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Anion photoelectron spectra of the thiazate (NSO�) and thionitrite (SNO�) isomers are reported. The
NSO� photoelectron spectrum showed several well-resolved vibronic transitions from the anion to the
NSO radical neutral. The electron affinity of NSO was determined to be 3.113(1) eV. The fundamental
vibrational frequencies of NSO were measured and unambiguously assigned to be 1202(6) cm�1 (ν1,
asymmetric stretch), 1010(10) cm�1 (ν2, symmetric stretch), and 300(7) cm�1 (ν3, bend). From the
presence of vibrational hot band transitions, the fundamental vibrational frequencies of the NSO�

anion were also measured: 1280(30) cm�1 (ν1, asymmetric stretch), 990(20) cm�1 (ν2, symmetric
stretch), and 480(10) cm�1 (ν3, bend). Combined with the previously measured ∆acidHo

298 K(HNSO),
D0(H–NSO) was found to be 102(5) kcal/mol. Unlike the results from NSO�, the SNO� photoelectron
spectrum was broad with little structure, indicative of a large geometry change between the anion and
neutral radical. In addition to the spectrally congested spectrum, there was evidence of a competition
between photodetachment from SNO� and SNO� photodissociation to form S� + NO. Quantum
chemical calculations were used to aid in the interpretation of the experimental data and agree well with
the observed photoelectron spectra, particularly for the NSO� isomer. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984129]

I. INTRODUCTION

Chalcogen-nitrogen chemistry has a rich scientific his-
tory, particularly involving the chemistry of S–N compounds
and their importance as linkage isomers in transition metal
complexes.1 Recently, s-nitrosothiols (RSNO, where R is an
alkyl group) and perthionitrite (SSNO�) have been implicated
in biological signaling, specifically in the storage and trans-
port of nitric oxide in biological systems.2–6 The isomeric
acids HSNO and HNSO have been the focus of several recent
experimental and theoretical studies,7–12 primarily due to their
potential involvement in these biological processes. However,
surprisingly little is experimentally known about their conju-
gate bases, thionitrite (SNO�) and its energetically more stable
isomer thionylimide or thiazate anion (NSO�), or even the
properties of their corresponding neutral radicals (SNO and
NSO).

For a set of “simple” triatomic molecules, SNO and NSO
(along with their anions) have proven to be difficult to iso-
late and study experimentally. Several matrix isolation experi-
ments have measured the infrared spectra of SNO and its more
energetically stable isomer NSO, although not without some
controversy over vibrational band assignments.13–18 A com-
mon theme of these studies is that SNO or NSO was observed
as a decomposition product of other S, N, and O containing
molecules. Early assignments of the stretching vibrational fre-
quencies of SNO and NSO came from Tchir and Sprately,13,14
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where isomers of HSNO were formed in an argon matrix and,
following UV irradiation, several new vibrational absorption
peaks were observed. Some of these peaks were then attributed
to either SNO or NSO, resulting in an assignment of the NO
stretch and SNO bend vibrational frequencies of SNO13 and
the SO stretching frequency for NSO.14 It was later suggested
that the initial assignments of SNO vibrational frequencies
were better matched to the SN and NO stretches, rather than
the NO stretch and SNO bend.18 In addition, the SO stretch-
ing frequency for NSO had a larger than expected isotopic
shift,14,15 which called into question its identification. Most
recently, Wu et al. produced NSO from the 600 K decomposi-
tion of CF3S(O)N, which was then deposited onto argon and
neon matrices.15 Two vibrational frequencies were identified,
1199.3 and 995.4 cm�1 (Ne matrix), as belonging to the two
stretching modes of NSO, but were assigned as the symmet-
ric and asymmetric stretches, respectively, inconsistent with
previous work. In addition, the two stretching modes of SNO
(1603.6 and 792.3 cm�1) were observed following irradiation
of the neon matrix at 193 nm, agreeing well with the previous
argon matrix studies. However, the NSO and SNO radicals
have yet to be observed in the gas phase, and therefore there
are still questions about the vibrational mode assignments.

