
1

6

11

16

21

26

31

36

41

46

51

56

61

66

71

76

81

86

91

96

101

106

MOLECULAR PHYSICS e2262621
https://doi.org/10.1080/00268976.2023.2262621

RESEARCH ARTICLE
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ABSTRACT
The fundamental vibrational frequencies of the isolatedOCAs− and SCAs− ions, aswell as their heav-
ier antimony analogues, are reported for the first time. A thorough analysis of basis set convergence
of the bond lengths and harmonic vibrational frequencies, as well as the examination of anharmonic
corrections, is conducted using the MP2 and CCSD(T) ab initio methods with robust basis sets for
the OCPn− and SCPn− anions moving down the pnictogen series from Pn = N to Sb. Second-order
vibrational perturbation theory (VPT2) andvibrational configuration interaction (VCI) theory are used
to compute the fundamental vibrational frequencies of each triatomic anion approaching the MP2
and CCSD(T) complete basis set (CBS) limits. While fundamental vibrational frequencies have been
reported for OCN− and SCN− in the gas phase, only experimental vibrational frequencies of the
salts for the heavier pnictogen analogues (P and As) have been reported. Experimental Raman vibra-
tional frequencies for OCAs− and SCAs− salts were found to be coincidentally in good agreement
with the CCSD(T) VCI frequencies near the CBS limit, differing by at most 13 cm−1 from the former
and 9 cm−1 from the latter. These modest differences are likely due to the presence of counter-ions
and other environmental effects in the solid state, and the overall agreement between the salts and
gas-phase frequencies is quite similar to that observed for the OCP− and SCP− ions.
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1. Introduction

Interest in the OCN− and SCN− pseudohalides along
with their phosphorous analogues (OCP− and SCP−)
has increased over the past decade due to their suc-
cess as ambidentate ligands and role as important
synthetic precursors [1–23]. By comparison, signifi-
cantly less is known about their heavier pnictogen ana-
logues (i.e. arsenic and antimony). The 2-arsaethynolate
and 2-arsaethynthiolate anions (OCAs− and SCAs−)
were recently successfully synthesised in 2016 [24] and
2018 [25], respectively, following the strategies used for
OCP− and SCP− [10,11,26,27]. While their antimony
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counterparts (OCSb− and SCSb−) have remained elusive
to date, theoretical computations conducted in 2014 con-
cluded that OCSb− should be synthetically
accessible [28].

The vibrational stretching frequencies associated with
the antisymmetric modes (ν3) for both the OCN− and
SCN− isolated ions has been recorded experimentally
using velocity modulation diode laser spectroscopy to
obtain high-resolution gas-phase values of 2124 cm−1

and 2066 cm−1, respectively [29,30]. The remaining
modes, the symmetric stretch (ν1) and the doubly degen-
erate bend (ν2), for the isolated anions have only been
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determined [31–33] via rigorous theoretical techniques
which have been proven to provide reliable fundamen-
tal frequencies for a large number molecular species
[34–44], including many contributions from Lee and
co-workers [45–59]. Following computational proto-
cols that mirror those performed for the nitrogen-
containing anions, the fundamental vibrational frequen-
cies of OCP− and SCP− were recently computed close
to the CCSD(T) complete basis set (CBS) limit [60]. The
solid-state Raman frequencies were reported for both
stretching modes of the heavier phosphorous analogues
as salts [24,25] and were in surprisingly good agree-
ment (differing by ≤ 10 cm−1) with the fundamental
frequencies computed for the isolated anions. In the same
study [25], the stretching frequencies for the OCAs− and
SCAs− ions were obtained from solid-state Raman spec-
troscopy of their ionic salts. The symmetric stretches (ν1)
were assigned as 618 cm−1 for OCAs− and 474 cm−1 for
SCAs− as well as 1755 cm−1 and 1270 cm−1 which were
assigned to antisymmetric stretches (ν3) of OCAs− and
SCAs−. Additionally, ν3 was experimentally determined
to be 1756.4 cm−1 for OCAs− via matrix isolation
Fourier-transform infrared (FTIR) spectroscopy and was
attributed to the CO stretching frequency [61].

