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Energetics, structure, and rovibrational spectroscopic properties
of the sulfurous anions SNO~ and OSN-
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’Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588, USA

(Received 25 September 2015; accepted 21 October 2015; published online 9 November 2015)

The SNO™ and OSN™ anions are shown in this work to be very stable negatively charged species in line
with other recent work [T. Trabelsi et al., J. Chem. Phys. 143, 164301 (2015)]. Utilizing established
quartic force field techniques, the structural and rovibrational data for these anions are produced. The
SNO™ anion is less linear and has weaker bonds than the corresponding neutral radical giving much
smaller rotational constants. OSN™ is largely unchanged in these regards with inclusion of the additional
electron. The S—N bond is actually stronger, and the rotational constants of OSN~ versus OSN are similar.
The vibrational frequencies of SNO™ are red-shifted from the radical while those in OSN™ are mixed.
OSN™ has mixing of the stretching modes while the S—-N and N-S stretches of SNO™ are largely indepen-
dent of one another. The w3 stretches are much brighter in these anions than they are in the radicals, but the
w stretches are still the brightest. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935056]

I. INTRODUCTION

It is surprising that so very little is known about the simple
triatomic singlet anion, SNO™, and its isomer, OSN™. Inter-
est in these anions and their corresponding neutral radicals
has grown very recently due to their perceived importance in
atmospheric, planetary (Venus, in particular), circumstellar,
and interstellar contexts.'”> However, the literature is bereft
of data on these anions from before 2015. The neutral radi-
cals have been studied for over 40 years,®!'! but exhaustive
analysis of the reaction, electronic, and rovibrational physics
of these systems has only recently emerged.'~*!? There still
exists controversy as to the attribution of vibrational features
arising from the 2v; overtone and v; fundamental band in the
1500 cm™! to 1650 cm™! range.!> The very bright nature of
the SNO v, band compared to the lesser 2v; intensity will
allow for conclusive assignment of the bands once gas-phase
experiments on this system can be undertaken.

Anions have been detected in various astronomical
sources'*~22 since 2006 when the rotational spectrum of C4H™
was teased out of observations of the carbon-rich star
IRC + 10216."3 The smallest of these known anions, CN~,
is believed to form in space from collisional processes,”’
but the larger anions likely form via dipole-bound formation
pathways.'®?* It has been proposed that some large anions
of interest to astrochemistry may be present in interstellar
or circumstellar media,? but it has also been discussed that
longer, molecular chain anions of the type observed in various
astronomical environments are not likely to be detected.?*
Consequently, small anions like those examined in this work
are good candidates for growing the astronomically observed
anion population.

The anion form of sulfur-substituted nitrogen dioxide is
stable in both the SNO™ and OSN™ isomers. Very recent work
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shows that OSN™ is more stable than SNO™ by roughly 1 eV
in contrast to the neutral radicals where OSN is only 0.12 eV
more stable than SNO.!=3 This is, at surface level, a somewhat
surprising result since the analogous standard O-N-O isomer
of NO, is more stable than the peroxy N-O-O form of the
analogue.’® However, the nature of sulfur bonding?’>° pro-
motes a more energetically favorable environment with it as
the central atom in the molecule in a fashion akin to standard
S0,.2 Furthermore, SO, has the same number of electrons as
SNO™ making the two isoelectronic with one another, and the
electronic arrangement of OSN™ is of the same type as SO,
making this pair of molecules isovalent. The potential energy
surface cuts and electronic descriptions of these two anion
isomers are given in Ref. 3 providing a clear indication that
the 'A’ states are the lowest energy electronic configurations
for these systems and barriers to dissociation are also well into
the UV range at greater than 3 eV and 5 eV in most cases.
Hence, these anions are excellent candidates for rovibrational
analysis due to their deep wells and relatively high stabilities
as far as anions are concerned.

