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Experimentally, the transitions between P and 'D terms of Cl* have been observed in the inelas-
tic collision between C1* and Ar. The transfers are modeled through Landau-Zener types of pro-
cesses at the points where the potential-energy surfaces of the electronic states of ArCl* cross. The
potential-energy curves of ten electronic states of ArCl*™ arising from Ar('S)+ Cl1*(°P),
Ar('S) + CI*('D), and Ar*(®P) + CI(®P) dissociations are computed using the complete active-
space multiconfiguration self-consistent field method followed by first-order configuration-
interaction calculations. In addition, relativistic configuration-interaction calculations are carried
out for the low-lying states of ArCl™*, with the objective of computing spin-orbit effects. These cal-
culations reveal the existence of three bound states (*I1, '=*, and ') for which spectroscopic con-
stants and dipole moments are obtained. The ground state is a *I1 state with a dissociation energy of
0.32 eV, while the excited 'S+ is bound at least by 1.81 eV with respect to Ar('S) + Cl1*('D). The
calculations predict that ArCl* is stable and long lived. The Mulliken population analysis of the
electronic states of ArCl* reveals considerable charge transfer from Ar to Cl* in the 'S+ and 'Il
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states.

I. INTRODUCTION

The neutral rare-gas halide and oxide molecules have
been the topics of many investigations in recent years.! =’
The rare-gas oxide species have been investigated®’ as
possible candidates for chemical lasers. The rare-gas
atoms form, in many cases, stable long-lived ions in reac-
tions with halogen positive ions. The results RX * ions
are isoelectronic with halogen oxides and could thus be
candidates for chemical lasers.

Since the discovery of stable XeF and KrF, mass-
spectrometric studies have shown that XeF* and KrF*
species are quite stable and long lived.® The noble gas
ions KrCl*, KrF*, ArCl™*, and Arl™* have also been re-
ported to be stable.”'© Berkowitz, Chupka, and co-
workers'"1? have measured the binding energies of
KrF*, XeF*, Xel™, and ArF*. The ArF* species has a
binding energy of >1.66 eV while attempts to produce
NeF* and HeF* have been unsuccessful. Watkins and
Koski'® have prepared the KrBr* ion and measured its
binding energy.

We have observed that the collisions of Xt with R
atoms involve considerable transfer of translational to
electronic energies and vice versa. The mechanisms of
the energy transfer have not been well understood for all
the species.

In earlier investigations, Balasubramanian et al.!? and
Hotokka et al.'* have studied the Br*-Kr collisions and
F*-Ne collisions, respectively. The potential-energy sur-
faces of these two species have been obtained. These
studies have enabled interpretation of the energy
transfers in these systems. The binding energy of the 'Z+
state of NeF ™ has been calculated to be 1.64 eV.!*

The electronic states or potential-energy surfaces of
ArCl™* have not been investigated to date. There is very
little information available on this ion. For example,
what is the binding energy of the ion? What are the
crossing points of the potential-energy surfaces of
ArCl*? The present theoretical investigation is under-
taken with the intent of finding answers to these ques-
tions and comparing the results for ArCl* with those for
NeF* and KrBr*. The theoretical investigation of elec-
tronic states and potential-energy surfaces of molecules
containing heavy atoms is a topic of considerable activity
in recent years.!>~2°

We carry out complete active-space MCSCF
(CASSCF) followed by first-order configuration-
interaction calculations (FOCI) on 10 electronic states of
ArCl™ as a function of internuclear distance. Section II
describes the experimental methods and results; Sec. III
outlines the theoretical method of calculations, while Sec.
IV contains results and discussions.

II. EXPERIMENTAL METHODS AND RESULTS

Collisions of Cl1* with Ar were measured using a tan-
dem mass spectrometer which has been described previ-
ously.?! It consists of an ion source, an electrostatic
analyzer, and a quadrupole mass filter as an input section.
The Cl™ ions were prepared by electron bombardment of
CH,Cl. The beam composition was 40% Cl1*(!D,) and
60% CI*(°P,,,), as determined by an attenuation
method.”? The beam width was 0.1 eV full width at half
maximum.