This study extends prior computations of the funda-
mental vibrational frequencies for the isolated OCPn−
and SCPn− anions (Pn = N and P) and moves down the
pnictogen series to their heavier arsenic and antimony
analogues [31–33,60]. The nitrogen- and phosphorous-
containing anions are revisited in order to examine the
pnictogen series as a whole at the same levels of the-
ory. A thorough analysis of basis set convergence of
the bond lengths, harmonic vibrational frequencies and
anharmonic corrections will be examined using both
the MP2 and CCSD(T) ab initio methods as well as
the second-order vibrational perturbation theory (VPT2)
and vibrational configuration interaction (VCI) theory
anharmonic methods with large correlation consistent
basis sets.

2. Computational details

Fully optimised geometries andharmonic vibrational fre-
quencies were computed for the OCPn− and SCPn−
series with the MP2 method [62] utilising the analytic
gradients and Hessians available in Gaussian16 [63].
Geometry optimizations and harmonic vibrational fre-
quency computations were also carried out with the
CCSD(T) method [64–66] employing the analytic gra-
dients available in CFOUR [67,68] and Molpro2022
[69–71]. The defaults for displacements and step sizes
were adopted in both software packages to evaluate the

Hessians numerically from finite differences of gradi-
ents, and the two procedures always gave frequencies that
differed by less than 1 cm−1 across all of the ions for
tests performed with the double- and triple-ζ basis sets
employed in this study.

A series of correlation consistent basis sets augmented
with diffuse functions on all atoms was used for the MP2
and CCSD(T) computations that is simply abbreviated
aXZ, where X denotes the cardinal number of the basis
set and ranges from D to 5. The aug-cc-pVXZ basis sets
[72–74] were used was used for C, N andO. Although the
effects of the additional set of tight d-functions were pre-
viously found to be negligible for OCP− and SCP− [60],
the aug-cc-pV(X+ d)Z basis sets [75] were used in this
study for P and S. For the two largest atomic centers, As
and Sb, the aug-cc-pwCVXZ-PP basis sets were used in
conjuctions with small-core relativistic pseudopotentials
[76–78] to replace the 10 inner core electrons (1s22s22p6)
for As and 28 inner core electrons (1s22s22p63s23p63d10)
for Sb. Spherical harmonic components of the basis func-
tions (i.e. 5d, 7f , etc.) were used in all computations
rather than their Cartesian counterparts.

Only the valence electrons were correlated in theMP2
and CCSD(T) computations for C, N, O, P and S, which
corresponds to freezing the 1s orbitals for C, O and the
1s, 2s, 2p orbitals for S, P. For As and Sb, however, the
subvalence (n − 1)d orbitals cannot be neglected. Con-
sequently they were included in the MP2 and CCSD(T)
computations along with the valence orbitals (ns and
np), leaving the (n − 1)s and (n − 1)p orbitals frozen.
Results obtained by correlating only the valence electrons
with the aug-cc-pVXZ and aug-cc-pVXZ-PP basis sets
are provided in the Supplemental Material for compar-
ison. For the optimised structures, the maximum resid-
ual component of the Cartesian gradient did not exceed
3 × 10−7 hartree bohr−1, and the following convergence
thresholds (in a.u.) were met or exceeded for the elec-
tronic structure computations: 10−10 for the Hartree-
Fock density, 10−8 for the coupled cluster amplitudes,
10−8 for lambda equations.

Fundamental vibrational frequencies were computed
using second-order vibrational perturbation theory
(VPT2) [79–81] and vibrational configuration inter-
action (VCI) theory [82,83]. The VPT2 fundamen-
tal frequencies were computed with both CFOUR and
Molpro2022. In CFOUR, the necessary force constants
were computed from finite differences of analytic gradi-
ents using the defaults for displacements and step sizes.
In contrast, the VPT2 and VCI anharmonic frequency
computations performed in Molpro2022 utilised ana-
lytical representations of the potential energy surfaces
constructedwith theSURF andPOLY programs [84–87],
and the default settings were adopted for all procedures
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Table 1. CCSD(T)/a5Z equilibrium bond lengths (in bold) for
each triatomic anion preceded by the deviations from those val-
ues with the smaller basis sets, with all data in Å.