An efficient yet accurate means of describing spectro-
scopic quantities and vibrational frequencies has been show-
cased through the use of quartic force fields (QFFs).3° QFFs
are fourth-order Taylor series expansions of the potential
portion within the internuclear Hamiltonian. Composite en-
ergy schemes to describe the QFF surface developed by Lee
and Huang at NASA Ames®'* have been able to match
experimental fundamental vibrational frequencies to within
1.0 cm™! of experiment in many cases®>*>> and within 0.03 A
for bond lengths and 10-20 MHz for some experimental B-
and C-type rotational constants.3*3*374041 I fact, QFFs have
even shown reliability in the provision of rovibrational insights
for closed-shell anions,?**'*7 much like SNO~ and OSN~,
most notably in the interstellar detection of CsN™~ which was
based solely on quantum chemical spectroscopic data.'®*®
These same techniques are applied here to the SNO™ and OSN™

©2015 AIP Publishing LLC
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anion isomers in order to offer the community deeper insights
into the rotational, vibrational, and rovibrational character of
these stable and simple inorganic species. Understanding of
interstellar anion chemistry is growing,?"?2244%30 and more
data on potential interstellar anions such as SNO™ and OSN™
will help in enriching the depth of information for this class of
molecules.

. COMPUTATIONAL DETAILS

Following from the reliable QFF methodology established
previously,*'* the SNO™ and OSN~ geometries are optimized
with restricted Hartree-Fock reference wave functions®' and
the coupled cluster singles, doubles, and perturbative triples
[CCSD(T)]*? level of theory with the aug-cc-pV5Z (aug-cc-
pV(5+d)Z for sulfur) basis set.>>>* Corrections for inclusion
of core electron correlation augment these geometries and
are treated as the additive difference in geometrical parame-
ters computed with the Martin-Taylor (MT) core correlating
basis set> for optimizations with and without inclusion of
core electrons. From these reference geometries, grids of 129
symmetry-unique points are generated for each isomer in the
same way that they have been done for other Cj, triatomic
species.”¥8 Coordinate 1 is the S-N stretch in SNO™ and
the O-S stretch in OSN™; coordinate 2 is the N-O stretch
in SNO™ and the S—N stretch in OSN™; and coordinate 3 is
the bend for both species. All computations make use of the
MOLPRO 2010.1 quantum chemistry program’® except the

TABLE L. [S,N,0]7~ CcCR energy matrix (in eV) relative to OSN™.

OSN™ SNO™ OSN
SNO~ 1.12
OSN 3.16 2.04
SNO 3.28 2.16 0.12

J. Chem. Phys. 143, 184301 (2015)

MP2/6-31+G* double harmonic intensities produced from the
Gaussian09 program.®0-62

At each point, CCSD(T) energies are computed with the
aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z basis sets with
the (X + d) functions included for sulfur. These energies are
extrapolated to the complete basis set (CBS) limit via a three-
point formula® to give the “C” term. Additive corrections for
the difference in the CCSD(T)/MT energies with and without
core electrons provide the “cC” term. Similar additive, differ-
ence corrections for scalar relativity®* generate the “R” term.
Each of these seven energy computations at each of the 129
points creates the CcCR QFF. These points are then fitted
via a least-squares method to produce the final CcCR equi-
librium geometry. Refitting these points gives zero gradients
and proper force constants for the Taylor series expansion of
the potential in the internuclear Hamiltonian. Transforming
the coordinates from simple-internal to Cartesian definitions
is accomplished via the INTDER program.®> Second-order
perturbation theory for rotational®® and vibrational (VPT2)%7:%8
computations employs these derivatives within the SPECTRO
program® to produce the rotational constants and vibrational
frequencies. Input of resonances is possible for SPECTRO.
SNO™ requires a 2v3 = v, + v3 = v; Fermi resonance polyad
while OSN™ dictates inclusion of a 2v, = v3 type-1 Fermi
resonance. These are consistent across isotopologues.

lll. RESULTS AND DISCUSSION
A. Relative energies

The X'A’ states of SNO™ and OSN™ are formed by doubly
occupying the singly occupied highest molecular orbital (12a”)
within the radicals.> The lower-mass analogues, ONO™ (ni-
trite) and NOQO™, are known stable species that have a similar
valence orbital construction.’® The highly descriptive CcCR
relative equilibrium energies for OSN and SNO (from Ref. 2)
as well as the corresponding anions determined in this work are

TABLE II. The simple-internal CcCR force constants (in mdyn/A" rad™) for SNO™.

