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The spectroscopy and thermodynamics of the atmospherically important(X&D) species are calculated

using high-level ab initio calculations, up to the RCCSD(T)/aug-cc-pV5Z level. The calculated dissociation
energy wadD, = 0.29 + 0.02 eV, which is to the low end of the range of values obtained from previous
experimental studies. This lower value for the dissociation energy of'N@® implications for experimental
values of the dissociation energy of NaO and the adiabatic ionization energy (AIE) of NaO. Further calculations
led to the dissociation energy of NaGX) being calculated aB, = 2.71 4 0.07 eV, with the AIE for the
NaO"(X3=~) — NaO(XII) ionization being calculated as 7.350.08 eV. The dissociation energy of NaO

is to the high end of previous experimental determinations but agrees very well with previous ab initio
calculations. The AIE is somewhat higher than the onset measured in a recent photoelectron experiment,
and this is discussed. In addition, a potential energy curve and dipole moment function foNaQ are
calculated at the RCCSD(T)/aug-cc-pVQZ level. From the potential energy curve, vibrational separations
and rotational energy levels were calculated, and from the calculated rovibrational levels, thermodynamic
guantities were derived. The low-energy region of the NatD(Xpotential energy curve is also calculated,
allowing the lowest energy levels to be obtained. From the vibrational wave functions of the neutral and
cationic states, FranekCondon factors were calculated for the first photoelectron band, which corresponds
to the NaO(X3Z") < NaO(XII) ionization. The role of Na® in atmospheric chemistry is discussed as

well as the implications the present results have on a recently suggested model for the formation of sporadic
sodium layers. It is noted that théastate of NaQ will be metastable and so may have a role in atmospheric
chemistry.

I. Introduction seems to be a correlation with the formation of sporadic sodium
layers and sporadic electron layers, the rate of radiative
recombination is too slow for it to link the two phenomena
directly8° The model involves the formation of Naia charge
%ransfer from NGO and Q' and its subsequent clustering to
orm Na'N,. The rate of production of neutral Na from
dissociative neutralization with an electron is too high if this is
the only cluster involved. It has been hypothesized that an O
atom reacts with the NaN, complex and leads to NaQwhich
further reacts with an O atom to form Na- 0.6 Na™N, can
ligand switch with CQ, which can then also undergo dissocia-
tive neutralization with an electron. It is the destruction of
Na™N, by O, leading to Na®, that brings the calculated rate
of neutral Na production in line with observations. The
experiments in ref 6 showed that O could ligand switch with
Na™N, but not with Na-CO,, which was taken to infer that
YDo(Na™*N,) = Do(NaO") = Do(Na™~COy), giving 0.35 eV<
Do(NaO") < 0.69 eV, where the values for the dissociation
energies of the complexes were taken from ref 10.

NaO" has also been invoked to explain the luminosity of
enduring meteor trailst some of which can exist for some
considerable timé?

The alkali-metal oxide molecules are of great importance in
atmospheric chemistyenergy technologyflame chemistry,
and chemical lasers. The cations of these species have,
however, not been considered to a large extent, despite the fac
that, owing to their low ionization energies, the cations will
certainly be present in flames, plasmas, and the atmosphere
Indeed, Browh summarized the information known about the
(calculated) distribution in the Earth’'s atmosphere of Na@hs
in 1973: this indicated that there was a peak in the distribution
of NaO" at ca. 90 km, followed by a dip at ca. 75 km, with a
rising abundance to lower heights. This distribution was
different from the NaO and NaQlistributions, suggesting that
the cations did not arise simply via photoionization; the dip at
ca. 75 km is close to a similar dip in the Nalistribution,
suggesting that perhaps these two ionic species are linked. Ver
recently, Cox and Plafidave implicated Na®in the formation
of sporadic sodium layers. This latter inference is part of a
wider suggestion that NaX molecular complexes are respon-
sible, at least in part, for the formation of these sporadic sodium
layers’® This suggestion has arisen since, although there
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studies by Wright et a® of 0.604 0.31 eV. The latter value  in spherical symmetry3pP). Consequently, there are three

was deduced using By value for the neutral of 2.56 0.21 distinct dissociation energies:

eV (ref 13) and the measured adiabatic ionization energy (AIE)

of NaO(XII) of 7.1 &+ 0.1 eV (which was the onset of the Dy(1) = E[(NaO"); 908 — Ee(NaO+)eqm
first photoelectron band), but there are larger estimates for

