text for details.
length and vibrational constants. Again, this may be attrib-
uted to the rather long internuclear bond length, and the com-
pleteness of the basis set. coupling. Also shown are the non-spin—orbit curves of Buch-
Moving on to the spin—orbit results, it may be seen thatachenkoet al. A summary of the spectroscopic analysis of
the constants of thel1,,, state are essentially identical with our curves, with and without counterpoise correction, and
those of the’Il state. For the twd)=1/2 components, the with and without spin—orbit effects is given in Table IV.
interaction between them causes changes in the calculated From Fig. 6 we note that ouf>" and ?Il states are
parameters, and the curve shapes alter during the interactioglightly deeper than those of Ref. 17 close to the minimum,
In particular we note that théHl,2 potential becomes but that there is excellent agreement at Iéhd his suggests
slightly deeper, and steeper, with both of these being in linghat the difference between the two potentials is in the de-
with an increased interaction as evinced also by the shortescription of correlation energy, with the long-range electro-
bond length. Essentially the opposite trend happens for thstatics proving to be more facile to describe, as expected.
25" state, which becomes more weakly bound as a result 6fhe minima on the potential energy curve from Ref. 17 were

the interaction. found to be at 3.408 A for théI state and 3.013 A for the

The mobilities at 300 K are shown in Fig. 5, in addition 23" state. These both are in good agreement with the present
to those for HeO and ArQO'. values, as may be seen from both Table IV and Fig. 6. The
C. AIO- well depths from Ref. 17 are 533 and 788 ¢érfor the cor-

responding states, which are somewhat smaller than for the
Figure 6 shows our potential energy curves forxr&* present curves, as noted above. From Table 1V, we note that
and Al states of ArO both with and without spin—orbit the effect of counterpoise correction is relatively small for

TABLE Ill. Spectroscopic data derived for NeO

State CcP Re (A) D, (cm™) Do (cm™h) ZPVE 0-1(cmY) Nyip®
3 No 3.042 201.6 174.9 26.7 46.1 10
s Yes 3.101 189.0 163.9 25.1 442 10
DA Yes 3.136 158.1 136.9 21.2 36.2 1
a1 No 3.585 110.9 94.9 16.0 27.3 9
11 Yes 3.614 103.8 88.4 15.4 26.0 9
1y, Yes 3.613 103.8 88.4 15.4 26.9 9
o, Yes 3.508 115.7 98.2 17.5 29.5 9

Number of bound vibrational levels.
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IV. CONCLUSIONS

Accurate potential energy curves, including spin—orbit
coupling, have been calculated for the three Rgpecies,
HeO', NeO, and ArO. In all the three cases, the ground
state is?>" state, with?II state lying higher in energy. The
latter state is split by the spin—orbit interaction, essentially
located on the oxygen, and tlfe=1/2 component interacts
with the 237, state. These effects need to be included in
order to obtain accurate spectroscopic constants, since we
have shown that the constants obtained in the absence of
spin—orbit coupling are significantly different. We have also
seen that the effect of the counterpoise correction is quite

25 3i0 315 40 45 sio 55 small for these species, which is explained by the large basis
R/Ang set employed and the relatively large internuclear separation.
As noted in the Introduction, one of the most stringent
FIG. 6. Counterpoise-corrected RCCEIVd-aug-cc-pV5Z curves for the  tests of a potential energy curve is the ability to calculate

2ot 2 . . . o )
=" and“ll states of ArO in the absencédotted lines and presencesolid — mgpjjities accurately across a wide range BN. In the
lines) of spin—orbit couplingsee text for detai)s The results of Ref. 17 are

represented as circl¢& ") and inverted triangle€IT)—see text for details. present case, eXperimental data was onIy available forHeO
and so we concentrated on this system in this paper. Al-
though there may be some inaccuracies in some of the ex-
Perimental data for HeQ we showed that for two parts of
the data setnamely, those at 171 and 300,Kthere was

tE'S amountis tp o&le%. Thus, :\é?frf] n Arg Wlh'(ih hads unambiguous proof that the best fit was from a statistical
the most polarizable Rg atom and diffuse orbitals of &n ratio of the spin—orbit states, suggesting that the experimen-

for which we employed a slightly smaller basis set, the eﬁe%’;{l data resulted from such a ratio of states. In summary, very
of basis set superposition error is very small.

The calculated parameters for tHéd,,, state are reassur-
ingly almost identical to those of thdl state. As with the
lighter two species, the tw=1/2 states have their shapes
affected by their interaction, with thé&}, state having a
shallower potential, and théll,,, state having a deeper
potential, compared to tH&" and Il states, respectively.

As with the other two systems, we have calculated dif-
fusion coefficients and mobilities. There are no experiment
mobilities of O in Ar to which to compare, although first
order mobilitieg® for O~ in Ar were calculated in Ref. 17.

-1 4

E/mE,

-2 4

-3 4

The effect on the dissociation energies is 16—17%¢rbut

accurate potential energy curves have been obtained, and
their accuracy appears to be maintained across a wide range
of R, as adjudged by the good agreement with experimental
mobilities across a wide range Bf N. We are therefore con-
fident that the spectroscopic constants that have been derived
are also accurate.
We conclude by noting that further measurements of the
obilities of O in He (and Ne and Arwould be very useful;
articularly those at low temperature and across a wide range
of E/N. These would allow a better comparison between the
X ) ) alculated potentials and experiment. Spectroscopic mea-
For those calculations the spin—orbit curves were employed;

) o X ) - urements on the RgGpecies would also be useful, but are
with a statistical ratio of the three spin—orbit states. For com-

. _ " clearly challenging.
parison to the results here, we constructed the spin—orbit en- y ging

ergy points employing the UMP4 potential of Ref. 17, and
employing the(corrected® formulas in Egs(10) and (11)
therein; these were then employed to calculate standard mo- The authors are grateful to the EPSRC for the award of
bilities at 300 K to compare with our values. These are precomputer time at the Rutherford Appleton Laboratories un-
sented in Fig. 5, and values very close to those obtained ider the auspices of the Computational Chemistry Working
the present work are obtained, indicating that the potential®arty (CCWB), which enabled these calculations to be per-
are somewhat similar, particularly at loRy as may be seen formed. E.P.F.L. is grateful to the Research Grant Council
from Fig. 6. (RGO of the Hong Kong Special Administration Region
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*Number of bound vibrational energy levels.
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