Bond 2-ζ 3-ζ 4-ζ 5-ζ

OCN− r(CO) +0.017 +0.005 +0.001 1.229a

r(CN) +0.020 +0.004 +0.001 1.193a

SCN− r(CS) +0.021 +0.006 +0.002 1.667
r(CN) +0.020 +0.004 +0.001 1.178

OCP− r(CO) +0.017 +0.005 +0.001 1.202b

r(CP) +0.022 +0.006 +0.001 1.625b

SCP− r(CS) +0.022 +0.005 +0.002 1.632b

r(CP) +0.020 +0.006 +0.001 1.600b

OCAs− r(CO) +0.018 +0.005 +0.001 1.196
r(CAs) +0.018 +0.005 +0.001 1.743

SCAs− r(CS) +0.022 +0.006 +0.002 1.626
r(CAs) +0.017 +0.005 +0.001 1.711

OCSb− r(CO) +0.018 +0.005 +0.001 1.186
r(CSb) +0.020 +0.006 +0.001 1.970

SCSb− r(CS) +0.022 +0.006 +0.002 1.614
r(CSb) +0.022 +0.006 +0.002 1.928

aFrom [33].bFrom [60].

associated with these anharmonic vibrational frequency
analyses. (Note that the XSURF program was not used
to facilitate direct comparison with prior results reported
for OCP− and SCP− [60] that were computed with
Molpro2018.)

3. Results and discussion

3.1. Equilibrium geometries

Figure 1 shows the OCPn− and SCPn− ions examined in
this study with their CCSD(T) optimised bond lengths
computed near the complete basis set (CBS) limit as
reported in the rightmost column of Table 1. Similar to
prior work for the OCPn− series where Pn = N through
Bi was studied up to the CCSD(T)/cc-pVQZ level of the-
ory [28], the CO bond lengths computed here decrease
monotonically with CCSD(T) CBS distances beginning
at 1.229Å and shortening to 1.186Å as the size of the
pnictogen atom increases from nitrogen down to anti-
mony. At the same time, the CPn bond lengths increase
from 1.193Å for CN to 1.970Å for CSb. These same
trends are observed for the SCPn− series with slightly
larger decreases in the carbon-chalcogen bond lengths
and somewhat smaller decreases in the carbon-pnictogen
bond lengths through the progression from N to Sb.

Table 1 illustrates the basis set convergence of the bond
lengths for each triatomic species as they approach the
CBS limit. For all of the anions, a triple-ζ basis set pro-
vides bond lengths that are slightly larger (by 0.004 to
0.006Å) than the corresponding a5Z values whereas the
aQZ bond lengths differ by no more than 0.002Å from
the a5Z data.

MP2 also appears to provide tightly converged bond
lengths with the aTZ, aQZ and a5Z basis sets, as seen in

Table 2. MP2/a5Z equilibriumbond lengths (inbold) for each tri-
atomic anion preceded by the deviations from those values with
the smaller basis sets, with all data in Å.

Bond 2-ζ 3-ζ 4-ζ 5-ζ

OCN− r(CO) +0.015 +0.004 +0.001 1.229
r(CN) +0.019 +0.004 +0.001 1.200

SCN− r(CS) +0.018 +0.005 +0.001 1.652
r(CN) +0.019 +0.004 +0.001 1.189

OCP− r(CO) +0.016 +0.004 +0.001 1.209
r(CP) +0.020 +0.005 +0.001 1.620

SCP− r(CS) +0.019 +0.004 +0.001 1.623
r(CP) +0.018 +0.005 +0.001 1.606

OCAs− r(CO) +0.016 +0.004 +0.001 1.206
r(CAs) +0.016 +0.004 +0.001 1.726

SCAs− r(CS) +0.019 +0.005 +0.001 1.621
r(CAs) +0.015 +0.004 +0.001 1.710

OCSb− r(CO) +0.016 +0.004 +0.001 1.200
r(CSb) +0.019 +0.005 +0.001 1.934

SCSb− r(CS) +0.019 +0.005 +0.001 1.618
r(CSb) +0.019 +0.005 +0.001 1.912

Table 2. The best estimates of the MP2 CBS equilibrium
bond lengths (in bold) typically differ by approximately
±0.01Å from the corresponding CCSD(T)/a5Z values
in Table 1, with the largest difference occurring for CSb
bond of OCSb− for which MP2 predicts a bond length
0.036Å shorter than CCSD(T).

The bond lengths from the valence-only MP2 and
CCSD(T) optimizations with the aug-cc-pVXZ and aug-
cc-pVXZ-PP basis sets are reported in the Supplemental
Material. For X = 5 and 6, the CO, CN, CP and CS
bonds lengths lie within 0.001Å of the a5Z results in
Tables 1 and 2. In contrast, the r(CAs) and r(CSb) values
in the SupplementalMaterial are too large by roughly 0.02
to 0.03Å which reflects the importance of including the
outer-core (n − 1)d electrons in the post-Hartree-Fock
correlation procedures for this property.