The beam of a Cl* ion so prepared then passed
through a shallow reaction chamber containing the target
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FIG. 1. Kinetic energy spectra of Cl1* resulting from collisions of C1* with Ar at 10 eV center of mass energy.

gas Ar. The ions scattered 0° to the primary ion-beam
direction were then mass analyzed by a second quadru-
pole mass filter, energy analyzed by an electrostatic
analyzer, and detected with an electron multiplier.

The energy spectrum obtained (Fig. 1) consisted of
three peaks. The central peak is the unperturbed peak of
ClI*. The Q values of the left and right peaks are —1.42
and 1.38 eV, respectively. The spacing between the P,
ground state of C1* and the excited state 'D, is 1.444 €V.
The range of possible Q values is between 1.32 and 1.44
eV depending on whether the lower Cl* term involved is
3Py, 3Py, or *P,. The spacings of the spin-orbit energy

levels are too small to be resolved by our instrument. We
therefore interpret the “superelastic” peak on the right as
corresponding to the transition C1*('D,)—CIT(°P | ,)
and the “‘subelastic” peak on the left to the transition
CI* (3P, ,)—ClH('D,).

III. METHODS OF CALCULATIONS

Table I shows the atomic states of Ar and C1* and Cl
and Art and the molecular states arising from them in
the absence of spin-orbit interaction. As one can see,
there are many electronic states for ArCl*. Our objec-

TABLE 1. Dissociation limits for ArCl*. (Brackets indicate estimated value, see Ref. 28.)

Energy (cm™")
Molecular Atomic states Calculated? Experimental®
Ar + CI*
n,’=- Is+3p 0.0 0.0
AL IS 'S+'D 14 697 11652
Art +Cl
M(2),'=+(2),'2~ p4ip 21144 22 140
'A,’M1(2),°2%(2),
32_,3A
Ar + C1*
'3+ 'S+'S [27900]

*Without spin-orbit interaction.
°From Ref. 28.
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TABLE II. Basis sets employed for Ar and Cl.

Ar Cl
Contraction Contraction

Type Exponent coefficient Exponent coefficient

s 25.99 0.003 397 21.51 0.001075

s 2.336 0.339128 2.145 0.312437

s 0.6503 1.0 0.5119 1.0

s 0.2240 1.0 0.1799 1.0

p 16.49 0.008 059 14.55 0.008 368

P 5.255 0.025 053 4.179 0.020 126

P 0.7689 1.0 0.6291 1.0

)/ 0.2223 1.0 0.1830 1.0

d 0.85 1.0 0.75 1.0

tive is to calculate all the electronic states of Ar + Cl+
which dissociate into 'S +3P,!S +'D limits and a few
electronic states which dissociate into Ar*(?P)+CI(*P)
limit.

We employ relativistic effective core potentials for both
Ar and Cl atoms reported by Pacios and Christiansen?
together with the valence Gaussian basis sets optimized
for the ground states of the neutral atoms. We contract
the first two s and p functions of Ar and Cl atoms with
the contraction coefficients shown in Table II. The
(4s4p /3s3p) basis set obtained in this way was augmented
by a set of d-type polarization functions with the ex-
ponents shown in Table II.

The orbitals for configuration-interaction calculations
were generated using the complete active space MCSCF
(CASSCF) method. In this method 14 outer electrons
arising from Ar (3s23p® and Cl* (35%3p*) were distribut-
ed in all possible ways among the strongest occupied or-
bitals of the dissociated atoms which correlate into 3s and
3p orbitals of Ar and Cl. The CASSCF calculations were
actually carried out in the C,, group. The molecule was
oriented along the z axis which was also chosen as the C,
axis. In this orientation the active space in the CASSCF
consisted of four a,, two b,, and two b, orbitals.