There have also been theoretical studies examining the
electronic structure and vibrational frequencies of the NSO
and SNO radical neutral molecules.16,17,19,20 Some of these
studies were done in support of the matrix-isolation exper-
iments.16,17 Recent work from Yazidi et al.20 and Trabelsi
et al.19 also explored the electronic structure of the neutral
radicals at a much higher level of theory than previously done
[MRCI in Ref. 20 and CCSD(T) with an extrapolation to the
complete basis set limit in Ref. 19]. There is significantly more
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theoretical knowledge about the NSO� and SNO� anions than
their corresponding neutral radicals,19,21–24 including in-depth
studies into their role in coordination chemistry and their use as
linkage isomers (see Ref. 21 or Ref. 22 and references therein
for additional information).

The experimental measurement of fundamental properties
of NSO and SNO, including their electron affinities and vibra-
tional frequencies, is essential for the validation of the theoret-
ical methods used to treat these radicals, particularly because
of their role as small building blocks for larger, substituted
thionylimide or sulfinylnitrene molecules. This experiment
uses photoelectron spectroscopy of NSO� to experimentally
measure the electron affinity (EA) and vibrational frequen-
cies of the NSO radical neutral. Vibrational frequencies of
the NSO� anion are also measured. The NSO� and SNO�

anions are able to be independently formed without signif-
icant isomeric contamination using rational ion synthesis in
our dual-valve pulsed plasma entrainment ion source. The
measured NSO� photoelectron spectrum proves to be straight-
forward to analyze and yields an abundance of information.
However, the SNO� photoelectron spectrum exhibits signif-
icant spectral congestion, making interpretation challenging
and again showcasing how understanding these “simple” tri-
atomic molecules can be a non-trivial problem for experiment
and theory alike.

II. EXPERIMENTAL METHODS

The experimental apparatus has been described in detail
previously,25 so only a brief description follows. Anions are
generated in a dual pulsed valve plasma entrainment ion
source,26 discussed further below. Briefly, two pulsed Gen-
eral Valves are used to generate and collisionally stabilize
the products from rational ion synthesis. The two valves, ori-
ented perpendicular to each other, are referred to as the side
and main gas expansions. The side gas expansion is oper-
ated in such a way to produce a low flow of gas, resulting
in approximately an order of magnitude lower chamber pres-
sure rise during normal operating conditions compared to
the main gas expansion. This valve features a pulsed paral-
lel plate discharge, which generates plasma. The plasma is
entrained into the main supersonic expansion, which primar-
ily consists of argon, where the ions are collisionally cooled
and stabilized. The anions are extracted downstream from
the ion source into a Wiley-McLaren time-of-flight (TOF)
mass spectrometer. Here, the anions are separated by their
mass-to-charge (m/z) ratio, focused, and steered into the laser-
ion interaction region. The third harmonic of an Nd:YAG
laser (355 nm, 3.4945 eV) spatially and temporally over-
laps the anion m/z of interest, detaching electrons. The three
dimensional velocity distribution of photodetached electrons
is velocity-mapped onto a microchannel plate detector cou-
pled to a phosphor screen,27 resulting in a two dimensional
image of the three dimensional electron velocity distribution.
The image is reconstructed using the BASEX algorithm,28

resulting in a one-dimensional photoelectron velocity distri-
bution, which is then transformed into an electron kinetic
energy (eKE) distribution via a Jacobian transformation. The
eKE scale is calibrated by the known photoelectron spectrum

of the atomic anion S�.29,30 Due to the nature of the veloc-
ity map imaging (VMI) spectrometer, the instrument resolu-
tion is a function of the eKE and is approximately constant
at very low eKE (<100 meV). Based on the S� photoelec-
tron spectrum, the instrument resolution is approximately
2.8% ∆E/eKE, where ∆E is the full-width-at-half-maximum
(fwhm) of the peaks in the S� photoelectron spectrum. At
very low eKE (<100 meV), the instrument achieves approx-
imately 3 meV resolution. In this work, the photoelectron
spectra are reported as electron binding energy (eBE), where
eBE = hν � eKE.

