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The two lowest electronic states of NaQ, have been studied using ab initio methods, including RHF SCF, CISD, Davidson-
corrected CISD, UHF SCF, UMP2-UMP4, CASSCF, and CISD based on CASSCF natural orbitals, with basis scts ranging in
quality from Na(11s7p/7s5p), O(9s5p1d/5s3pld) to Na(13s10p2d1f/7s6p2d1f),0(11s7p2d1f/6s4p2dlf}, i.e. from TZ+d 10
TZ2P+f+R. Total and relative energies, geometries, vibrational frequencies, and dipole moments of stationary points on the
% 2A, and A ?B, surfaces have been determined. A Cs, minimum is proposed for X ?A, NaQ, with r,(0-0)=1.335 and r.(Na-
0)=2.10 A. The analogous structure for the A 2B, state is predicted to have 7.{0-0)=1.34 and r.(Na-0)=2.13 A with an
adiabatic excitation energy of 7,=8.5 kcal mol~', Linear, 2I1 NaOO, which correlates to the 2A, and ?B, minima via C, transition
states, is predicted 1o be a shallow minimum lying 17 kcal mol~! above the X 2A, structure but with a barrier to rearrangement of
less than 1 keal mol—. The dissociation energy of the ground state of NaQ, is deduced to0 be Do=38 kcal mol~', a value substan-

tially lower than recent experimental estimates,

1. Introduction

Alkali-metal superoxide radicals (MO,) play im-
portant roles in the chemistry of the mesosphere
[1,2] and the combustion of alkali metals in oxygen-
rich flames [3,4]. Allen and co-workers [5] have
previously reported the results of a comprehensive
ab initio quantum chemical study of the two lowest
electronic states of LiO,, including total and relative
energies, geometric structures, and spectroscopic data
for stationary points on both surfaces, as well as the
dissociation energy Dy(Li-O,) of the ground state.
A major portion of the investigation comprised the
design of a solution to the problem of spatial sym-
metry breaking in the Hartree-Fock wavefunctions
for alkali-metal superoxides. In this paper the the-

oretical approach developed for LiO, is applied to
the study of the two lowest states of NaQ,.
Matrix-isolation infrared [6], Raman [7], and
ESR [8,9] spectroscopic studies have established that
NaQ, in its ground electronic state has an ionic
(Na* Oy ) structure of C,, symmetry, for which fun-
damental vibrational frequencies and approximate
bond lengths have been obtained (vide infra table
1). Plane et al. [10] have determined ab initio ge-
ometries and frequencies using UHF wavefunctions
and the 6-31G and 6-311G basis sets. These results
could be improved by the inclusion of polarization
and diffuse functions in the basis set, and symmetry
breaking in the UHF wavefunction invalidates [5]
the Na-O antisymmetric stretching frequencies pre-
dicted therein. Marshall et al. [11] have reported a
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6-31+G* UMP2 structure for NaO, with an O-O
distance of 1.39 A and an Na-O distance of 2.16 A,
both of which exceed the experimental estimates by
~0.06 A, as expected from an analysis of similar re-
sults for LiO, [5]. Much of the recent experimental
and theoretical work [4,10-14] on NaQ, has fo-
cused on the Na-O, dissociation energy, for which
there is still much disagreement (as summarized in
table VIII of ref. [12]). In the most recent report,
a high-temperature flame result of 58.1(19) kcal
mol~! has been given by Steinberg and Schofield
[13], consistent with two independent experimental
bounds of Dy(Na-0O,)>48 kcal mol~! [10] and
Dy(Na-0,) > 55 kcal mol~—' [11]. In contrast, ab in-
itio work appurtenant to these experimental inves-
tigations has provided Dy(Na-O,) values of 44 kcal
mol~—! (UMP4/6-311G//UHF/6-311G) [10] and
36 kcal mol~! (UMP2/6-31+G*) [11]. Finally,
Schleyer [14] has obtained theoretical results at the
6-3114+G* QCISD(T) level which yield Dy(Na-
0,) =33 kcal mol~".