Do[NaO(X?IT)] from experimental studies of 2.9% 0.13 e\t6 D4(2) = D4(1) + BSSE,,

and theoretical studies, 2.88 eV (CISD lev€l)Taking an

encompassing value of 28 0.2 eV for these would yield a

value forDg[NaO"(X3=")] of 0.9 4 0.3 eV. On the other hand,

Lee et al*® calculateDo[NaO(XI1)] to be 2.43 eV, at the CISD e e

level of theory, including the Davidson correction for quadruple BSSE(O)= EJO(Z )] — EJO(CZ )(Na)G]eqm

excitations, which would yield[NaO"(X3Z)] = 0.5+ 0.1

eV, where the possible error in the theoretical studies has beerwhere “eqm” implies the equilibrium separation,*®() implies

disregarded, and it has been assumed that the AIE from ref 15a calculation performed on O in cylindrical symmetry, and ()

is correct. (It is possible that the AIE of ref 15 is an implies a ghost center

underestimate, since the NaO produced in that work may have

been internally excited.) Thus, the dissociation energies of both D(3) = Dy(2) + AEJO(*P) — O(27)]

the ground-state neutral and cation are not yet well established,

owing to the large errors and disparity of the experimental Where O¢P) implies that spherical symmetry is used.

values. Calculations at the CISD level were performed, both with
It was the initial aim of the present work to employ high- (+Q) and without the Davidson correction for quadruple

level ab initio calculations in the calculation of the dissociation €xcitations. For the CISD calculations, the use of the super-

energy of NaO(X3%") and also to calculate an accurate Molecule approach [the procedure for calculatidgl)] and

potential energy curve, from which rovibronic energy levels can the use of the Davidson correction help to correct for the lack

be calculated. (The ground electronic state of Na@s been  Of size consistency within this level of theory. In summary,

shown to bé~ by Wright et al. as part of their photoelectron  therefore,D¢(1) is the dissociation energy obtained using the

and ab initio study of the alkali-metal oxid&y. From the  supermolecule approade(2) is D¢(1) but corrected for BSSE,

calculated rovibrational energies, simple statistical mechanics 2andDe(3) is De(2) corrected to the “real” spherically symmetric

may then be employed to calculate the enthalpy, entropy, anddissociation products.

BSSE,, = BSSE(N4) + BSSE(O)

free energy of reaction for the process Two basis sets were used in these calculations:
Basis 1 is the TZV basis set from ref 20, augmented with a
NaO*(X3Z’) —~N a+(1S) + O(3P) 1) set of diffuse s and p functions Na [exponents 0.008 (s) and

0.00543 (p)] and O [exponent 0.0845 (s and p)] and a set of
three d and two f polarization functions Na [exponents 2.88,

and, consequently, the equilibrium constant. As it turns out, 0.72, and 0.18 (d): 1.2 and 0.35 ()] and O [exponents 3.0, 1.0,

the calculated value fdd[NaO"(X3Z7)] has consequences for

B o and 0.3333 (d); 2.0 and 0.67 (f)].
the dissociation energy of NaOfK) and the AIE. Conse- . ! .
quently, further calculations were performed to calculate Basis 2 is where the standard aug-cc-pvQZ basis set was

> PN used for O; for Na, the basis set is identical to a aug-cc-pVQZ
DNaO(XIT)] and the AIE [NaG(X°=") ~— NaO(¥II)]. basis set for neutral Na but has been optimized for;Niehas

been described in detail in ref 21. Basically it is derived from
the Na 27s20p basis set of Huzinaga, with the six most diffuse
(a) NaO*(X3="). (i) Dissociation Energies, D SERHF and s and p functions discarded. In the derivation of this basis set,
CISD Calculations A number of theoretical methods were a Hartree-Fock calculation was performed on Nérom this,
employed to calculate the dissociation energy of Na@irst, the 18 tightest expansion coefficients for the 1s orbital were
it is important to note that when Na@X3X") is at its kept as 1 contraction, all the 21 expansion coefficients were
equilibrium bond length, it is essentially N@ and that at long kept for the 2s orbital, and all the 14 expansion coefficients
bond lengths it is N&:--O, in cylindrical symmetry, whereas  were kept for the 2p orbital. These three contracted basis

Il. Theoretical Methods

at an infinite separation, the atoms aspherical entities. functions were augmented with five uncontracted sp functions
Consequently, it is necessary to consider these points for the(exponents 4.5, 1.9565, 0.8507, 0.3699, and 0.1608), four d
calculation of the dissociation energy. functions (exponents 1.85, 0.6852, 0.2538, and 0.093 99), and