Fiy 4.105993 Fao 13.4809 Fii11 62.96 F3000 294.87
Foy —2.845601 Faoon -32.8391 Fornn 31.60 F3311 330.33
Fa 6.472 398 Fs1i —15.7622 Fao11 -23.52 Fi321 -513.49
F3; -2.602456 F321 37.3335 Faoi -13.20 F3322 636.01
Fs, 9.044 425 F3xn —63.0237 Faom 98.97 F3331 -1120.29
F33 22.147 669 F331 91.1590 F3111 -26.82 F3332 1013.73
Fii1 -14.996 1 F33n -116.9822 F3o11 69.85 F3333 805.92
Forr -4.7315 F333 —195.1452 F301 -167.26

TABLE III. The OSN™ CcCR QFF simple-internal force constants (in mdyn/f\" rad™).

Fii 10.249 395 Fay 22.0415 Fii11 244.09 F3222 270.22
Fyy —4.825471 Faxo -39.3822 For11 12.67 F3311 329.18
Fa 7.429 658 Fa11 -29.5152 Fa11 11.41 Fa3yg -381.03
F3; —5.152049 F3o; 44.0152 Fao -61.33 F3300 381.03
F3; 9.133 960 Fso —58.7403 Faom 141.83 Fi33; -505.59
F33 16.887 853 F331 71.8921 Fain1 -81.21 Fi332 343.08
Finn -43.2367 F33 —78.1656 F3o11 133.64 F3333 —122.38
Fory -10.6705 Fi33 -87.1096 F301 -202.01
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TABLE IV. The SNO™ equilibrium and zero-point (R,) geometries, vibrational frequencies and intensities,* and

spectroscopic constants from the CcCR QFF.

SNO~ Previous? 34SNO- SSNO- SN!80-
1o (S-N) A 1.706 947 1.706 859 1.706 828 1.706973
ro (N-0) A 1.225753 1.225830 1.225896 1.225872
£(S-N-0) 118.047 118.046 118.048 118.049
Agem™! 3.144 587 3.137652 2.996 888 3.059307
Bocm™! 0.227293 0.221389 0.226 308 0.214391
Coem™! 0.211637 0.206475 0.210077 0.200 044
Ajcm™! 3.116 695 3.108 627 2.969 360 3.033175
Bicm™! 0.227076 0.221188 0.226 122 0.214 131
Ciem™! 0.211395 0.206 247 0.209 855 0.199 781
Asem™! 3.168425 3.159518 3.018861 3.081544
Brcm™! 0.226 641 0.220742 0.225 655 0.213 835
Cyem™! 0.210792 0.205 653 0.209216 0.199315
Azcm™! 3.175293 3.168205 3.024510 3.086053
Bicm™! 0.225 839 0.219992 0.224 891 0.213012
Cizem™ 0.210135 0.205023 0.208 635 0.198 604
Dj kHz 4321 4.122 4.264 3.831
Dk kHz —70.142 -70.142 -63.875 -70.357
Dx MHz 5.256 5.487 4.998 5.277
di kHz -0.435 -0.405 —0.445 -0.379
d>Hz —21.622 -19.715 —-23.253 —18.006
Hj; mHz 0.306 0.251 0.164 0.504
Hjyx Hz -0.217 -0.202 -0.211 -0.183
Hygy Hz —24.819 —24.015 —21.801 -23.212
Hy kHz 1.116 1.104 0.961 1.041
hi mHz 0.763 0.693 0.751 0.661
h> mHz 0.086 0.077 0.090 0.069
h3 mHz 0.019 0.016 0.021 0.015
re (S-N) A 1.700936 1.706
re (N-0) A 1.234 698 1.238
£(S-N-0) 118.054 117.9 ... ... ...
A. MHz 3.133761 3.125955 2.985 856 3.047 883
B, MHz 0.228 456 0.222512 0.227436 0.215488
C. MHz 0.212932 0.207726 0.211338 0.201259
1xD -0.35
uy D 0.10
u<D 0.36
Harmonic zero-point cm™! 1304.3 1299.65 1281.6 1277.8
wicm™ ' N-O 1366.8 (531)  1363.9 1366.6 1343.3 1329.6
w> cm™! bend 497.6 (8) 495.4 491.7 495.0 484.6
w3em ' N=S 744.3 (257) 742.8 741.0 724.9 741.4
Zero-point cm™! 1298.9 1294.3 1276.4 1272.6
viem™! N-O 1336.1 1335.6 1313.5 1301.3
v cm™! bend 490.9 485.2 488.4 478.2
v3em™ ! N-S 733.0 729.9 714.2 729.9
2viem! 2649.6 2649.2 2605.4 2580.1
2y, cm”! 978.9 967.4 973.9 953.8
2v3em”! 1459.3 1453.5 14223 14522
vi+voem™! 1828.9 1823.1 1803.8 1780.4
vi+vzem™! 2075.8 2072.2 2034.2 2037.5
va+v3em™! 1217.6 1208.8 1196.5 1201.8
a1 MHz 866.2 870.2 825.3 783.4
a2 MHz —-684.7 -655.5 -658.7 —666.6
a 3 MHz -890.6 -916.0 -828.1 -801.8
aB 1 MHz 6.5 6.0 5.6 7.8
a® 2 MHz 19.6 19.4 19.6 16.7