The highest occupied molecular orbitals of NaO,
are essentially the in-plane (b,) and out-of-plane (a,)
7* orbitals of the O7 ion, the degeneracy of these
orbitals being removed by the presence of the so-
dium cation. Thus, the two lowest-lying electronic
states of NaO, and X %A, and A 2B, with the re-
spective  electronic  configurations (core)?
(4b,)2(1a,)" and (core)?(4b,)'(1a,)> The %A, and
?B, states become *A” and 2A’, respectively, in C
symmetry, and for linear NaOO geometries they cor-
relate to the two components of a C.,, 2I1 state. Few
investigations have attempted to elucidate features
of these potential energy surfaces other than the A,
minimum. In his semiemprical study of NaO,, Alex-
ander [15] predicted that the 2A” surface is quite
flat with respect to changes in the Na-O-O angle near
linear geometries and that the 2IT state lies 19 kcal
mol~! above the A, minimum. As for the ?B, state,
Rajasekhar et al. [2] recently predicted the A, —2B,
vertical transition energy to be 8.8 kcal mol~! at the
6-31G UHF level.

In summary, more rigorous and comprehensive
theoretical results are needed to map out the general
features of the potential energy surfaces of the two
lowest electronic states of NaO, and, in particular,
to establish the dissociation energy of NaO,. In this
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letter we report on our recent investigations toward
this goal.

2. Theoretical methods

Most electronic energies in this study were deter-
mined using the Hartree-Fock self-consistent-field
(RHF SCF) technique [16] to obtain reference
wavefunctions followed by the configuration inter-
action singles and doubles (CISD) method [17] to
treat electron correlation. The sodium and oxygen
1s-like occupied orbitals and their virtual counter-
parts (three occupied and three virtual orbitals for
NaQ,) were excluded in the CISD procedures, which
otherwise included all single and double excitations
in the Hartree—Fock interacting space. The sodium
2s and2p orbitals were not frozen in the CI wave-
functions, in part because Langhoff et al. [18] have
found that correlating the n=2 shell of Na signifi-
cantly shortens the computed bond length for the di-
atomic molecule NaO. In some cases, designated
CISD+Q, the Davidson correction [9] was ap-
pended to the CISD energy to estimate the unlinked
cluster contribution from quadruple excitations. Fi-
nal results for relative energies were obtained using
unrestricted Hartree~Fock (UHF) SCF reference
wavefunctions [20] and Moller-Plesset perturba-
tion theory through fourth order (UMP2, UMP3,
and UMP4(SDTQ)) [21-23], the 1s core and vir-
tual orbitals frozen as before. While spin contami-
nation is not a major concern for the species studied
here, the spin-projected counterparts to the UMP#n
energies, denoted as PUMPn#, are also reported [24].
In the cases labeled UMPco, the exact correlation
energy (E.) within a given one-particle basis set
was estimated by extrapolating the UMP series ac-
cording to the formula [25,26]

E,+E,

Eeorr= 1—E4/E2 s

(1)
where E, represents the nth-order correction to the
electronic energy. All UHF, UMP, and PUMP re-
sults were obtained with the GAUSSIANSS suite of
programs [27].

As discussed previously [5], single-configuration
SCF wavefunctions for alkali-metal superoxides are
prone to symmetry breaking. Reference wavefunc-
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tions which do not suffer from this deficiency were
constructed using the complete-active-space multi-
configuration SCF method (CASSCF) [28] as coded
in a version of the Cambridge Analytic Derivatives
Package (CADPAC) [29] which implements the
wavefunction optimization algorithm of Werner and
Knowles [30,31]. The wavefunctions labeled
CASSCF-r for 2A, NaQ, involved three electrons in
an active space comprised of four out-of-plane 7 or-
bitals (la,, 2b,, 2a,, and 3b,), a procedure which
was selected to solve the symmetry breaking prob-
lem with minimal complexity rather than to treat
electron correlation extensively. Because the SCF
reference configuration is dominant in these
CASSCF-r wavefunctions, dynamical electron cor-
relation is incorporated conveniently via a single-ref-
erence CI treatment based on CASSCF-x natural or-
bitals [5], a method denoted here as CISD-m.
Geometric structures and harmonic vibrational fre-
quencies at the various levels of theory were found
using either analytic derivative or finite difference
methods [32,33]. In all cases the uncertainties in the
optimum geometries and harmonic vibrational fre-

quencies were less than 10-° A and 0.1 ecm~},

respectively.