3.2. Harmonic vibrational frequencies

Assignment of the harmonic vibrational frequencies
(ωi) of the linear triatomic species in this work fol-
lows the protocol used by Herzberg [88], where the
pseudo-symmetric and pseudo-antisymmetric stretches
are denoted as ω1 and ω3, while ω2 is assigned to the
doubly degenerate bend. Well-converged CCSD(T) har-
monic vibrational frequencies are reported in bold in
rightmost column of Table 3 while deviations from these
values are reported in the columns to the left for each
smaller basis set (similar to the tables for the bond
lengths). For a given vibration, the frequencies consis-
tently increase as the size of the basis set increases. The
large deviations associated with the double-ζ basis sets
rapidly decrease in magnitude to just a few wavenum-
bers when quadruple-ζ basis sets are employed. For the
aQZ basis set, all of the CCSD(T) harmonic vibrational
frequencies are with 4 cm−1 of the a5Z values (Table 3).
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Figure 1. CCSD(T) optimised structures and corresponding bond lengths obtained with the 5-ζ basis sets.

Table 3. CCSD(T)/a5Z harmonic vibrational frequencies (in bold)
for each triatomic anion preceded by the deviations from those
values with the smaller basis sets, with all data in cm−1.

Mode 2-ζ 3-ζ 4-ζ 5-ζ

OCN− ω1 −36 −9 −2 1228a

ω2 −25 −8 −3 625a

ω3 −48 −14 −4 2166a

SCN− ω1 −15 −8 −2 729
ω2 −15 −3 −2 460
ω3 −39 −15 −3 2095

OCP− ω1 −24 −9 −2 806b

ω2 −21 −5 −1 496b

ω3 −49 −13 −3 1821b

SCP− ω1 −14 −6 −2 600b

ω2 −22 −4 −1 363b

ω3 −29 −11 −3 1386b

OCAs− ω1 −18 −7 −2 617
ω2 −15 −3 −1 445
ω3 −53 −13 −3 1798

SCAs− ω1 −12 −6 −2 478
ω2 −20 −4 −2 328
ω3 −29 −10 −3 1281

OCSb− ω1 −17 −6 −2 494
ω2 −11 −1 −1 392
ω3 −56 −15 −3 1800

SCSb− ω1 −13 −6 −2 406
ω2 −18 −4 −1 293
ω3 −29 −11 −4 1222

aFrom [33].bFrom [60].

Moving down group 15 of the periodic table from Pn
= N to Sb, the CCSD(T)/a5Z harmonic vibrational fre-
quencies in Table 3 tend to decrease for all 3 modes as
atomic mass increases for both the oxygen- and sulphur-
containing anions. The sole exception to this trend occurs
for OCAs− and OCSb− for whichω3 has nearly identical
values (1798 cm−1 and 1800 cm−1, respectively).

Compared to CCSD(T), the MP2 harmonic vibra-
tional frequencies in Table 4 exhibit similar rapid con-
vergence to the CBS limit as the 4-ζ frequencies are
within 4 cm−1 of 5-ζ values. However, comparing the
harmonic vibrational frequencies obtained with largest
a5Z basis sets for both CCSD(T) and MP2 (bold values
in Tables 3 and 4) across the entire series of triatomic
anions, the differences were larger than 50 cm−1 in sev-
eral cases and grew as large as 93 cm−1 for ω3 of SCN−.
As a result, only the CCSD(T) harmonic frequencies are

Table 4. MP2/a5Z harmonic vibrational frequencies (in bold) for
each triatomic anion preceded by the deviations from those val-
ues with the smaller basis sets, with all data in cm−1.