The configuration-interaction (CI) calculations were
carried out using the first-order CI (FOCI) method. The
FOCI calculations included all configurations in the
CASSCEF plus the configurations generated by distribut-
ing 13 electrons in the internal space and one electron in
the external space in all possible ways. Table III gives
the configuration counts in the C,, group for various spa-
tial and spin symmetries.

Relativistic configuration-interaction (RCI) calcula-
tions including spin-orbit interaction are carried out for

TABLE III. Dimensions of the CASSCF and FOCI spaces.
Configuration counts are for the C,, symmetry group.

State CASSCF FOCI
'4, 16 1312
’4, 4 1476
3B, 8 1576
'B, 8 1184

the low-lying states of ArCl* with the objective of es-
timating the spin-orbit corrections. These calculations
are carried out for the Iy, °II;, I _, M, *27, 2.
states. The two-state calculations included two reference
configurations arising from >II,. The one-state calcula-
tions include five reference configurations (*IT;,'IT,,>Z ).
The 0™ state included six reference configurations arising
from °T, and >2;,. The O~ state include four reference
configurations arising from 3Ho“. Single and double exci-
tations were allowed from these reference configurations.
CI calculations with the same set of configurations were
carried out for the 3IT and >3~ states without the spin-
orbit term. The difference between the two results is tak-
en to be the spin-orbit correction. The RCI calculations
were carried out primarily to estimate spin-orbit effects.?*
These calculations were made following a SCF calcula-
tion of the *II state which employed a double-¢ plus po-
larization Slater-type orbital (STO) basis set. The
MCSCF-FOCI calculations were carried out using
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FIG. 2. Potential-energy curves of low-lying states of ArCl*.
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TABLE IV. Spectroscopic properties of low-lying states of ArCI*.

State R, (A) T, (cm™") @, (cm™") D, (eV)
in 2.71 ) 191 0.32
I3+ 2.16 2353 21 1.85
0yl 2.60 10911 286 0.79

Balasubramanian’s modified version of the GAMESS pack-
age of codes? to include relativistic effective core poten-
tials, while the RCI calculations were carried out using
one of the author’s (K.B.) modified version of the code
developed earlier based on the method described in Ref.
26.

IV. RESULTS AND DISCUSSION

Table IV shows the spectroscopic properties of the
three bound states of ArClt obtained using the
CASSCF-FOCI methodology. The ground state of
ArClt is found to be a bound °II state with a somewhat
smaller vibrational frequency of 342 cm™! compared to
the somewhat more bound 'Il and 'S+ states which dis-
sociate into Ar(!S)+C1*('D) atoms.

Figure 2 shows the potential-energy surfaces of all the
electronic states dissociating into Ar('S) +CIT(°P),
Ar(!S)+Cl1*(!D) and some of the electronic states disso-
ciating into Ar*(?P) + CI(*P) states. Among the elec-
tronic states dissociating into the ground-state
Ar(’S) + C1*(3P) atoms, the Il state is bound while the
33~ state is repulsive. The 'S+ state dissociating into
Ar(!S) + C1*('D) is the most strongly bound state. The
I state which dissociates into these atoms is also bound
but somewhat less in comparison to the 'S+ state. All
the states calculated here which dissociate into
Ar*(*P) 4 CI(*P) are repulsive.

As one can see from Fig. 2, the strongly bound !'Z+
curve is crossed by both 3II and 32~ curves dissociating
into Ar(!S) + CI*(3P). Table V shows the various curve
crossing distances and the energies at the crossings. In
the Landau-Zener model the energy transfers in the col-
lision of two species take place at the points of intersec-
tions of the potential-energy surfaces of the intermediate
complex. As one can see from Table V and Fig. 2, the 81
curve crosses with the IS+ bound curve at 2.35 A which
is about 0.19 A larger than the R, of the 'S state. The
crossing of the repulsive 33~ state occurs at a much
larger distance (0.44 A larger than the R, of the '=+
state). This feature of the potential-energy surfaces of
ArCl™ is reminiscent of the surfaces of NeF*. Hotokka
et al.'* have shown that the *II curve crosses at about
0.07 A larger than the R, of the '=* while the >3~ curve

TABLE V. Curve crossings for ArCl*. The energies of the
crossings are with respect to Ar('S) 4 CI*(°P).