Four one-particle Gaussian basis sets, designated
TZ+d, TZP, TZ2P+R, and TZ2P+f+R, were em-
ployed in this study. The TZ+d basis isa Na(11s7p/
7s5p) and O(9s5p1d/5s3pld) set. The oxygen por-
tion of this basis is identical to that used previously
for LiO, [5] and is comprised of the Huzinaga-
Dunning (9s5p/5s3p) set [34,35] augmented with
a single set of Cartesian d-type polarization func-
tions with exponent aq(Q) =0.80 [36]. The core of
the sodium basis was assembled from Huzinaga’s 11s
and Sp primitive sets [37] contracted in (5111111)
and (311) schemes, respectively. The sodium 3p
subshell is not well described by the p functions in
this basis because they were optimized for the *S state
of the Na atom. Hence, two sets of p functions were
added with exponents a,(Na)=0.104631 and
0.030126, values optimized for the Na ?P state at the
RHF level. The TZP basis was constructed from the
TZ+d set by appending to sodium a single set of
Cartesian d-type functions with orbital exponent
oy(Na)=0.20, as optimized with the RHF method
for the 2A,; state of NaO, at the TZ+d SCF geom-
etry. The TZ2P+R st is a Na(13s10p2d/7s6p2d)
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and O(11s7p2d/6s4p2d) basis derived from the
Na(12s9p/6s5p) set of McLean and Chandier [38]
and the O(10s6p/5s3p) set of Dunning [39], both
of which are contractions of Huzinaga’s primitives
[34,37]. To each of these contracted sets, single sets
of diffuse s and p functions with o;(O)=0.0846,
a,(0)=0.0565, a,(Na)=0.0101, and ay(Na)
=0.0057 were added in an even-tempered manner,
these being designated as R, or Rydberg, functions.
The sets of d-type polarization functions in the
TZ2P+R basis involved the exponents a4(0)=1.35
and 0.45 [40] and ay(Na)=0.4 and 0.1, the latter
values arising by doubling and halving the corre-
sponding exponent in the TZP basis [41,42]. Fi-
nally, the largest basis used in this study,
TZ2P+f+R, was constructed from the TZ2P+R set
by appending a set of f functions to each atom with
a;(0)=1.40 [43] and &;;(Na)=0.0854 [18]. In all
cases here the scts of d-type functions involved six
Cartesian Gaussian components, whereas the sets of
f-type functions were comprised of the seven true
spherical harmonics alone.

3. Results and discussion

Theoretical results for the total energy, internu-
clear distances, harmonic vibrational frequencies,
and dipole moment of X 2A, NaO, are listed in table
1. The ionic nature of NaO, is apparent not only from
the large values of the dipole moment, but also from
the minuscule differences in the TZ+d and TZP re-
sults, i.e. the insensitivity of the predictions to the
addition of a set of d-type polarization functions to
the cationic sodium center. The data in table 1 are
also consistent with the assertion that the O-O bond
length in NaO, is near the 1.335 A value proposed
previously for LiO, [5] and with the observation that
the experimental fundamental frequency », (the O-
O stretch) is nearly identical in LiO, (1097 cm™")
[43] and NaO, (1094 cm ') [7]. The data encap-
sulated in table 2 highlight these comparisons fur-
ther and reveal the structural similarities between the
free O; ion and the superoxide moiety in the MO,
species. The trends in »,(0-0) and the O-O stretch-
ing frequency in going from 07 to LiO, have been
discussed fully in our previous work [5]. The one
consistent variation in table 2 for LiQ, vis-4-vis NaO,
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The total energy, internuclear distances, harmonic vibrational frequencies, and dipole moment of X A, NaO, at various levels of theory *)