The first set of calculations, using GAMESS-URused the three f functions (exponents 1.2, 0.4, and 0.1333). Note that
CISD method employing symmetry-equivalent restricted Har- the augmentation functions used here for Mae slightly more
tree—Fock (SERHF) wave functions. (Note that in the SERHF tight than those used in ref 21; this was because a linear
and CISD calculations, the correct wave function is used in all dependence in those basis functions was found, probably owing
cases, with the spherical O wave function being tréByin to the use of Cartesian d and f functions, as necessitated by the
character.) These were performed as follows: first, the use of the GAMESS-UK program here. (For all other calcula-
geometry was optimized at the CISD level, and the total energy tions reported here, spherical harmonics were employed.)
at the equilibrium geometry calculated using the SERHF and UMP2, UQCISD, and UQCISD(T) Calculationst was then
CISD approaches; second, the energy of the-N® (¢7) decided to attempt other calculations, where the O wave function
system at 100 A was calculated for each method to give the is symmetry broken, but the methods are size consistent. The
energy of the system at (effectively) infinite separation in levels attempted were UMP2, UQCISD, and UQCISD(T) using
cylindrical symmetry (the supermolecule approach); third, a full the aug-cc-pVTZ basis set, where again the sodium basis set
counterpoise correction (CP) is performiedcylindrical sym- was derived for Na and is exactly as described in ref 21.
metry at the equilibrium geometry to correct for basis set Although there is a potential problem with spin contamination
superposition error (BSSE); finally, the energy of O is calculated here, since unrestricted wave functions are being used, in all
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TABLE 1: Calculated Dissociation Energies (eV) of TABLE 2: Calculated Dissociation Energies (eV) of
NaO*(X3x2~) Using Basis Sets 1 and 2 and the SERHF and NaO*(X3x") at the Unrestricted MP2, QCISD, and
CISD(+Q) Levels of Theory? QCISD(T) and Restricted CCSD(T) Levels of Theory
SERHF CISD CISD+QP UMP2 UQCISD UQCISD(T)  RCCSD(T)
basis 1 aug-cc- aug-cc- aug-cc- aug-cc- aug-cc-
De(1) 0.267 0.294 0.300 basisset pVTZ pVvVTZ pVvTZ pvQzZ pV5Z¢
Begg 0260 0281 0293 D. 0305  0.305 0308 0315 0315
basig 2 ’ ' ’ D.+BSSE 0.291 0.292 0.295 0.299 0.301
D¢(1) 0.268 0.299 0.305 aSee text for details. For these calculations, the frozen core
Dd(2) 0.267 0.290 0.296 approximation was used, with the following orbitals frozen: for the
De(3) 0.349 0.301 0.201 UMP2, Na 1s and 2s and O 1s; for UQCISD/UQCISD(T), Na 1s and

O 1s; for RCCSD(T), Na 1s. For the UMP2 and UQCISD calculations,
are included in the correlation treatment. The bond length used is 2.535t2e Optl'm'ZEd boznigl)%n%hs\_/vasl 2'49_6 A fcl)r tlhe_RCCSD(hT) (l:Jalcgllaét::())ns,
A, which is the optimized value at the CISD level (using either basis € value was 2. -Single-point calculations at the UQ -

set).> CISD leading coefficients-0.97 for basis 1 and 0.98 for basis Ptimized geometry: Single-point calculations at the RCCSD(T)/aug-
2 cc-pVQZ equilibrium geometry.

a See text for details. For the CISBQ) calculations, all electrons

cases the spin contamination was small, #fivalues< 2.1. inclusion of quadruple excitations via the Davidson correction
(A value of 2 is expected for a pur,e triplet state) Al appears not to be totally reliable here, since after correction from

calculations reported in this subsection were performed with cYlindrical to spherical symmetry it is expected that the
Gaussian942 dissociation energy will rise; however, a decrease occurs for

RCCSD(T) Calculations.Finally, a set of RCCSD(T) cal- e CISDFQ calculations [compardDe(2) to De(3)]. We
culations was undertaken. For these calculations, the aug-cc-comll“?Ie th_at the Davidson correction 1S nota su_ff|C|entIy go_od
pVQZ basis set for Na was used, as optimized for Nand is approximation here, and the_ small difference in _the_ leading
exactly as described in ref 21. ’ Rather than optimizing the coeffl_ments in the Cl expansion betwgen the cylindrical and
geometry using analytic gradient techniques, a point-by-point spherlpal O wave functions is leading to the unexpected
counterpoise-corrected potential energy curve was calculatedbehawor'
using bond lengths from 1.7 to 150 A. Finally, RCCSD(T)/ UMP2, UQC.IS.D’ UQCISDX(T), and RCCSD(TYhe bond
aug-cc-pV5Z//RCCSD(T)/aug-cc-pVQZ calculations were per- Ie:\ngth was optimized at the UMP? and. UQCISD levels: both
formed, where the basis set for sodium was that optimized for Yi€!ded values of 2.496 A. The dissociation energy was then
Na", from ref 21, but augmented with two h functions calculat_ed and_ corrected for BSSE, with the_U_QCISD(T)
(exponents 0.5 and 0.12). The RCCSD(T) calculations, in this calculations being performed at the UQCISD-optimized geom-
and the following, were performed using MOLPRO. etrXs ggtigiggseoia;;f:n?; (grl:;erg ch?k:ale is calculated at