State-state R (A) E (cm™)
m-'z+ 2.35 1750
Iz-ze 2.60 4390
-3z~ 2.46 8560

crosses approximately 0.24 A larger than the R, of the
IS+ state. Since for ArCl* the 'S+ state is more bound
in comparison to NeF* (~0.22 eV more bound) crossing
at 0.19 A larger than R, in comparison to NeFt for
which the crossing occurs at 0.07 A larger than its Re,
the predissociation in ArCl™ would occur at a higher vi-
brational level. The lifetime is determined by the cross-
ings of the various curves. Although the 3IT curve
crosses at a shorter distance than 33—, since >IT is bound,
the molecule would be long lived in this state. The life-
time of ArClt is this primarily determined by the
I3+.33~ crossing, which occurs at a considerably larger
distance.

The classical turning points of a vibrational level deter-
mine the classically allowed or forbidden region for
predissociation. If the crossing occurs above the classical
turning points of a vibrational level of the species, then
the species can have long lifetimes in this level. As the
crossing occurs above many vibrational levels, the life-
time is higher. Thus the lifetime of ArCl™* is certainly
larger than NeF™ since the crossing occurs above the
classical turning points of at least the first two vibrational
levels. The actual lifetimes are very sensitive to the exact
crossings which we believe cannot be located so accurate-
ly as to determine the lifetimes exactly at the present lev-
el of theory which is adequate for many other purposes.

The crossing of the 33~ state at a larger distance than
*IT would imply that this crossing occurs above more vi-
brational levels than the corresponding crossing of *II.

The accuracies of the calculations described here can
be estimated by comparing the calculated and experimen-
tal asymptotic limits. Table I shows the calculated and
experimental splittings of the atomic states. As one can
see from Table I, the calculated separation of the

r*(3P)+CI(*P) level with respect to the
Ar('S)+Cl1*(°P) level is quite accurate in comparison to
the experimental results. The calculated asymptotic limit
of the Ar(!S)+ClH(!D) atoms, however, is somewhat
higher than the experimental value of 11652 cm™!. This
difference is attributed to correlation, basis-set errors,
and the omission of the spin-orbit term in Table I. Al-
though the CASSCF-FOCI approach gives quite accurate
results for the lowest states, the excited-state energies
could be about 10-15% higher than the true values.
The higher asymptotic limit is consistent with the calcu-
lations of Hotokka et al.'* who also found that the
Ne(!S) + F*('D) limit is somewhat higher than the ex-
perimental value while the relative error made in calcu-
lating the Ne*(?P) + F(*P) limit is smaller. Thus the
crossings of the potential-energy curves would be shifted
to larger values if one corrects for the asymptotic
difference in energies.

The theoretical CASSCF-FOCI D, value for the '3+
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TABLE VI. Mulliken population analysis and dipole moments for low-lying states of ArC1™.

K. BALASUBRAMANIAN et al.

Gross
Dipole moment
State. R (A) Artotal Cltotal Ars Arp Ard Cls Clp Cld Overlap (Debye)
M 2.75 7.814 6.186 1986 5813 0015 1958  4.181 0046  0.042 4.4105
33~ 2.75 7.959 6.041 1990 5960 0009 1951 4037 0053  0.0908 6.2224
s+ 2.25 7.497 6.503 1.964 5492 0041 1959 4499  0.045  0.1616 0.203
m 2.50 7.590 6.410 1979 5586 0.024 1963 4404 0043  0.0226 1.460