Method Total energy 7.(Na-Q) r.(0-0) w(a,) w;(a;) w,(by) M
TZ+d RHF —311.504032 2.1219 1.2976 1456 442 2920 §.64
TZP RHF -311.507359 2.1205 1.2973 1456 444 296 ® 8.41
TZ2P+R RHF -311.532518 2.1162 1.2872 1435 439 308 8.40
TZ+d CASSCF-n @ —~311.532905 2.1233 1.3086 1414 443 362 -
TZ+d CISD —311.982071 2.1394 1.3401 1281 434 c) 8.55
TZP CISD —311.987882 2.1362 1.3401 1280 437 c) 8.28
TZ2P+R CISD =312.046727 2.1273 1.3258 1258 434 c) 8.32
TZ+d CISDn ¥ -311.981774 2.1393 1.33%96 1284 434 364 -
6-311G UHF - 2.14 1.34 1281 439 275® 8.81
6-31G UHF - 2.13 1.35 1232 445 2441 6.44
6-31+G*MP2 D - 2.16 1.39 - - - -
experiment & - 2.07 1.33 1094 391 333 -
experiment ™ - 2.1 1.33 - - - -
® Units: energy in hartree, bond distances {r.) in A, frequencies ;) in cm~", and dipole moment (%) in D.
®) These values are expected to be anomalously small due to symmetry breaking phenomena. See text and ref. [5].
) Unphysical vibrational frequency due to symmetry breaking in reference wavefunction.
9} Active space for reference wavefunction: three electrons in four orbitals (two a, and two b, ).
® Refs. [10,12]. P Ref. [11]. # Refs. [6,7]. ™ Ref. [8].
Table 2
Comparison of O-0O bond lengths and bond stretching vibrational frequencies of O, LiO; and NaQ,
Method Oz LiO, NaO,

r.(0-0) 0% r.(0-0} wi(ar) r.(0-0) wi(a)
TZ+d RHF 1.2995 1460 1.2944 1455 1.2976 1456
TZ+d CASSCFx 1.3089 1425 1.3064 1408 1.3086 1414
TZ+d CISD 1.3466 1265 1.3412 1260 1.3401 1281
TZ+d CISD- - - 1.3405 1263 1.3396 1284
proposed values 1.341» 1089 © 1.335 - 1.335 -

» 05 and LiO, data from ref. [5]; NaO; data from this work. Units: bond lengths (r.) in A and frequencies in cm~,

I Ref. [44]. © See footnotes to tables 4 and 5 in ref. [5].

is the shift of w, toward slightly higher values, which
is at variance with previous rationalizations based
on the Rittner ionic mode] [45] but in accord with
a view of enhanced charge transfer from the n* or-
bital of O; to the metal atom M as the size of M in-
creases [5].

The current predictions for the Na-Q distance in
table 1 lie in the range 2.12-2.14 A, but these values
are expected to be too large due to basis set defi-
ciencies, as found previously for LiO, [5]. Im-
proved theoretical estimates for the Na~-O distance
can be obtained by comparing the NaQ, data with
the corresponding theoretical bond lengths appear-

ing in table 3 for diatomic NaO. Note that the the-
oretical ratio .o,/ N0 1S quite insensitive to basis
set and electron correlation, a final value of 1.032 at
the TZ2P+R CISD level being accepted here. The
most reliable value for the true bond distance in NaO
is the 2.033 A theoretical prediction of Langhoff et
al. [18] using a large atomic natural orbital basis and
multireference configuration interaction wavefunc-
tions. By multiplying our final ry,0,/"nao ratio by
the bond distance of LanghofT et al., a prediction of
r.(Na-Q)=2.098 A is obtained for NaQ,. Thus, we
propose 2.10 A as the Na~O distance in the sodium
superoxide radical. Accordingly, the TZ+d CISD
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The total energy, bond length, and harmonic vibrational frequency of X 2IT NaO at various levels of theory ®

Method Total energy r.(Na-0) W, Fne0z/ Theo w,(NaQ,) /w, (NaQ)
TZ+dRHF —236.666072 2.0461 515 1.037 0.858

TZP RHF —236.670192 2.0460 518 1.036 0.857

TZ2P+R RHF —236.689882 2.0478 511 1.033 0.859

TZ+dCISD® —236.955749 2.0620 500 1.038 0.868

TZ2P+R CISD® -236.999223 2.0606 498 1.032 0.871

ANOMRCI @ - 2.033 490 - -

*) Units: energy in hartree, bond lengths in A, and frequencies in cm~'. The NaQ, data used for comparison are from table 1.
b) See text, two core and two virtual SCF orbitals frozen in CISD procedure.
°) Atomic natural orbital multireference configuration interaction results taken from ref. [18]. The ANO basis may be characterized as

Na(20s14p6d2f/7s6pdd2f) and O(13s9p6daf/5s5p2dif).

r.(Na-O) distance of 2.1394 A is approximately 0.04
A too long, an overestimation which compares fa-
vorably to the analogous error of 0.03 A deduced for
LiO, [5].