(b) Calculations on NaO(XII). NaO(X2II) is an ionic Ve, 1al y curve was caicu
molecule at its equilibrium bond length but dissociates to yield the RCCSD(T) level. From this Curve,.the equilibrium bonq
neutral products. Consequently, there is an avoided crossing'€"9th was calculated as 2.493 A and is expected to be quite

between twcHT states between the equilibrium geometry and accurate. In a_ddition, th®e value (inherently correct_ed for
the dissociation limit, as calculated in ref 24. For the purposes BSSE) was derived as 0'299. eV (Table 2). . The potential energy
of these calculations, this was not important, as calculations curve V\.”” be considered in more detail in the following
are only performed at the equilibrium geometry and at infinite subsection. . L .
separation. (For the calculation of high-lying rovibrational ~ (P) Potential Energy Curve and Vibrational and Rovi-
levels, however, this avoided crossing will have a dramatic effect Prational Energy Levels of NaO"(X®Z 7). As noted above, a

on the calculated energies.) As with NaQhe equilibrium set of total energies was calculated at the RCCSD(T)/aug_—cc-
geometry was extracted from a CP-corrected potential energyPVQZ level. The energy and calculated dipole moment function
curve calculated in a point-by-point fashion at the RCCSD(T)/ V&lues are given in Table 3. From the potential energy curve,
aug-cc-pVQZ level of theory. In addition, the zero-point level thg vibrational and rovibrational energy levels were calculated
and 1-0 separation were calculated. In the single-point USiNg LeRoy's LEVEL progran? from these values, the zero-
calculations, it was checked that at the longest bond lengthsPOint energy value could be evaluated explicitly, allowg
used (4 A), the wave function was adequately described by ato be calculated as 0.2875 e\_/, Where anharmomcn_y is |mpl|0|tly
single reference by calculating the T1 diagnostic: at 4 A, the accounted for. The lowest wbratpnal levels are given in Table
value was 0.015, which is less than 0.021, the critical value for 4 Overall, 2524 bound rovibrational states were calculated,
indicating the onset of multireference behaw’drso the and these were used in the calculation of thermodynamic
calculated potential curve for NaOFR) ought to be reliable. ~ duantities below. The value of the-D separation (181 cn)

Finally, RCCSD(T) calculations were performed in a similar May be compared to the previously calculated value:foof
way to those for Na®(X33"). 207.4 cnmt at the CISDHQ level of theory (no account for

BSSE)%5in addition, the calculated bond length,= 2.528 A
of ref 15, also compares favorably with the values calculated

lll. Results ;
here (vide supra).
(a) Bond Length and Dissociation Energy of NaO(X3x"). As may be seen from the lowest few values in Table 4, the
SERHF and CISD.The calculated dissociation energi€x, anharmonicity in this species is substantial, with the lowest

using the two basis sets and the SERHF and CISID) vibrational separations calculated to be 181.8, 172.4, 163.1,
approaches are given in Table 1. The bond lengthysed is 153.9, 144.9, and 136.0 cth Consequently, it may be
2.535 A, which was the optimized value at the CISD level and expected that use of the harmonic oscillator approximation to
was the same for both basis sets. As may be seen, both basisalculate thermodynamic quantities would not lead to reliable
sets are suggesting a value of 0.3 eVER[NaO"(X3Z7)]. The values. Since, from LEVEL, all the bound rovibrational levels
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TABLE 3: Total Energy (cm 1) and Dipole Moments (D) of NaO"(X3£~) as a Function of Bond Length (A}
r V(r) D(r) r V(r) D(r)

1.70 12855.886 756 —2.999 598 3.30 —1374.319 416 —6.133 878
1.80 6893.033 167 —3.129 698 3.35 —1311.422 376 —6.242 909
1.90 3075.195 136 —3.275 845 3.40 —1251.334 611 —6.351 687
2.00 669.145 230 —3.436 191 3.45 —1194.082 459 —6.460 196
2.10 —808.300 926 —3.609 044 3.50 —1139.613 245 —6.568 614
2.15 —1303.310 594 —3.699 647 3.75 —906.054 926 —7.104 739
2.20 —1676.527 204 —3.792 763 4.00 —727.799 825 —7.634 457
2.25 —1951.476 244 —3.888 190 4.25 —591.712 385 —8.158 418
2.30 —2147.333 210 —3.985 728 4.50 —486.759 617 —8.675776
2.35 —2279.759 813 —4.085 182 4.75 —404.777 063 —9.189 898
2.40 —2361.527 282 —4.186 358 5.00 —339.917 920 —9.700 697
2.45 —2403.065 051 —4.289 072 5.50 —246.204 447 —10.714 612
2.50 —2412.888 735 —4.393 144 6.00 —184.295 043 —11.721 089
2.55 —2397.927 150 —4.498 493 6.50 —141.870 597 —12.722 419
2.60 —2363.838 350 —4.604 782 7.00 —111.675 277 —13.720 133
2.65 —2315.218 135 —4.711 946 7.50 —89.525 897 —14.715 320
2.70 —2255.786 599 —4.819 840 8.00 —72.834 851 —15.708 223
2.75 —2188.541 767 —4.928 349 9.00 —50.121 422 —17.690 900
2.80 —2115.950 533 —5.037 323 10.00 —35.943 360 —19.670 130
2.85 —2039.944 273 —5.146 666 12.50 —17.863 040 —24.610 448
2.90 —1962.070 284 —5.256 274 15.00 —10.128 754 —29.543 757
2.95 —1883.564 209 —5.366 060 20.00 —4.163 434 —39.404 648
3.00 —1805.387 345 —5.475 942 30.00 —1.196 137 —59.116 351
3.05 —1728.281 517 —5.585 849 50.00 —0.245 812 —98.532 968
3.10 —1652.821 750 —5.695 720 75.00 —0.065 842 —147.801 296
3.15 —1579.431 628 —5.805 500 100.00 —0.021 947 —197.068 997
3.20 —1508.416 221 —5.915 145 125.00 —0.006 584 —246.336 341
3.25 —1440.014 757 —6.024 616 150.00 0.000 000 —295.603 899

aEnergy is given relative to the dissociation products.