state of ArCl* is 1.85 eV. The CASSCF-FOCI calcula-
tions on comparable main group diatomics'>~'® have
yielded D,’s within 10-20 % of the experimental results.
The CASSCF-FOCI results are consistently lower than
the experimental results due to missing higher-order
correlation corrections which tend to lower the molecular
state in comparison to the atomic states. Thus we believe
that the calculated D, of 1.85 eV is a lower bound. An
experimental value of 1.75 eV has been inferred by Shar-
ma and Koski?’ through collision-induced dissociation of
ArCl" in Ar. These two results are in excellent agree-
ment suggesting that the D, of ArCl* should be between
1.75-2.0 eV.

Table VI shows the Mulliken population analysis of the
3, '=+, M, and 3=~ states of ArCl™ and the dipole mo-
ments. For the ’I, =%, and 'Il states, the analysis is
near the equilibrium geometries of the states while for the
33~ repulsive state we report the result at 2.75 A (near r,
of *IT). The total gross population of the ’II state at its
equilibrium geometry reveals that the Ar atom is nearly
neutral and Cl carries the positive charge. For the 'S+
and 'Il1 states, however, there is considerable charge
transfer from Ar to Clt. For the '3 state,in fact, the
positive charge is equally shared between Ar and CI
atoms. This is consistent with the calculated dipole mo-
ments in Table VI. The dipole moment of the 'S+ state
is very small (0.2 D), while the *II state has a large dipole
moment (4.4 D) at its equilibrium geometry. The 'II
state which dissociates to the same asymptotic limit as
S+ has a larger dipole moment (1.46 D) than 'S +.

Next, we calculate the spin-orbit effects for ArCl™*
through the relativistic configuration-interaction method.
First, we discuss the atomic splittings. Table VII shows
the asymptotic spin-orbit splittings of the low-lying states
of ArCl? in w-o to j-j coupling. The atomic splittings
shown in that table were taken from Ref. 28. Note that
the spin-orbit splittings of the states which correlate into

TABLE VII. Correlation of molecular and atomic states in-
cluding spin-orbit interaction.

Molecular states Atomic states Energy (cm™!)?

Ar + CI*
2,1,0* 1So+°P, 0.0
1(ID,0™ 1So+3P, 667
0+(ID) IS0 43P, 996
2(ID, 1(I1D),0+ (I11) 1So+'D, 11652

*From Ref. 28.

the Ar + C1™" limit are primarily determined by the spin-
orbit splittings of Clt, while the spin-orbit splitting of
states which dissociate into Ar* +Cl limit would depend
on the splitting of Ar* and Cl. Further, the closed-shell
molecular states would have near-zero spin-orbit splitting
even if the spin-orbit splitting is substantial at the dissoci-
ation limit. For example, the ‘2;‘ ground state of Br, is
almost zero (67 cm~™') (Ref. 24), while the atomic
2P, ,,-2P, ;, splitting of the bromine atom is 3685 cm ™.
Thus the spin-orbit splitting of the '2* state of ArClt
would be close to zero.

The °II state of ArCl* would be split into °TL, | _ .
components. The I, would be the lowest since this is an
inverted *I1. The splitting between >I1,-’II, states would
be equal to the Cl1* *P,-*P, splitting at very long distance
since the spin-orbit splitting of the closed shell Ar('S) is
zero. The splitting between *Il, and *II , state would
similarly be close to the *P,-*P, of the CI* ion at long
distance. The splitting between *II , and *TI _ is expect-
ed to be small at near-equilibrium geometries.

Table VIII shows the magnitude of the spin-orbit
effects for the *IT and >Z ~ states of ArCl™ obtained using
relativistic CI calculations. The spin-orbit splittings are
seen to be somewhat small for ArCl*. The maximum

TABLE VIII. Spin-orbit effects for low-lying states of
ArCl*. For the °II states the values are with respect to Il
without spin orbit. For the 3201 , states, the corrections in en-

ergies are with respect to >~ without a spin-orbit term.