Andrews [6] has analyzed the infrared spectrum
of matrix-isolated NaQ, to find an approximate Na~
O bond length. First, an O-O length of 1.33 A was
taken from the X-ray diffraction result of 1,.33£0.06
A [46], and subsequently 7.(Na-0)=2.07 A was
found using product rule calculations based on a har-
monic force field analysis of the observed funda-
mentals. Similarly, Adrian et al. [8] have extracted
the equilibrium Na-O distance from the ESR spec-
trum of matrix-isolated NaQ,. They also assumed
r.(0-0) =1.33 A and calculated Na hyperfine struc-
ture splittings for several Na-O distances, finding the
best match between observed and calculated split-
tings for 7,(Na-0O)=2.1 A. Considering the uncer-
tainty of these experimental estimatcs, good agree-
ment is found with the structure proposed here, viz.
r.(0-0)=1.335 A and r,(Na-0)=2.10 A.

The effect of basis set deficiencies in describing in-
terionic interactions in NaQ, must also be consid-
ered in the prediction of the Na-O stretching fre-
quencies, Once again comparisons with results for
diatomic NaQ are advantageous; nota bene, the con-
stancy of w,(NaO,;)/w.(NaO) ratio in table 3.
However, the ¢, values for NaO at the TZ2P+R
CISD and ANO MR ClI levels differ by only 8§ cm~!,
and thus for NaQ, the TZ2P+R CISD w,(a,) =434
em~! prediction in table 1 is seen to be quite ac-
curate without further corrections. Anharmonic con-
tributions of the order of 5 cm~' and matrix shifts
perhaps as large as 40 cm—! [5] are likely sources for
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much of the remaining disparity with the experi-
mental value of 391 cm~". For w, (b,), all values de-
termined at the RHF and UHF levels are expected
to be anomalously small and methodologically de-
fective, as suggested in table 1, because the onset of
spatial symmetry breaking in the electronic orbitals
of these wavefunctions leads to an irremovable sin-
gularity in the quadratic force constant for antisym-
metric Na-O stretching at nearby geometries in which
the O-0 distance is slightly elongated. This phenom-
enon has been fully analyzed in the case of LiO, by
Allen et al. [5]. In contrast, the CASSCF-r and
CISD-n methods are designed to avert the symme-
try-breaking dilemma, and the w; predictions of 362
and 364 cm~", respectively, are in good agreement
with the experimental fundamental, especially if ef-
fects due to anharmonicity and matrix shifts are con-
sidered. It is thus worthwhile to report the TZ+d
CISD- quadratic force constants of X 2A; NaO, (in
mdyn A-!) as F,,=7.759, Fs,= —0.078, F1,=0.826,
and F;;=1.098, relative to the internal coordinates
S5,=R(0-0), 8;=2""2[r(Na-0)+r'(Na-0)],
and S3=2""2[r(Na-0) —r’(Na-0O) ). The analysis
of the experimental fundamentals of matrix-isolated
NaOQ, by Andrews [6] provided similar values for
the Na-O stretching constants, in particular,
F,,=0.68 and F;;=0.92 mdyn A~".

Theoretical data for the A 2B, state are found in
table 4. Compared to analogous values for the A,
state, the Na-O distance is 0.03-0.04 A longer, the
symmetric Na-O stretching frequency is reduced by
30-40 cm™!, the O-0 distance is longer by less than
0.005 A, and the O-O stretching frequency is low-
ered by less than 10 cm~". Similar effects are found
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The total energy, internuclear distances, harmonic vibrational frequencies, and dipole moment of A 2B, NaQ, at various levels of theory

Method Total energy r.(Na-0) r.(0-0) w(a;) wy(a)) ws3(by) u

TZ+d RHF -311.489800 2.1612 1.3009 1450 407 114® 8.91
TZP RHF —311.492955 2.1595 1.3006 1448 407 126 8.67
TZ+d CISD —-311.967429 2,1659 1.3442 1274 403 c) 8.80

*) Units: energy in hartree, bond distances (r,) in A, frequencies (w;) in cm~!, and dipole moment () in D.
") As in the case of the X 2A, state, these values are expected to be anomalously small due to symmetry breaking phenomena. See text

and ref. [S].