184301-4 R. C. Fortenberry and J. S. Francisco

TABLE IV. (Continued.)

J. Chem. Phys. 143, 184301 (2015)

SNO~ Previous 34SNO- SSNO- SN!80-
a® 3 MHz 43.6 41.9 425 41.3
a€ 1 MHz 7.3 6.8 6.6 7.9
a€ 2 MHz 254 24.6 25.8 21.8
a€ 3 MHz 453 435 432 432

4The MP2/6-31+G"* double harmonic intensities are in parentheses beside the harmonic frequency of the standard isotopologue

and given in km/mol.
bCCSD(T)—Fl2/aug—cc—pVQZ-Fl2 results from Ref. 3.

°The SNO coordinates (in A with the center-of-mass at the origin) used to generate the CCSD(T)/aug-cc-pVTZ Born-
Oppenheimer dipole moment component are S, —1.009 541, 0.084 540, 0.000000; N, 0.579433, —0.522374, 0.000000; O,

1.510684, 0.288 337, 0.000 000.

given in Table I relative to OSN™, the lowest energy species.
SNO™ lies 1.12 eV above, in line with the work from Tra-
belsi and co-workers. The adiabatic electron binding energy
(eBE), an equivalent but more informative description of the
standard electron affinity for neutrals,’® differs somewhat here
for the CcCR values from those determined previously.® The
OSN™ eBE, 3.16 €V, is 0.35 eV below the 3.51 eV adia-
batic value computed from CCSD(T)-F12/aug-cc-pVQZ-F12
previously but in line with the 3.10 eV vertical value. The
SNO™ CcCR eBE is 2.16 eV, notably below the previous
2.75 eV adiabatic value but well above the 1.35 eV vertical
value.? The same qualitative trends are present, in either case,
showing that the OSN™ and SNO™ anions are also very stable
systems.

The previous work!? has indicated that dipole-bound
excited states of these anions?***7! are not likely due to
the relatively small dipole moments of the neutral radicals,
i.e., £2.0 D. Consequently, their formation in the ISM would
have to come from collisional or reactive means'? in a fashion
similar to the interstellar formation of CN~,2%-23 another stable,
small, closed-shell anion. This is in opposition to the perceived
dipole-bound anion formation hypothesis growing in evidence
as to the provenance of, at least, the known polyyne and
cyanopolyyne carbon chain anions larger than CN~,!823:24
However, such processes are still likely in natural environ-
ments and can certainly be manipulated in the laboratory for
the synthesis of these anions.

B. Molecular structures and spectroscopic constants

The first thing of note regarding the structures of SNO™
and OSN™ is the significant decreases in the diagonal, har-
monic force constants for SNO™ given in Table II; these values
are proportional to the bond strengths. Compared to those of
the radical,” the S—N and N-O bonds are weaker by 41.4%
and 37.3%, respectively. In contrast, the OSN™ Fj; value
given in Table III has a much smaller decrease of less than
1.0 mdyn/A? for the O-S bond to 10.249 395 mdyn/A2 In-
terestingly, the S—N bond actually strengthens in the OSN™
structure increasing the F, value from 6.000 068 mdyn/A2 to
7.429 658 mdyn/A2.

These inferences regarding changes in the bond strengths
are supported by the differences in the vibrationally averaged
(Rp) structures between the radical and the anion with the latter
given in Tables IV and V. The S-N bond in SNO™ is more
than 0.1 A longer than the neutral at 1.706 947 A with the

N-O bond 0.03 A longer at 1.225753 A. The bond angles
are also drastically different with the anions much smaller
at 118.047°. The equilibrium geometries closely corroborate
previous CCSD(T)/aug-cc-pV6Z and, specifically, CCSD(T)-
F12/aug-cc-pVQZ-F12 values determined by Trabelsi and
co-workers.> The O-S bond in OSN™ is 0.05 A longer at
1.499999 A in the anion than in OSN which follows from the
slight increase in Fj; for the anion over the radical. The anion’s
S—N bond shortens (1.463 718 A) for the related but inverted
reason since the S—N bond is stronger in the anion than in the
corresponding radical.