Mode 2-ζ 3-ζ 4-ζ 5-ζ

OCN− ω1 −28 −7 −2 1217
ω2 −20 −6 −2 617
ω3 −37 −11 −3 2149

SCN− ω1 −10 −6 −2 757
ω2 −13 −2 −2 461
ω3 −34 −13 −3 2002

OCP− ω1 −19 −7 −2 816
ω2 −19 −3 −1 494
ω3 −32 −8 −2 1848

SCP− ω1 −9 −5 −1 604
ω2 −20 −3 −1 363
ω3 −20 −7 −3 1418

OCAs− ω1 −15 −5 −1 646
ω2 −14 −2 −1 449
ω3 −34 −8 −2 1802

SCAs− ω1 −8 −4 −1 481
ω2 −18 −2 −2 329
ω3 −20 −7 −3 1337

OCSb− ω1 −14 −5 −1 544
ω2 −11 +0 −1 403
ω3 −36 −8 −2 1753

SCSb− ω1 −9 −4 −1 418
ω2 −17 −2 −1 296
ω3 −21 −7 −3 1293

used to determine our best estimates of the fundamental
frequencies.

The harmonic vibrational frequencies from the
valence-only MP2 and CCSD(T) optimizations with
the aug-cc-pVXZ and aug-cc-pVXZ-PP basis sets are
reported in the Supplemental Material. For X = 5 and
6, the deviations between the data in the Supplemental
Material and the corresonding a5Z values in Tables 3 and
4 did not exceed 4 cm−1 except for OCSb− and SCSb−.
The largest differencewas only 12 cm−1 forω1 ofOCSb−.

3.3. Anharmonic vibrational frequencies

MP2 anharmonic corrections for each mode (δi) were
obtained using the VPT2 and VCI anharmonic methods
with up to pentuple-ζ basis sets for all anions whereas the
same CCSD(T) anharmonic analyses were only carried
out with the double-, triple- and quadruple-ζ basis sets.
The last column of Table 5 lists the VCI CCSD(T)/aQZ
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Table 5. CCSD(T)/aQZ VCI anharmonic corrections (in bold) for the fundamental vibrational frequencies for each triatomic anion
preceded by the deviations from those values at the other levels of theory, with all data in cm−1.

MP2 CCSD(T)

VPT2 correction VCI correction VPT2 correction VCI correction

Mode 2-ζ 3-ζ 4-ζ 5-ζ 2-ζ 3-ζ 4-ζ 5-ζ 2-ζ 3-ζ 4-ζ 2-ζ 3-ζ 4-ζ

OCN− δ1 −5a −2a −2a −0a −3 −0 +0 +1 −5a −2a −2a −3 −1 −48
δ2 +0 +1 +1 +1 +3 +1 +1 +1 −1 +0 +0 −1 +0 −5
δ3 +5 +4 +4 +4 +5 +5 +4 +4 −1 +0 +1 −1 +0 −44

SCN− δ1 −2 −1 −1 −1 −1 −1 −1 −1 −1 +0 +0 −1 +0 −12
δ2 +0 +0 +0 +0 +0 +1 +1 +0 −1 +0 +0 −1 +0 −4
δ3 −3 −3 −3 −3 −2 −2 −2 −2 +0 +0 +0 +0 +0 −30

OCP− δ1 +0 +1 +0 +1 +1 +1 +1 +1 −1 +0 +0 +0 +0 −14
δ2 +1 +1 +0 +1 +1 +1 +1 +1 +0 +0 +0 +0 +0 −4
δ3 +0 +0 −1 −1 +1 +1 +1 +1 −3 −2 −3 −1 +0 −27

SCP− δ1 −3 +0 −1 +0 −1 +1 +0 +0 −3 −1 −1 −2 +0 −12
δ2 +2 +0 +0 +1 +3 +1 +1 +1 +1 +0 +0 +2 +0 −2
δ3 +2 +1 +1 +2 +2 +2 +2 +2 −1 −1 +0 +0 +0 −21

OCAs− δ1 +0 +0 +0 +0 +0 +1 +0 +0 +0 +0 +0 +0 +0 −9
δ2 +1 +1 +1 +0 +1 +1 +1 +1 +0 −1 +0 +0 +0 −3
δ3 +3 +3 +2 +3 +4 +3 +3 +3 +0 +0 +0 +0 +0 −29

SCAs− δ1 −1 +1 +1 +1 +0 +1 +1 +1 −2 +0 +0 −1 +0 −9
δ2 +3 +1 +1 +1 +3 +1 +1 +1 +2 +1 +0 +1 +0 −2
δ3 +2 +2 +2 +2 +2 +2 +2 +2 +0 +0 +0 +0 +0 −20