) Unphysical vibrational frequency due to symmetry breaking in reference wavefunction.

for LiO; [5]. These trends are accounted for by the
decrease in the electrostatic interaction of the Na*
and O3 ions when the extra electron in O moves
from an in-plane n* orbital (A, state) to an out-of-
plane n* orbital (°B, state). In NaO,, however, the
difference between the 2B, and 2A, metal-oxygen
bond lengths is approximately half as large as in LiO,,
indicative of a smaller *B,-?A, energy separation in
NaQ,. Based on the geometric structure recom-
mended above for X 2A, NaO, and comparisons of
the data in tables 1 and 4, the final structural pre-
dictions which arise for A?B, NaQ, are r.{(O-
0)=1.34 A and r(Na-0)=2.13 A.

Table 5 lists theoretical values of the X 2A,» A 2B,
adiabatic excitation energy. The highest quality re-
sult therein is 8.5 kcal mol~!, the difference in
TZ2P+R CISD +Q energies evaluated at the TZ+d
CISD geometries. For comparison, Rajasekhar et al.

Table 5
Energies (in kcal mol~") of the 2B, and II states relative to X 2A,
NaO;.

Method * B, 1

TZ+d RHF 8.9 9.4
TZP RHF 9.0 9.4
TZ2P+R RHF 8.5 9.3
TZ+d CISD 9.2 16.4
TZP CISD - 16.8
TZ2P+R CISD//TZ+d CISD 8.6 15.7
TZ2P+R CISD+Q//TZ+d CISD 8.5 16.5

*) The notation *method 1//method 2” indicates that method 1
was applied at the optimum geometry of method 2. Zero-point
vibrational corrections are not included. Refer to table 1 for
the absolute energies of X 2A, NaO, at its equilibrium, C,, ge-
ometry. Final predictions for the 2[1-2A; separation appear in
table 8.

[2] recently found a 2A,—?B, vertical excitation en-
ergy of 8.8 kcal mol~! at the UHF level using a sig-
nificantly smaller basis set. The small differential
correlation energy in the NaQ, results is also char-
acteristic of LiO, [5] and is consistent with the ionic
model of bonding between the metal ion and O3 .
Our B,-°A, energy splitting of ~8.5 kcal/mol is sig-
nificantly smaller than the value of 7,=16.6 kcal
mol~! for LiOQ, [5], in agreement with the results of
Lindsay et al. [9,47], who measured the ESR spectra
of matrix-isolated alkali-metal superoxides and con-
cluded that the separation of the highest occupied b,
and a, molecular orbitals decreases monotonically
through the series LiO,—-RbO,. In fact, the ESR data
suggest that the 2B, state is actually lower in energy
than the 2A,; state in the case of CsO,.

Other features of the NaO, X %A, and A ?B, po-
tential energy hypersurfaces are found in tables 5-7.
The %A, and 2B, states correlate, via A” and 2A’ in-
termediate states, respectively, to the two compo-
nents of a °I1 state at linear Na—O-0O geometries. This
’[1 state is a minimum on both surfaces at the RHF
and CISD levels of theory, with Na-O and O-O bond
lengths which arc shorter than those in the 2A, state
by 0.166 and 0.025 A, respectively, at the TZP CISD
level (cf. tables 1 and 6). The analogous shifts in
bond lengths for LiO, are very similar, in particular,
0.160 and 0.026 A [5]. Note that the contraction of
the O-O distance and the increase in the O-O
stretching frequency for the Il state is only re-
covered using correlated levels of theory, indicating
a large differential correlation energy effect between
the 2A, and °I1 states. Consequently, the 2II-2A, en-
ergy difference in tables 5 is very sensitive to the in-
clusion of electron correlation. The best result therein,
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The total energy, internuclear distances, harmonic vibrational frequencies, and dipole moment of 2IT NaOQ, at various levels of theory ®

Method Total energy r.(Na-Q) r.(0-0) ®,(6) w,(6) Wy (1) ¥ Wy (M) Y

TZ+d RHF —311.489075 1.9585 1.3080 1330 450 77 70 0.69
TZP RHF —311.492303 1.9546 1.3078 1327 452 92 74 9.51
TZ2P+R RHF —311.517698 1.9576 1,2956 1308 443 72 60 5.66
TZ+d CISD —311.955948 1.9771 1.3158 1353 438 58 56 10.07
TZP CISD —311.961034 1.9699 1.3152 - - - - 9.86

») Units: energy in hartree, bond distances (r.) in A, frequencies () incm™, and dipole moment (g) in D.
®) The degeneracy of the bending frequencies is removed due to the Renner-Teller effect [48]. Upon Na—O-O bending along the e,
and w;, modes, the 2[1 state correlates to the X 2A, and A 2B, surfaces, respectively.