TABLE 4: Rotational Constants of NaO*(X3x™) for the +11.04 kJ mot?, which gives an equilibrium constant of 0.012.
Lowest Vibrational Energy Levels (cnr?)? Itis of interest to see how the equilibrium constant for formation
v E(v,0) J* B, x10°D, x 10'H, of NaO" varies as a function of pressure and temperature
0 0 16 0.2835 2647 2946 (assuming there will always be a third body available). To do
1 181.76 16 0.2752 2.743 -3.381 this, AS and AH were calculated at the typical temperatures
2 354.12 16 0.2668 2.849 —3.883 and pressures at various heights above ground level, taken from
2 g%% ig g-gigg g-ggg *g-‘llgg ref 27, and these, together with the derive@ and equilibrium
c 816.06 12 02411 3292 o898 constant, are given in Table 5. From these data, it is possible

to calculate the concentrations (or ratios of concentrations), given
aE(v,J) = E(v,0) + B,J(J+1) — D, JX(JI+1)? + H,J(J+1)% Although the partial pressures or number densities of Na, or NaO

it was possible to fit higher order centrifugal distortign coe"fficien_ts, in the atmosphere; however, since Na®ay arise from a

the three quoted rotational constfimts reproduce the “exact” rotational ., \ -"her of different routes and since equilibrium may not be

energy levels to within x 107° cm™?, up to theJ* value given in the - . . .

third column. established at all points, we refrain from doing so here. The
data should prove useful as input to more complicated reaction

modeling schemes.

(d) NaO(X&I). From the potential energy curve calculated
for NaO(X?II) at the RCCSD(T) level, the-10 separation was
calculated as 485.1 crh, which may be compared to the
experimental vallii of we = 492.27 cm! [estimated from the
experimental values for the rotational constaB$, and the
centrifugal distortion coefficienDe, from the expressiome =
{(4Be3)/De} V4. For comparison, the. value was calculated
as 2.056 A, which compares with the experimental value of
2.0515 A (therq value was evaluated as 2.064 A).

The dissociation energy was obtained as for N@G>"),
at the RCCSD(T)/aug-cc-pVQZ basis set, and yielded a value
of De = 2.94 eV Do = 2.91 eV); using an aug-cc-pV5Z basis
set, the calculate®. was 2.74 eV.

are available, then it is relatively straightforward to evaluate
partition functions explicitly and, consequently, enthalpies,
entropies, and free energies (vide infra).

It was also possible to calculate the rotational energy levels
of NaO*(X3%") for all of the vibrational levels up to dissocia-
tion; however, only the results foer= 0—5 are given here (Table
4). These are provided to help guide a possible microwave
experiment, although such an experiment would see more than
just the pure rotational structure, as spiotation and hyperfine
interactions will also be present. The dipole moment, with
respect to the center of mass, at the equilibrium bond length is
4.378 D, or 4.428 D at the, separationrp = 2.517 A,
calculated using LEVEL).

(c) Thermodynamic Quantities for NaO"(X3Z ~). Since
we have calculated the rovibrational levels explicitly, then it is
possible to calculate the enthalpy and entropy for the Na©
Na" + O process explicitly, using simple statistical mechanics  (a) Dissociation Energy of NaO (X3Z 7). As may be seen
in the canonical ensemble but without having to resort to the from Tables 1 and 2, the dissociation energy of N&GZ")
use of the rigid-rotor, simple harmonic oscillator (RRHO) has been calculated to be0.3 eV at all correlated levels of
approximation. This was done using simple computer programs theory. At the highest levels of theory, a value of 0.30 was
written in-house. At 298 K and 1 atm, the calculated values obtained; subsequently, we performed RCCSD(T) calculations
areAS=62.2 J K mol™, AH = 29.6 kJ mot?, andAG = with aug-cc-pV5Z basis sets at the RCCSD(T)/aug-cc-pVQZ

IV. Discussion
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TABLE 5: Calculated Thermodynamic Quantities for the
NaO"™ — Na' + O Reaction at Various Altitudes

(the Requisite Third Body Is Assumed To Be Present

at All Times)?