OCSb− δ1 −1 +0 −1 −1 −1 +0 +0 −1 −1 +0 +0 +0 +0 −7
δ2 +0 +0 +0 +0 +0 +0 +0 +0 −1 −1 +0 +0 −1 −3
δ3 +4 +3 +3 +3 +4 +4 +4 +4 +0 +0 +0 +0 +0 −28

SCSb− δ1 +0 +1 +0 +0 +0 +1 +1 +1 −1 +0 +0 −1 +0 −7
δ2 +3 +1 +1 +1 +3 +1 +1 +1 +1 +0 +0 +1 +0 −1
δ3 +2 +1 +1 +1 +1 +1 +2 +2 −1 +0 +0 +0 +0 −19

aAfter correcting for a known Fermi resonance between ν1 and 2ν2. (See [31] and [33].)

anharmonic corrections obtained for the three funda-
mental vibrational frequencies of each anion in bold and
is preceded by the deviations of the δi values computed at
all other levels of theory.

The anharmonic corrections for each vibrational
mode of each ion are remarkably consistent regardless of
the method (CCSD(T) or MP2), basis set (2-ζ through
5-ζ ) or anharmonic analysis (VPT2 or VCI) chosen,
resulting in deviations of at most 5 cm−1. The CCSD(T)
anharmonic corrections with the aTZ and aQZ basis sets
fell within ±2 cm−1 of each other regardless of whether
using the VPT2 and VCI procedures and the deviations
only increased to ±3 with the aDZ basis sets. The MP2
method was also able to reliably model the anharmonic
corrections to the harmonic vibrational frequencies with
similar deviations on average that occasionally grew as
large as ±5 cm−1.

The magnitude of the anharmonic corrections
decreases as the atomic mass within the molecule
increases. For example, the stretching modes of OCN−
have rather large corrections of δ1 = −48 cm−1 and δ3 =
−44 cm−1 from CCSD(T)/aQZ VCI anharmonic analy-
ses that become −12 and −30 cm−1, respectively, when
the oxygen atom is replaced with a sulphur atom or
−14 cm−1 and −27 cm−1, respectively, when the nitro-
gen atom is substituted with a phosphorous atom. Similar
trends are seen for the anharmonic corrections for the
stretching modes of all of the other heavier species, with

the arsenic and antimony analogues having stretching
frequency corrections of −7 to −9 cm−1 for δ1 and −19
to −29 cm−1 for δ3. The anharmonic corrections for the
bending vibrations for all of the triatomic species were
very small with δ2 falling between −5 cm−1 (for OCN−)
and −1 cm−1 (for SCSb−).

Applying the CCSD(T)/aQZ anharmonic corrections
from Table 5 to the CCSD(T)/a5Z harmonic vibrational
frequencies from Table 3 (each in bold) provides our best
estimates of the fundamental vibrational frequencies (νi)
near the CCSD(T) CBS limit for each triatomic anion.
These CCSD(T) composite values are reported in the
third column of Table 6 followed by a second set of com-
posite anharmonic frequecnies tabulated in the fourth
column that use the MP2 VCI corrections obtained with
the pentuple-ζ basis sets in conjunction with the same
CCSD(T) harmonic vibrational frequencies. Although
the ‘CCSD(T)/MP2 estimates’ were obtained at a sig-
nificantly reduced computational cost, they typically
fall within 2 cm−1 (and always within 4 cm−1) of the
CCSD(T) best estimates.

Experimental gas phase and prior theoretical funda-
mental frequencies of OCN− and SCN− are listed in
the fifth and seventh columns of Table 6, respectively.
Our CCSD(T) best estimates lie within ±2 cm−1 of the
experimental gas phase pseudo-antisymmetric stretching
frequencies (ν3) of OCN− and SCN− [29,30]. Compared
to the fundamental frequencies previously computed for
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Table 6. Best estimates of the fundamental vibrational frequencies (νi in cm−1) for each triatomic anion obtained with the MP2 and
CCSD(T) methods alongside available experimental and theoretical frequencies.