Table 7

Total energies, geometric structures, and vibrational energies of
transition states on the X 2A” and A A’ surfaces of NaO, at the
TZ+d CISD level of theory ®

X?A" (A;) A%’ (°By)
energy —311.955808 —311.955598
r.(Na-0) 1.9997 2.0130
r.(0-0) 1.3185 1.3225
6 (Na-0-0) 155.4 138.3
o,(2') 1339 1322
wy(a') 432 445
w;(a') 77 66i

a) Units: energy in hartree, bond distances (r.) in A, bond angles
(6) in deg, and frequencies (c,) incm™".

16.5 kecal mol ! at the TZ2P+R CISD+Q//TZ+d
CISD level of theory, is within | kcal mol~! of the
final value proposed below.

The small vibrational frequencies of the I1 bend-
ing modes, ~ 60 cm~"' at the TZ+d CISD level, sug-
gest that the 2I1 state is only a shallow minimum. This
expectation is confirmed by the transition states lo-
cated on the X 2A”(?A;) and A 2A”(?B,) surfaces at
the TZ+d CISD level of theory (table 7) for Na-O-
O angles of 155° and 138°, respectively. The cor-
responding barrier heights for the rearrangement of
linear Na-O-0 to a C,, structure are only 0.09 and
0.22 kcal/mol, respectively, on the X 2A” and A 2’
potential surfaces. Alexander’s [15] semiempirical
2A” surface essentially agrees with these ab initio re-
sults. In comparison, the respective TZP CISD *A”
and %A’ barrier heights for LiO, are 1.2 and 2.0 kcal
mol~!, the transition structures displaying Li-0-O
angles of 137° and 105°.

Table 8 details final theoretical data for the dis-
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sociation energy of NaQ, and the 2I1-2A, energy sep-
aration, all results being determined with the
TZ2P+f+R basis set in conjunction with Meller-
Plesset perturbation theory. While these predictions
are based on UHF reference wavefunctions, all spin
contaminations are reasonably small (see footnote ¢
to table 8), and the spin-projected results do not dif-
fer significantly from their unprojected counter-
parts. The effect of the ’[1-2A, differential correla-
tion energy on the corresponding energy separation
is quite apparent as AE is successively computed at
each order of perturbation theory. The UHF value
of 10.1 kcal mol~—"! rises to 19.3 kcal mol~! in second
order before falling off to 17.5 kcal mol~! at the
UMP4(SDTQ) level. The extrapolation estimate
denoted as UMPco in table 8 engenders a final pro-
posal of AE =17 kcal mol~'. Previous data for LiO,
{5] show that the *TI-2A, energy separation is quite
insensitive to the one-particle basis set; hence further
expansion of the basis is expected to have little effect
on the final AE predicted for NaQ..

The dissociation energy of NaQj, is one of the cen-
tral, unresolved questions pertaining to this mole-
cule [10-14]. From a theoretical perspective the
dissociation energy of an ionic species MX is best
determined using the equation

Dy(M-X)=E(M*+X")-E(MX, r.)
+A(ZPVE)—IP(M, expt) +EA(X, expt), (2)

because differential correlation energy effects are es-
sentially eliminated by dissociating to M+ +X~ and
then correcting the results with experimental values
for the 1onization potential (IP) of M and the elec-
tron affinity (EA) of X [5,49-51]. In table 8, dis-
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sociation energies obtained in this manner for both