Soldan et al.

ref 18 probably results from a basis set that is too small. Further,
we calculated the dissociation energy employing a aug-cc-pV5Z
basis set, as noted above, yielding a valudpf= 2.74 eV,

indicating that a large, flexible basis set is required to calculate

h T p AS AH AG AK this quantity. This is not so surprising (in retrospect), as the

0 300.00 101325 62.18 29567.07 10912.71 0.013 dissociation is taking a N@~ molecule to Nat+ O products,

g ggg-gg é%ggS ggg SS zgg-% i%ggg-gg 8-882 so it is necessary that the basis sets are sufficient to describe
10 22300 26500 72,66 2939652 1319300 0001 \aand Nd and O and O. In ref 21, we have shown that
15 217.00 12110 7908 2937713 1221578 0.001 Using a basis set optimized for neutral Na leads to very poor
20 217.00 5529 85.60 29377.13 10801.21 0.003 behavior at the correlated level for Na There are two ways
25 222.00 2549 92.12 29393.35 8943.77 0.008 of testing this: (i) the calculated BSSE for the ™M@~ system
30 227.00 1197 98.47 29 408.97 7056.37 0.024  at the equilibrium geometry and (ii) the calculated ionization
35 237.00 5746  104.70 2943842  4624.85  0.096 gnergy of Na and electron affinity of O. Test ii is a good test
40 250.00 287.1 11061 29473.09 1820.57 0417 of the reliability of the calculations, since the dissociation
45 264.00 149.1 116.19 29505.78—1167.10 1.702 Y : R
50 271.00 79.78 121.44 29 520.28—3389.64 4.501 process here largely involves a neutralization oftNend an
55 261.00 42.53 126.59 29 499.19-3540.76 5.112 electron detachment from O. Using the aug-cc-pVQZ basis set
60 247.00 21.96 131.95 29 465.46—3126.86 4.584 from ref 21, the calculated ionization energy of Na was 4.90
gg %23-88 éoz-gi iig-gg gg gég-g?g?gg-g ggg% eV, and the calculated electron affinity of O was 1.40 eV,
75 208.00 2388 14987 29 346.46—1827 33 5877 suggesting that the calculated dissociation energy may have an
80 198.00 1.052 15651 29310.12—1679.03 2773 error of~0.3 eV when compared to the experimental values of
85 189.00 0.4457  163.47 29275.36-1620.78  2.805  5.139 eV for IE(Na)’ and 1.461 eV for EA(O}* The BSSE
86 187.00 0.3734  164.90 29 267.37—-1569.08 2.743 in this case was calculated to be 0.03 eV, so the overall
90 187.00 0.1836 170.80 29 267.37—2672.82 5.579 dissociation energy may be quoted[&; Do = 294+ 0.3eV
95 189.00 007597 178.18 29275.36-4401.15 16456 4 yhe RCCSD(T)/aug-cc-pVQZ level. To check the calculated

100 195.00 0.03201 185.49 29 298.75-6871.91 69.300 dissociation energy of NaO@XI) further, RCCSD(T)/aug-cc-
110 240.00 0.007104 198.69 29 446.7918239.79 9325.808 !

ah is the altitude (km);T is the temperature (K)p is the pressure
(Pa),ASis the entropy change (JKmol™?), AH is the enthalpy change
(3 molY), AG is the Gibbs free-energy change (J miplandK is the
equilibrium constant obtained using the equatto® = —RTIn K.

equilibrium geometry, which also led to a value of 0.30 eV.
Consequently, our best estimatef for NaO"(X3Z") at this
level of theory is 0.30+ 0.02 eV. TheDg value, calculated
with the zero-point energy from the RCCSD(T)/aug-cc-pVQZ
potential energy curve, is 0.28 0.02 eV [where the quoted
error arises from the size of the BSSE (0.02 eV)]. This value
is significantly below the mass spectrometric valdes 1.25

+ 0.7 and 0.8 0.3 eV from the merging beams stdéyand is
only just within the lower bound of the value of 0.600.31

eV derived from the photoelectron spectréfmThere are two
possible reasons for this: (i) the dissociation energy of NaO
used in ref 15 is too low, or (ii) the measured AIE is too low.
In ref 15, NaO was produced by the reaction of Na witfON
and this was thought to produce NaO predominantly in tFE"A
state: the XII state was thought to be produced by collisional

pV5Z calculations were used, where again the basis set used
for sodium has been optimized for Nand is described fully

in ref 21. The calculated ionization energy of Na is 5.13 eV,
and the calculated electron affinity of O is 1.43 eV using this
method, implying that the error in the dissociation energy from
these discrepancies should$6.04 eV. The RCCSD(T)/aug-
cc-pV5Z calculation was performed at the RCCSD(T)/aug-cc-
pVQZ optimized bond length and yielded the valuelnf =
2.74+ 0.07 eV mentioned above (where the quoted error arises
from the discrepancies between the computed and experimental
values of IE(Na) and AE(O) and the BSSE,; this is expected to
be the maximum error). ThiBe value may then be corrected
for zero-point energy, with the value taken from the RCCSD-
(T)/aug-cc-pVQZ calculations, givindo = 2.71+ 0.07 eV.
Having now obtained reliable values for the dissociation energies
of NaO(X?II) and NaO (X3"), it is possible to calculate the
adiabatic ionization energy of NaOfK), using the equation