CCSD(T) best CCSD(T)/MP2 Experiment Prior

Mode estimatesa estimatesb Gas phasec Solid phased Theorye

OCN− ν1 1180 1181 – – 1181
ν2 620 620 – – 620
ν3 2122 2126 2124 – 2122

SCN− ν1 716 716 – – 708
ν2 456 456 – – 452
ν3 2066 2064 2066 – 2061

OCP− ν1 792 793 – 802 –
ν2 492 493 – – –
ν3 1794 1795 – 1786 –

SCP− ν1 588 588 – 595 –
ν2 361 362 – – –
ν3 1366 1367 – 1370 –

OCAs− ν1 608 609 – 618 –
ν2 442 443 – – –
ν3 1768 1771 – 1755 –

SCAs− ν1 469 470 – 474 –
ν2 327 328 – – –
ν3 1261 1263 – 1270 –

OCSb− ν1 486 486 – – –
ν2 389 389 – – –
ν3 1772 1776 – – –

SCSb− ν1 399 399 – – –
ν2 292 293 – – –
ν3 1203 1204 – – –

aCCSD(T)/a5Z harmonic frequencies with CCSD(T)/aQZ VCI corrections.bCCSD(T)/a5Z harmonic frequencies with MP2/a5Z VCI corrections.cFrom [29,30].dFrom
[25]. eFrom [31,33]. Full 3D variational calculations at CCSD(T)/a5Z for OCN− and CCSD(T)/aQZ for SCN− .

OCN− and SCN− [31,33], our CCSD(T) best estimates
predict frequencies within±1 cm−1 for the former anion
and within 5 to 8 cm−1 for the latter.

While the vibrational frequencies of the heavier ana-
logues have not been reported experimentally in the
gas phase, solid-state Raman frequencies (listed in col-
umn six of Table 6) were reported for the stretching
modes of the phosphorous- and arsenic-containing ana-
logues within their salts [24,25]. In prior work [60],
the CCSD(T) fundamental vibrational frequencies com-
puted for the OCP− and SCP− anions were found to
be in fortuitously good agreement with the solid-state
frequencies. That study found the solid-state experimen-
tal frequency for ν1 of OCP− to be just 10 cm−1 larger
than the computed anaharmonic value whereas the the-
oretical values was 8 cm−1 larger for ν3. For SCP−, the
computed fundamental stretching frequencies (ν1 and
ν3)weremerely 7 cm−1 and 4 cm−1, respectively, lower in
energy than the solid-state Raman values. In the present
study, similar agreement is observed for both arsenic-
containing ions. Our best estimates of the CCSD(T) fun-
damental frequencies for both OCAs− and SCAs− are
within 13 cm−1 of the solid-state Raman values.

4. Conclusions

The systematic basis set convergence of the bond lengths
and harmonic vibrational frequencies computed for

the OCPn− and SCPn− ions is illustrated in Tables 1
through 4 for both the CCSD(T) and MP2 methods.
A basis set of at least quadruple-ζ quality augmented
with diffuse functions can provide bond lengths within
0.002Å and harmonic vibrational frequencies within
4 cm−1 of the a5Z results. MP2 bond lengths and har-
monic vibrational frequencies near the CBS limit dif-
fer from those at CCSD(T) by as much as 0.036Å and
91 cm−1, respectively.

In contrast, the anharmonic corrections for each
vibrational mode are exceptionally consistent regard-
less of the basis set (aDZ, aTZ, aQZ or a5Z), method
(CCSD(T) or MP2) or anharmonic analysis (VPT2 or
VCI). Overall, using MP2 anharmonic corrections with
CCSD(T) harmonic frequencies yields results that are
nearly identical to our best available CCSD(T) funda-
mental frequencies.

Looking at the entire series, as the atomic radius
of the pnictogen atom increases from N to Sb, the
expected increase in the carbon-pnictogen bond length
was accompanied by amonotonic decrease in the carbon-
chalcogen bond length. Despite the contraction in the
carbon-chalcogen bonds, the harmonic vibrational fre-
quencies (ω1, ω2 and ω3) tend to systematically decrease
for both OCPn− and SCPn− as the mass of the pnicto-
gen atom increase from N to P to As to Sb. There was
serendipitously good agreement between our best esti-
mates of the fundamental vibrational frequencies near
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the CCSD(T) CBS limit and the available solid phase
experimental data for the N, P and As containing anions,
falling within 13 cm−1 of experiment despite the pres-
ence of counter-ions and influence of other environmen-
tal effects in the solid state. The fundamental vibrational
frequencies reported here for the first time for the isolated
OCAs−, SCAs−, OCSb−, and SCSb− ions can be used
as reference values in discerning how the presence of a
counter-ion, interaction with a solvent or other environ-
mental effects can change the spectroscopic signatures of
these anions.
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