While most of the reported spectra were taken using
355 nm photons, additional experiments were done using
other photon energies. Specifically, the second harmonic of
the Nd:YAG laser was used directly (532 nm), and in another
study, the output from a 355 nm pumped visible optical para-
metric oscillator (OPO) was used (477.6 nm, or 2.596 eV). The
highest photon energy used was 3.669 eV, which was gener-
ated from doubling the output of a 532 nm pumped dye laser
(LDS 698).

The anions of interest, NSO� and SNO�, are generated
through rational ion synthesis in our dual valve ion source.26

An isomer-specific method for generating NSO� and SNO�

is necessary in order for this experiment to be successful.
The reaction of NH2

� with SO2 is used for the generation
of NSO�.31 Here, NH2

� is formed from a pulsed discharge of
10% NH3 (balance Ar) in the side gas expansion. This reacts
with a trace amount (<0.5%) of SO2 in the main supersonic
expansion of argon, forming NSO�. The reaction product is
collisionally cooled and stabilized. From the room tempera-
ture selected ion flow tube reaction from Bierbaum et al.,31

this reaction was shown to produce m/z = 62 with a branch-
ing fraction of 26%. The anion at m/z = 62 was hypothesized
to be NSO� based on a probable mechanism and measured
gas-phase acidity. In the current experiment, this reaction prod-
uct is confirmed and no evidence is seen for other isomers of
the same mass being formed from this reaction, as shown in
Sec. III A.

The association reaction of S� with NO was used to gen-
erate the SNO� isomer. In the side expansion, S� is generated
from the pulsed discharge of the vapor from room temperature
CS2 entrained in Ar (approximately 25% CS2, balance Ar). A
trace amount (<0.5%) of NO was added to the main expan-
sion of Ar. The nitric oxide mixture is further purified using a
copper coil that is submerged in a dry ice/methanol bath and is
filled with Ascarite, similar to the procedure from Van Doren
et al.32 The reaction of S� with NO results in either SNO� or
NOS� being formed. From the results discussed below, it is
evident that the primary product is SNO�. No evidence is seen
for NSO� or other isomers at m/z = 62 generated from this
method in the current experiment.

Calculations are performed to aid in the analysis of the
experimental photoelectron spectra. The Gaussian suite of pro-
grams33 was used to calculate and optimize energies, geome-
tries, and harmonic frequencies of NSO�, NSO, SNO�, SNO,
NOS�, and NOS at the B3LYP/aug-cc-pVTQZ level of theory
(ROB3LYP for neutral radicals). The calculated geometries,
normal mode vectors, and the harmonic vibrational frequen-
cies are used to calculate the Franck-Condon factors (FCFs)



013943-3 J. H. Lehman and W. C. Lineberger J. Chem. Phys. 147, 013943 (2017)

for the simulated photoelectron spectra using the PESCAL
program.34,35 The FCFs are convolved with Gaussian func-
tions whose width is the instrument resolution and whose
integrated intensity is equal to the calculated FCF. Again,
the instrument resolution is from the S� photoelectron spec-
trum calibration, yielding fwhm ∼ 2.8% ∆E/eKE. The sum of
these Gaussian functions is the simulated (convolved) pho-
toelectron spectrum. For the calculated FCFs, the anion is
assumed to have a vibrational temperature of 200 K, result-
ing in transitions from excited vibrational states of the anion
to vibrational states of the neutral (hot bands and/or sequence
bands).