AIE = D,(NaO)— Dy(NaO") + IE(Na)

deactivation. It is thus possible for the onset of the photoelec- At the RCCSD(T)/aug-cc-pVQZ level of theory, this yielded a
tron band in ref 15 to be lower than the AIE, e.g., if significant value of 7.52 eV, and at the RCCSD(T)/aug-cc-pV5Z level of
vibrational excitation of the ground state is present. (Note that theory, this yielded a value of 7.55 eV, which indicates that

NaO"(X32~) cannot be accessed from NaGEX) in a one-
electron process.) Using the valuelfiNaO"(X3=7)] = 0.29
+ 0.02 eV obtained herein would yield a value for the AIE of
7.4 4+ 0.2 eV, assuming that the value BE[NaO(XI1)] =
2.56+ 0.21 eV (ref 13) is correct and using IE(N&)5.14 eV.

saturation of the basis set is almost complete for calculation of
this quantity. (The correction frome to Dy in both cases was
performed by using the energy of the zero point from the
RCCSD(T)/aug-cc-pVQZ potential energy surface, as obtained
from the vibrational levels calculated using LEVEL.) Calculat-

However, performing similar calculations to those presented hereing the AIE from the difference in the zero-point levels also

on NaO(XI1) suggests thaDo[NaO(X2I1)] = 2.714+ 0.07 eV

yields a value of 7.55 eV at the CCSD(T)/aug-cc-pV5Z level,

(see next subsection), a value that is just outside the error rangeas expected.
of an experimental value from Herm and Herschb&ch91 + (c) Franck—Condon Factors. Since the vibrational wave
0.13 eV, but in very good agreement with the value of 2276  functions for both NaO(XI) and NaO(X=~) have been
0.04 eV from ref 29 vide infra. calculated, it is possible to calculate the Fran€london factors

(b) Dissociation Energy, Equilibrium Bond Length and (FCFs) directly from these. The results of these calculations
Fundamental Vibrational Frequency of NaO(XII). The are shown in Table 6. As may be seen, the photoelectron band
value of De = 2.94 eV Do = 2.91 eV) calculated here at the corresponding to the Na@X3=~) — NaO(XII) ionization is
RCCSD(T)/aug-cc-pVQZ level is somewhat higher than the expected to be ca. 0.3 eV broad, with an onset at 7.52 eV
value reported previously by ifsbut is close to the value of [CCSD(T)/aug-cc-pVQZ value] and a maximum (the vertical
De = 2.91 eV reported by Langhoff et df the lower value in ionization energy, VIE) at ca. 7.7 eV. The VIE agrees very
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TABLE 6: Franck —Condon Factors (FCFs), Normalized to
the Most Intense Component, for the lonization NaG (X3%-,
') — NaO(X2l, v"' = 0)

v Jmax E(U',O) FCF
0 94 0.000 000 0.005 798
1 92 181.756 180 0.031 287
2 90 354.124 720 0.091 555
3 87 517.212 455 0.193 299
4 85 671.149 646 0.330 549
5 83 816.063 790 0.487 242
6 81 952.099 951 0.643 490
7 78 1079.415 946 0.781 594
8 76 1198.192 935 0.889 341
9 74 1308.620 691 0.960 995
10 72 1410.927 410 0.996 711
11 70 1505.366 378 1.000 000
12 68 1592.217 573 0.977 003
13 66 1671.799 862 0.934 195
14 64 1744.464 377 0.878 092
15 62 1810.591 663 0.813 927
16 60 1870.573 361 0.746 085
17 59 1924.807 037 0.677 637
18 57 1973.687 562 0.610 808
19 55 2017.596 374 0.546 926
20 53 2056.892 625 0.486 730
21 52 2091.913 272 0.430 628
22 50 2122.979 907 0.378 904
23 48 2150.414 032 0.331 840
24 a7 2174.543 884 0.289 529
25 45 2195.693 649 0.251 819
26 44 2214.171 115 0.218 372
27 42 2230.260 168 0.188 810
28 40 2244.226 367 0.162 854
29 39 2256.308 925 0.139 925
30 38 2266.706 064 0.119 562
31 36 2275.605 033 0.101 780
32 35 2283.198 453 0.086 469
33 33 2289.652 970 0.073 054
34 32 2295.101 087 0.061 297
35 31 2299.665 290 0.051 018
36 29 2303.457 320 0.042 228
37 28 2306.598 474 0.034 851
38 27 2309.183 100 0.028 507
39 25 2311.289 716 0.023 049
40 24 2312.986 859 0.018 533
41 23 2314.347 028 0.014 764
42 21 2315.422 698 0.011 504
43 20 2316.250 846 0.008 818
44 19 2316.889 370 0.006 828
45 18 2317.391 135 0.005 460

a0Only FCFs Greater than 0.005 have been included: in fact there
are 54 bound vibrational states of NaQlyax + 1 is the maximum
number of bound rotational levels.

well with the first photoelectron band maximum in ref 15 [7.70
+ 0.06 eV], but the AIE is significantly higher than the
photoelectron band onset of 741 0.1 eV. There could be a
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clearly, it will be necessary to produce the NaO in a cold
environment, such as a molecular beam, and to use a high-
resolution form of photoelectron spectroscopy, such as zero-
kinetic energy (ZEKE) spectroscopy.