AR, (A)? Aw, (cm™ AE (cm™))
M, 0.0 0 —387
o, +0.009 -5 —84
M, +0.024 —11 + 286
M, 0.0 0 + 390
s; 2.50 0
3201 2.50 +42
S 3.00 0
DI 3.00 + 165
> 3.50 0
3t 3.50 424

*For *3~, the reported values are actual bond lengths since this
state has no minimum.
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splitting at the equilibrium geometry corresponds to the
3H2-3H0~ splitting which is 777 cm~!. The shifts in bond

lengths are negligible with the exception of the 3[10+ for

which the bond length increases by 0.024 A. The spin-
orbit splittings generally increase and reach the max-
imum value of the atomic Cl™ splitting reported in Table
VII. The spin-orbit contribution to the !+ state would
almost be zero. Sine the bond lengths of *Il,, 3II,, and
3HO_ are not affected much by spin-orbit interaction, the

crossings of the components with !=* will not be shifted
much due to the spin-orbit term.

Next, we compare the Ar-Clt collision with Ne-F*
and Kr-Br* collisions. The potential-energy surfaces of
the ArCl™" ion resemble those of NeF* calculated earlier
by Hotokka et al.;'* however, there are many differences.
First, the *IL ground state for ArCl™ is bound in compar-
ison to a repulsive *IT curve for NeF*. This could be in
part because we carry out CI calculations following
CASSCF while Hotokka et al.'* carry out CASSCF only
but employ a slightly larger active space by including one
more 7 orbital. The '=* state of ArCl* appears to be
more strongly bound than that of NeF*. As noted be-
fore, the crossing of the 31 and 33~ surfaces with the
bound '=* surface occurs at a somewhat larger distance
for ArCl* in comparison to NeF*. This combined with
the fact that the '=* and *II states of ArCl* have deeper
wells would imply that the lifetime of ArClt should be
larger than that of NeF ™.

While there is some resemblance between the
potential-energy surfaces of ArCl* and KrBr* pairs in
the absence of spin-orbit interaction, the spin-orbit effects
are much larger for KrBr*. Further, there are many
avoided crossings when the spin-orbit term is introduced
which change the shapes of the potential-energy surfaces
substantially for KrBr*. The '2+(0%) state of KrBr™ is
not as strongly bound as the corresponding state of
ArCl* or NeF*. The spin-orbit interaction also reduces
the D, in KrBr*. The experimental D, of the KrBr™* ion

3209

is about 1.5 eV. The main difference between the heavier
species such as KrBr* and the lighter species is the
dramatically larger spin-orbit effects in heavier species
which influence the shapes of the potential-energy sur-
faces and curve crossings.

V. CONCLUSION

In this investigation the energy transfers in Ar-Cl* col-
lisions were studied through a Landau-Zener model. The
potential-energy surfaces of all the electronic states which
dissociate into Ar('S)+CI*(*P), Ar('S) + C1*('D) and
some of the electronic states which dissociate into
Ar*(?P) + CI(?P) asymptotes were obtained using a
CASSCF-FOCI scheme. These calculations reveal the
existence of three bound electronic states (IT,'S+ 'TI).
The D, value of the !=* state which dissociates into
Ar('S) + C1*(!D) is calculated to be 1.81 eV at the
CASSCF-FOCI level of theory. The 32~ and *II curves
cross the '3+ bound curve at distances larger than R, of
IS+, The crossing of 33~ with '3+ curve occurs at a
larger distance than the corresponding crossing of Il
with '+, It is predicted that ArCl* should be long
lived. The Mulliken populational analysis reveals that
the positive charge is more localized on Cl for I and
3%~ states while it is equally shared between Ar and Cl
atoms for the 'S+ state and somewhat less for the 'II
state. The calculated dipole moment of the '3+ state is
considerably smaller than that for the 311 state.
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