Throughout this paper, only the ground electronic states of
these anions and neutral radicals are discussed, so the ground
electronic state designations are not referred to in order to help
simplify the written explanations. The vibrational frequencies
reported here for NSO� and NSO follow the convention of ν1,
ν2, and ν3 labeled as what can best be described as the asym-
metric stretch, symmetric stretch, and bending frequencies,
respectively. However, ν1 and ν2 of the neutral NSO can also
be referred to as the SO stretch and NS stretch, respectively,
given the displacement vectors calculated here (B3LYP/aug-
cc-pVQZ) and reported in the supplementary material. For the
SNO isomer, the vibrational modes are better described as ν1

as the NO stretch, ν2 as the SN stretch, and ν3 as the SNO
bend. The vibronic transition assignments are labeled as the
number of quanta in each vibration, (ν1, ν2, ν3)neutral ← (ν1,
ν2, ν3)anion.

The error bars throughout this work are calculated based
on the statistical error in determining the photoelectron energy
corresponding to a peak center, possible contributions of mul-
tiple transitions to an individual peak, the error in the absolute
energy scale calibration (when a contributor), and multiple
independent measurements of the photoelectron spectra. The
error in the absolute energy scale calibration is not neces-
sary to include for energy differences between peaks, such as
the vibrational frequencies reported here. Any additional error
derived from the difference between the observed peak center
and the underlying vibronic transition is included in the error
analysis and is explicitly stated in Secs. III and IV; causes of
additional error include an asymmetric, unresolved rotational
contour or if there are multiple vibronic transitions possible
for what appears to be a single observed peak.

III. RESULTS
A. NSO− photoelectron spectrum

The doubly occupied HOMO of NSO� has both bonding
and antibonding character: it is bonding in the N–S bond and
antibonding in the S–O bond.11,19 When an electron is removed
from this orbital, generating the radical neutral NSO in its
ground electronic state, it is expected that the N–S bond should
lengthen (less bonding character) and the S–O bond should
shorten (less antibonding character) due to the change in the
bond order. This is seen in the calculated geometries of NSO�

and NSO summarized in Table I. The anti-correlated change in
bond lengths will likely be reflected in Franck-Condon activity
in the asymmetric stretching vibration. However, based on the

TABLE I. Calculated geometries and harmonic frequencies for NSO�, NSO,
SNO�, and SNO (B3LYP/aug-cc-pVQZ, ROB3LYP for the neutral radicals).
The differences between the anion and neutral geometries are shown in the
last column, with the percent change from the anion shown in parentheses.
The calculated electron affinities (EAs) for NSO and SNO are also included.

NSO� NSO ∆(anion-neutral)

r(N–SO) (Å) 1.479 1.511 −0.037 (−2.5%)
r(NS–O) (Å) 1.510 1.464 0.047 (3.1%)
∠ (NSO) (deg) 123.2 122.7 0.4 (0.3%)
ω1 (cm�1) 1283.8 1199.1 . . .

ω2 (cm�1) 993.2 1017.2 . . .

ω3 (cm�1) 486.8 313.9 . . .

EA (eV) . . . 3.025 . . .

SNO� SNO ∆(anion-neutral)

r(S–NO) (Å) 1.717 1.585 0.132 (7.7%)
r(SN–O) (Å) 1.229 1.185 0.044 (3.6%)
∠(SNO) (deg) 118.7 140.1 −21.4 (−18.1%)
ω1 (cm�1) 1405.3 1645.8 . . .

ω2 (cm�1) 720.4 813.5 . . .

ω3 (cm�1) 489.4 510.9 . . .

EA (eV) . . . 2.113 . . .

relatively small difference between the equilibrium geome-
tries of the anion and neutral (approximately 3% change in
the bond lengths, <1% change in the angle), the photoelectron
spectrum will likely show a vertical transition. In other words,
it is expected that the most intense transition will be from the
ground vibrational state of the anion to the ground vibrational
state of the neutral (otherwise known as the peak correspond-
ing to the electron affinity, EA) with very little Franck-Condon
activity otherwise.