(d) Atmospheric Relevance. As noted in the Introduction,
Cox and Planthave put forward the idea that O atoms attack
Na-N,* complexes, leading to a slowing down in the rate of
production of neutral Na atoms via dissociative neutralization:
Na™N;,+ e~ — Na+ N,. The attack occurs as a ligand switch,
viz. Nat*N, + O — NaO" + N,. The NaO is then itself
destroyed by attack from O atoms, giving back'Nand also
0,. Whether the ligand switch of Nfor O occurs or not
depends on the heat of reaction for the switching process. Cox
and Plan& showed that the ligand switch did occur in a low-
temperature fast-flow reactor but that O did not ligand switch
with CO, in Na™-CO, complexes, and they consequently
deduced thaDg(NaO") was bounded by the values 0.35 and
0.69 eV; in particularDo(NaO") = 0.35 eV. The latter result
is in contradiction to our results here. We are confident that
our value is correct, however, since the basis sets and theoretical
methods used give values which converged, and in addition,
we have tested the methodology by calculating such quantities
as IE(Na) and EA(O) and obtain very good agreement with the
known values. SincBo(NaO") > 0.35 eV actually arises from
Do(NaO') = Do(Na*+N,), we have also calculated the second
quantity?® at the CCSD(T)/aug-cc-pVQZ level and obtain a value
of Dg[Na*+N;] ~ 0.314 0.02 eV, indicating that the proposed
ligand-switch reaction is thermodynamically (just) possible. It
should be noted, however, that it is actually the free energy of
the ligand-switching reaction that is important, and this will
depend on the local pressure and temperature of the atmosphere.
In the case of Na®(X3Z"), the variation was calculated (see
above and Table 5), which should prove useful in modeling
the [NaO"] distribution, from the known cation chemistry.

As well as its production from ligand switching with
Na™N,, NaO" can presumably form via photoionization and
charge-transfer reactions. The photoelectron experiments of ref
15 showed that there were six ionic states of Nagng within
3.6 eV. Five of these are accessible by photoionization of NaO-
(X2IT), with three accessible from NaOf&"). Three of the
NaO" electronic states arise from the configuratign?, giving
the X33, aA, and éX* states, with the AT and BII states
arising from as%2 configuration. The stability of Na@{X3=")
depends on the temperature and pressure, and Table 5 indicates
that the equilibrium position of the Nat- O — NaO" reaction
depends a lot on altitude. Presumably some of the other cationic
states may also be accessed in charge- and ligand-transfer
reactions. The'& state should be metastable, as a transition
to the ground state involveAS = 1 andAA = 2; the other

number of reasons for the lower value measured in ref 15. For states should be able to transfer to either the a or X states, in

example, the NaO was produced from the reactiontNig,0O

— NaO+ N for the spectrum that shows the onset most clearly.
Consequently, the NaO@KI) that was produced could reason-
ably be expected to be vibrationally excited, as mentioned in
ref 15; in addition, there may also be rotational broadening from
thermal effects, as well as from the reaction. Another point to

note is that it was hypothesized that NaO was also (predomi-

nantly) produced in the & state from the reaction and that
the X?IT was produced by collisional deactivation. Thé&A-

one step or two steps. Consequently, the chemistry of'NaO
should take into account that there are these two states available
for reaction. In a future piece of work, we will consider all
these low-lying cationic states of sodium monoxide. It is,
however, possible to estimate the dissociation energy oflthe a
state by noting that it dissociates to &) + O('D). From

the known OD) — O(P) separation (15 867.7 ¢H),%° and

the difference between the calculated AlEer the ionizations
NaO*(a!A) — NaO(XAIT) and NaO (X3=~) — NaO(X4I1), 0.94

state cannot be the cause of the low onset, since it cannot accessV [although the absolute AIEs in ref 15 are too low, as

the X3=~ state of NaO in a one-electron ionization. Itis clear
from the FCFs (Table 6) that the adiabatic ionization energy
will be very weak and difficult to resolve in a conventional

compared to the result for NAaQ(X3Z") in the present paper,
since the same electron is removed in the ionization, and since
the sames?7? configuration results, the difference in the AIEs

photoelectron experiment. To observe the photoelectron bandis expected to be reasonably accurate], and the calculated
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dissociation energy of Nat@X3=") calculated hereiro[NaO*-
(a'A)] ~ 1.31 eV, indicating that it should be more stable than
its ground-state counterpart.

V. Conclusions

We have used high-level ab initio calculations to calculate
the dissociation energy of Na@X3=~) and obtain a value of
Do 0.29 £ 0.02 eV. In addition, we calculated the
dissociation energy of NaOgKI), obtaining a value of 2.7%

0.07 eV at the highest level of calculation used. These values

gave a value for AIE[NaO(X1)] of 7.55 & 0.08 eV. These

values were compared to the available experimental values

where possible.
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Note Added in Proof. Recently, we have calculated the heat
of formation of NaO (X3Z~) and NaO(XI1)3* using the same
basis sets and methods as here.
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