As a result of the bond angle and the subsequent linear
character decreasing in SNO™ as compared to SNO, the
A-type, vibrationally averaged rotational constant in Table IV
decreases by more than 50% to 3.144 587 cm™! while the
B- and C-type constants are not affected as drastically. Since
the bond angles and bond lengths of OSN™ are similar to
OSN, the rotational constants for this anion are quite similar
to the corresponding neutral radical. Even though the A-type
rotational constants for SNO™ are significantly less than in the
corresponding neutral-radical, they are still 0.9 cm™! greater
than their counterparts in OSN™.

Single-inclusion of the 3*S, N, and '80 isotopes shifts
the geometrical parameters slightly, but these effects are more
easily observed in the rotational constants than in compar-
ison of the structures. The isotopologues are affected more
by inclusion of "N and '80 than S since changes in the
smaller masses are magnified when additional neutrons are
considered in each nucleus. The vibrationally excited rota-
tional constants for all isotopologues including the standard
forms are also provided in Tables IV and V since the Atacama
large millimeter array has come online and the resolution of
astronomically observed vibrationally excited rotational peaks
is now possible.'” The quartic and sextic distortion constants
are also given in Tables IV and V in order to characterize fully
the rotational spectra of the SNO™ and OSN™ anions.

The CCSD(T)/aug-cc-pVS5Z dipole moments for these
molecules are computed from the CcCR center-of-mass equi-
librium geometries. SNO™ is weakly dipolar with a strength of
only 0.36 D, half of that from the corresponding neutral. The
dipole moment vector is visually depicted in Fig. 1. The vector
for the radical points more strongly toward the oxygen atom
than here in the anion. The reduction in the dipole moment,
especially in the u, component, results from a balancing of
the negative partial charges between the sulfur and oxygen
atoms in the anion as opposed to a partial positive on the sulfur
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TABLE V. The CcCR QFF OSN™ equilibrium and zero-point (R,) geometries, vibrational frequencies and
intensities,” and spectroscopic constants.

OSN~ Previous? 180SN~ O*SN~ OSPN-
1o (0-S) A 1.499 999 1.499 831 1.499953 1.499974
1o (S-N) A 1463718 1.463924 1.463776 1.463 820
/(0-S-N) 123.757 123.754 123.757 123.757
Agcem™! 2.248475 2.191 186 2.184 665 2.205492
Bocem™! 0.327111 0.307918 0.327087 0.316319
Coem™! 0.284 850 0.269 329 0.283.772 0.275962
Ajcm™! 2.226909 2.170493 2.164279 2.184123
Bicm™! 0.325887 0.306 811 0.325882 0.315126
Ciem™! 0.283703 0.268277 0.282 644 0.274 853
Arcem™! 2.299 146 2.239248 2.233794 2.254398
By cm™! 0.327206 0.308 007 0.327176 0.316414
Cyem™! 0.284313 0.268 843 0.283228 0.275457
Azcm™! 2.249381 2.192459 2.184 835 2.207031
Bszcm™! 0.325288 0.306 209 0.325 828 0.314592
Czem™! 0.283 349 0.267 920 0.282299 0.274529
Dy kHz 6.267 5.606 6.223 5.870
Djx MHz -0.129 -0.119 -0.123 -0.124
Dy MHz 4.002 3.788 3.779 3.856
di kHz -1.482 -1.288 -1.501 -1.377
d» kHz -0.073 -0.063 -0.076 -0.067
Hj; mHz 8.827 7.230 8.769 8.081
Hjyk Hz -0.389 -0.314 -0.394 -0.351
HygyHz —-28.948 -26.128 -26.876 -27.270
Hg Hz 787.557 725.721 722.766 744.450
hy mHz 4.623 3.796 4.621 4.197
hy mHz 0.496 0.415 0.503 0.442
h3 mHz 0.246 0.191 0.261 0.216
re (0-S) A 1.495038 1.498
re (S-N) A 1.472249 1.476
£/(O-S-N) 123.729 1237 .. .. ..
A, MHz 2.233469 2.176 865 2.170209 2.190953
B. MHz 0.328 586 0.309279 0.328 546 0.317729
C. MHz 0.286 444 0.270804 0.285347 0.277 488
D -0.96
1y D -1.78
u°D 2.04
Harmonic zero-point cm™! 1401.5 1377.0 1388.7 1383.6
wq cm™! antisym. 1299.9 (351)  1296.7 1296.1 1285.6 1275.5
w, cm~! bend 488.2 (31) 485.7 478.9 483.9 482.0
w3 cm™! sym. 1015.0 216)  1014.5 979.0 1007.8 1009.6
Zero-point cm™! 1395.6 1371.3 1382.9 1377.8
vi cm™! antisym. 1280.2 1276.6 1266.4 1256.5
vy em™! bend 483.0 473.9 478.8 477.0
vzem™!sym. 999.4 964.5 992.4 994.2
2viem! 2546.1 2538.6 2518.7 2499.6
2vy cm™! 965.1 946.9 956.7 953.1
2v3em”! 1988.3 1918.9 1974.3 1978.5
vi+voem™! 1759.7 17472 1741.8 1729.9
vi+vzem™! 2272.6 2235.5 2252.3 22428
va+vzem™! 1479.0 1435.5 1467.9 1467.8
a1 MHz 646.5 620.4 611.2 640.6
a2 MHz -1519.1 —-1440.9 -1472.9 —-1466.2
a3 MHz -27.2 -38.2 -5.1 —46.1
a® 1 MHz 36.7 332 36.2 35.8
a2 MHz -2.8 -2.7 -2.7 -2.9
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TABLE V. (Continued.)