The experimental photoelectron spectrum of NSO� using
355 nm photons is shown as the black line in Fig. 1, with the
raw (unreconstructed) velocity-mapped photoelectron image
shown in the inset. As expected, there are very few peaks with
significant intensity. The dominant peak in the spectrum is
the transition from the ground vibrational state of the anion
to the ground vibrational state of the neutral, or the electron
affinity (EA) of NSO. This peak is located at 3.113(1) eV.
The fwhm of this peak (0.014 eV) is slightly broader than
the instrument limited resolution, which is 0.011 eV at this
eKE. This is most likely due to an underlying rotational con-
tour, causing a broadening of this peak. The center of the
observed peak does not necessarily have to correspond to the
transition energy due to an unresolved rotational contour. An
estimate of the offset between the peak center and the EA
transition energy is based on the calculated rotational con-
stants of the anion and neutral and an assumed rotational
temperature of 150(50) K.36 The resulting offset is very small
(approximately 0.2 meV). This small approximate shift has
been further confirmed using a rotational contour simulated in
PGOPHER using the calculated rotational constants.37 Tak-
ing this offset and its associated error into account results
in the EA(NSO) = 3.113(1). The calculated (B3LYP/aug-cc-
pVQZ) EA of 3.025 eV agrees well with the experimental
value.

The remaining peaks in the spectrum are assigned with the
aid of the calculated photoelectron simulation, which overall

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
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FIG. 1. Experimental photoelectron spectrum of NSO� using 355 nm
(3.49 eV) photon energy, shown in black. The inset is the raw (not recon-
structed) velocity-mapped photoelectron image, with the direction of the
laser polarization shown as the purple double-headed arrow. The anisotropy
parameter (β) is reported for the peak corresponding to the EA. The peak
labels (letters) are referred to in the main text and in Table II. The calculated
Franck-Condon factors for the photodetachment from NSO� are shown as blue
sticks. The convolution of the Franck-Condon factors with the experimental
resolution, as discussed in the text, is shown as the red line.

agrees very well with the experimental spectrum. Note that
the simulation was shifted by +88 meV to match the exper-
imental EA(NSO). A higher photon energy (3.669 eV) was
also used, but no additional peaks were observed to higher
binding energy. A comparison of the photoelectron spectra
resulting from the two different photon energies is shown in the
supplementary material. The results of the peak assignments
are listed in Table II. Peaks corresponding to transitions from
the ground vibrational state of the anion to the asymmetric,
symmetric, and bending vibrations of the neutral will be dis-
cussed first in the paragraphs below. This will be followed by
identifying hot band and sequence band progressions (transi-
tions from excited vibrational states of the anion to different
vibrational states of the neutral).

Peak e is the second largest peak in the photoelectron spec-
trum after the EA. It is spaced by approximately 1200 cm�1

relative to the EA. Peak i is spaced by approximately 1190
cm�1 from peak e (approximately 2390 cm�1 from the EA).
These two peaks are assigned as transitions from the ground
vibrational state of the anion to one and two quanta of asym-
metric stretch in the neutral NSO, respectively, yielding a
measurement of the fundamental ν1 = 1202(6) cm�1 and
the overtone 2ν1 = 2394(6) cm�1 vibrational frequencies. The
measured frequency agrees very well with the harmonic fre-
quency calculation (ROB3LYP/aug-cc-pVQZ) of 1199 cm�1.
As expected from the change in the bonding character and the
associated change in the geometry between the anion and neu-
tral, this progression in the asymmetric stretch has the largest
Franck-Condon activity.

Peak d is spaced from the EA peak by 1010 cm�1. The
major contribution to the peak intensity is predicted to be

TABLE II. Summary of peaks identified in the NSO� photoelectron spec-
trum, using peak labels found in Fig. 1. Absolute peak positions (eBE, reported
in eV), vibrational transition frequency based on the peak position relative
to the EA (cm�1), and the vibrational transition assignments are listed. The
vibronic transition assignments are listed as the number of quanta in each
vibration, (ν1, ν2, ν3)neutral← (ν1, ν2, ν3)anion, where ν1, ν2, ν3 are the asym-
metric stretch, symmetric stretch, and bending vibrations, respectively. The
transition frequencies are measured relative to the EA. The asterisks for peaks
c and h indicate the inability to clearly assign these peaks to a single transition.