. % Zé X 211 NaO and X ?A, NaO, are reported. Pertinent
-~ i‘ E experimental data are: IP(Na)=5.138 ¢V [52],
C".‘ g . FA(0)=1.462 eV [53)], and EA(O;)=0.440 eV
£ lomrmnnmorn -_% E [44]. The zero-point vibrational contributions,
SIXIILREERAR R A(ZPVE), to the dissociation energies are based on
= 2 v the experimental fundamental frequencies reported
) g ,|L in tables 1 and 2 for NaQ, and O; , respectively, and
Zé ) E 0 < the ANO MR CI w, value for NaO in table 3. The
5 § § ; g 5 5 E = B+ % near constancy of Do(Na-O) and Dy(Na-0,) is
E 5? :2) §tr1k1ng as the trea?;mem of .elcctron correlation 1s
|3 é Q & improved. The main errors in the UMPeo results
PR @ Z g (61.8 and 35.7 kcal mol~' for NaO and NaQ,, re-
'% 'E oM Q ‘?: § spectively) are thus expected to arise from remain-
s g |Szzgsenn z 5 % ing deficiencies in the TZ2P+f+R basis set. From
z S laga8e=2g8ay s s o 5 more extensive theoretical investigations of the bond
B R |saosmona Q@ Z © i . . .
Bl 122232338 z = 53 energies of LiO and NaQ by Langhoff, Bauschlicher
509 |222533a4 & 5 3 and Partridge [49,50] and previous work on the dis-
% é ;| '7; ;| :l’ '—'I‘ :I‘ :f 21 § f: E; 3 sociation energy of LiO, by Allen and co-\'vorkers [5].
sz |eazneonse T § 9 § a Dy correction of about +2 kcal mol~' is warranted
; :{ 5 § g} E g ﬁ E § go = %'g for incomplctf:ness of the TZ2P +f+R basis. There-
'fg § MY SIS SD 5 £ g g fore, the data in table 8 provide Dy(Na-0O) =64 kcal
sl Zlmmammmmm E g g9 mol~! and DO(Na—02)=§8 kcal mol~! as final re-
gl et & T Za sults, the former value being in excellent agreement
% g é g § E % g % é |8 g 3% with the most recent experiment_all determination of
5|5]e8888883 g 8 o _; Dy(Na-0)=63.6(10) kcal mol~' by Steinberg and
Bl 2 § 5 ﬁ 5 E E 5 E R e 8 Schofield [13]. ‘How.ev?r, for NaQ, these same au-
3 =<1 B é £ ¢ Z 8 thors report a dissociation energy of 58.1(19) kcal
g NL958IReR 1|8 % g 5 mol~! as found from high-temperature flame studies
:§ gadgzgga: % = ; 8 [13], this value being substantially higher than the
2l ldaccsaasa T:'. 5 £ Q 3 corresponding theoretical resuit determined here. In
S % :|’ % :: :; 'QI ::- 'Ll’ 2| 'é: 1. 5 2 our view the theoretical value (38 kcal mol~!) can-
= comeeens J[E o 25 not be more than a few kcal mol~! in error based on
& SREREESS 5§ £ |°N g previous experience [ 5,49,50 ] with the methods from
§| 0 |S2832353 Els 2%0= which it arises. Therefore, it appears that the dis-
v % 'El IEI "lf "l\: pl "lf pl K; g § ': § S 'é sociation energies obtained from flame studies in the
s PR - - B A early 1980s by Jensen [3] and Hynes et al. [4] hap-
.y S ¢ 2 28|45 0= pen to be more accurate than later revisions. In this
E ol% ' o2 REQ|E O E? S regard it is worth noting that as in the case of LiO
> g cT's's'sT g E g 3 3% and LiO,, the theoretical dissociation energies of NaO
- E s & OL;E @ and NaO, are in accord with Herm and Hersch-
_§ é] i g L % g bach’s [54] (see also ref. [15]) app_rox1matlon
g s s 8 g 2 i é ‘Q“ 3 g Dy(M-0,) = Dy(M-0)—1.0 ¢V, lending further
w £ - E‘ SRy 8 2 EEENE g credence to a bond energy for NaQO, near _40 keal
_-:: E e S § & § 55 s |8cdga e mol~' as a consequence of the recent experimental
i PRP2ARP&ADD &7 5§ TR results [13] for Dy(Na-0). If the Herm and

Herschbach estimate were to hold for the larger su-
peroxides, the dissociation energies of KO, and RbO,
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would also lie near 40 kcal mol~!, as indicated by
previous theoretical determinations of bond energies
for KO and RbO near 65 kcal mol~! [49]. Accord-
ingly, the experimental lower limit of 48 kcal mol~'
reported by Plane et al. [12] for Dy(K-0,) would
be subject to revision toward smaller values.
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