J. Chem. Phys. 143, 184301 (2015)

OSN~ Previous 180SN- O*SN- OSPN-
a® 3 MHz 54.7 51.2 54.1 51.8
a€ 1 MHz 344 31.5 33.8 333
a€ 2 MHz 16.1 14.6 16.3 15.1
a€ 3 MHz 45.0 422 443 43.0

4The MP2/aug-cc-pVTZ double harmonic intensities are in parentheses beside the harmonic frequency of the standard isotopo-

logue and given in km/mol.
bCCSD(T)—Fl2/aug—cc—pVQZ-Fl2 results from Ref. 3.

°The OSN coordinates (in A with the center-of-mass at the origin) used to generate the CCSD(T)/aug-cc-pVTZ Born-
Oppenheimer dipole moment component are O, —1.253 973, 0.328 635, 0.000000; S, 0.034 651, —0.325084, 0.000000; N,

1.353225, 0.366 855, 0.000 000.

and partial negative on the oxygen within the radical. This is
in line with the molecular orbitals produced in Ref. 3. The
1, components are small in both the radical and anion but
contribute more in the latter. As a result, the dipole moment
of the anion is not nearly as closely aligned with the A axis as
it is for the radical.

OSN™ is more strongly dipolar at 2.04 D than SNO™ and
has a similar vector direction as shown in Fig. 2 from a connec-
tivity perspective in that the dipole vector seemingly bisects the
molecule. The rotational constants shift for OSN™ as compared
to SNO™ putting the dipole vector almost exclusively along
the A rotational axis. The OSN™ dipole moment vector differs
from its corresponding radical where that of the latter points
more toward the oxygen atom and is nearly half the magni-
tude. The partial charges of the nitrogen and oxygen atom are
more balanced in the anion than the radical creating an elec-
tronic environment nearly truly isovalent to that of SO,. The
greater stability of OSN™ compared to SNO™, combined with
its significantly larger dipole moment, should make it more
easily rotationally observed in astronomical environments than
the other anion isomer unless physical or chemical conditions
dictate a difference in the products. In such a case, SNO™ would
be a marker for such conditions and would help to classify the
astronomical regions in which it is found.

C. Vibrational frequencies

The CcCR harmonic vibrational frequencies for both
SNO™ and OSN™ are in line with those determined from work
by Trabelsi and co-workers,® indicating that the subsequent
anharmonic frequencies should be well-behaved. The cubic
and quadratic force constants for both anions are of a similar
magnitude as those from the corresponding neutral radicals
where the resulting VPT2-determined vibrational frequencies
in the radical correlate quite well to experimental, condensed-
phase values.”> As a result, the anharmonic frequencies re-
ported herein for SNO™ and OSN™ give no indication of being

o)
N
N\

FIG. 1. The SNO™ CcCR equilibrium geometry and dipole moment vector.

any less trustworthy than their corresponding radicals, and
may even be more so since the anions are closed-shell species.
The vibrational data produced in this study serve to further
enhance the analysis of these simple anions.

The w; N-O stretch of SNO™ is the brightest mode at
531 km/mol, as it was for SNO radical, as well, but the inten-
sity of the w3 N-S stretch is significantly brighter for SNO™
(257 km/mol), where it was an order of magnitude dimmer
in the radical. This trend also continues for OSN™ where the
wq “antisymmetric” stretch is 351 km/mol and the w3 “sym-
metric” stretch is 216 km/mol. The mode descriptions are
discussed in more detail below. The w3 mode is brighter than
the 31 km/mol w, bend which was not the case in the corre-
sponding OSN radical.

The SNO™ anharmonic fundamentals given in Table IV
are understandably lower than the radical, again, from the
behavior of the force constants compared between the radical
and negatively charged species. There also are no large anhar-
monicities in any of these fundamentals as is most evident for
the meager 5.4 cm™! decrease in the zero-point frequency shift
from harmonics (1304.3 cm™!) to anharmonics (1298.6 cm™!).
Even though the overtones and combination bands are known
to vary from experiment to a greater extent than the fundamen-
tals,”? the small anharmonicities present in the fundamentals
should ensure that these frequencies are strong representations
of physical reality. Inclusion of the isotopologues expectedly
decreases each of the fundamental modes, especially for '*N
on the central atom reducing the stretches from 1336.1 cm™!
and 733 cm™! to 1313.5 cm™! and 714.2 cm™'. Terminal iso-
topic substitution largely only affects the modes where these
atoms are specifically included. As aresult, the vibrational data
for SNO™ are performing in a similar fashion as that known to
provide good correlation to experiment. Such is expected for
this anion, as well.

FIG. 2. The OSN™ CcCR equilibrium geometry and dipole moment vector.
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The same conclusions about the expectations for the
vibrational data of OSN™ given in Table V also hold true. The
zero-point energy drops from 1401.5 cm™! for the harmonic
approximation to 1395.6 cm™! for the quartic anharmonic, a
decrease of only 5.9 cm™!. This is roughly 100 cm~' above the
zero-point vibrational energy for SNO™. The increase is largely
attributable to the shift in vibrational behavior for the stretches
caused by the similarity of the terminal atoms in OSN™. As
with the neutral radical,? the closeness of the nitrogen and ox-
ygen masses creates “symmetric-” and “antisymmetric-"like
vibrational behavior. The decrease of the v; frequency with
respect to SNO™ to 1280.2 cm™! and the increase of the v;
frequency to 999.4 cm™' giving a difference of 280.8 cm™! are
clear indicators that these motions are more concerted than in
other systems such as SNO™. As a consequence, the stretching
behavior is akin to the stretching frequencies of isoelectronic,
neutral SO, where the difference in stretching frequencies is in
the 210 cm™' range.”® The overtones and combination bands
are well-behaved, as are the frequencies of the isotopologues,
again, supporting the precision and subsequent expected accu-
racy of these motions for OSN™.

IV. CONCLUSIONS

The SNO™ and OSN™ anion isomers are shown here to
be stable, well-behaved charged species performing in line
with very recent work.> The geometry of SNO™ and its subse-
quent spectroscopic and vibrational properties differs notably
from the neutral radical largely resulting from weaker bond
strengths and a smaller bond angle. OSN™ does not change
drastically for inclusion of the extra electron in the anion due
to the centrality of the larger sulfur atom. Both molecules
have bright stretching modes, but OSN™ will be more rota-
tionally bright than SNO™ from the computed dipole moments
and the lower relative energy. The eBEs computed are lower
than those determined from recent computations, but they are
qualitatively consistent. SNO™ and OSN™ cannot form from
dipole-bound processes due to the small dipole moments in the
neutral radicals but could still be present in atmospheric and
astronomical environments since they are such stable, small
species likely created from various other means and reactions.
The spectroscopic data provided here all assist in observations
of these systems whether in the laboratory or in space.
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