Peak Peak Vibrational transition Vibronic transition
label position (eV) frequency (cm�1) assignment

e′ 2.955(2) 1280(30) (0, 0, 0)← (1, 0, 0)
d′ 2.990(2) 990(25) (0, 0, 0)← (0, 1, 0)
c′ 3.049(2) 510(25) (0, 0, 0)← (0, 0, 1)
b′ 3.071(2) 320(20) (0, 0, 2)← (0, 0, 2)
a′ 3.091(1) 180(10) (0, 0, 1)← (0, 0, 1)
EA 3.113(1) 0 (0, 0, 0)← (0, 0, 0)
a 3.151(1) 300(7) (0, 0, 1)← (0, 0, 0)
b 3.187(1) 593(7) (0, 0, 2)← (0, 0, 0)
c 3.217(1) 840(10) *
d 3.238(1) 1010(10) (0, 1, 0)← (0, 0, 0)
e 3.262(1) 1202(6) (1, 0, 0)← (0, 0, 0)
f 3.300(1) 1508(8) (1, 0, 1)← (0, 0, 0)
g 3.339(1) 1822(7) (1, 0, 2)← (0, 0, 0)
h 3.385(1) 2190(10) *
i 3.410(1) 2394(6) (2, 0, 0)← (0, 0, 0)

the transition from the ground vibrational state of the anion
to one quantum in the NSO symmetric stretch. However,
the peak is also predicted to have small contributions from
other vibronic transitions which are distributed nonsymmetri-
cally about the primary transition. This gives rise to the non-
Gaussian peak shape. A larger error bar is therefore used for the
NSO symmetric stretch transition frequency to help account
for the added uncertainty. The NSO symmetric stretch (ν2)
is identified as 1010(10) cm�1. This agrees very well with the
harmonic frequency calculation (ROB3LYP/aug-cc-pVQZ) of
1017 cm�1.

The final NSO frequency which is able to be measured
is for the bending vibration. There are a set of small peaks
attributed to the transition from the ground vibrational state
of the anion to one and two quanta in the NSO bend: peaks
a and b, respectively. From the position of these peaks rela-
tive to the EA, the fundamental frequency of the NSO bend
(ν3) is identified as 300(7) cm�1 and the overtone (2ν3) as
593(7) cm�1. Again, this agrees very well with the calculated
(ROB3LYP/aug-cc-pVQZ) harmonic frequency of 314 cm�1.
There are also a few combination bands that are observed,
involving transitions from the ground vibrational state of the
anion to one quantum in the NSO asymmetric stretch, plus one
or two quanta in the NSO bend (peaks f and g, respectively).
These neutral vibrational frequencies are measured as ν1 + ν3

= 1508(8) cm�1 and ν1 + 2ν3 = 1822(7) cm�1.
Beyond being able to determine neutral NSO vibrational

frequencies, some frequencies of the NSO� anion were also
able to be measured. There are several small peaks to lower
eBE than the peak assigned as the EA. These are attributed
to vibrational hot bands, i.e., transitions arising from excited
vibrational states of the anion to the ground vibrational state

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
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of the neutral. Peak e′ is assigned to the transition from one
quantum of the anion asymmetric stretch to the ground state
of the neutral. It is located approximately 1280 cm�1 from the
EA. Peak d′ is assigned to the transition from one quanta of the
anion symmetric stretch to the ground state of the neutral. It is
located approximately 990 cm�1 from the EA. Both of these
peaks have fairly low intensity and are significantly broader
than the experimental resolution. There are numerous transi-
tions predicted to form these peaks, which is likely the cause
for the breadth of the peaks. However, because of this added
uncertainty, a conservative error is used for both of these anion
frequencies: 1280(30) cm�1 and 990(25) cm�1 for the anion ν1

and ν2, respectively. These agree very well with the calculated
(B3LYP/aug-cc-pVQZ) harmonic frequencies of 1284 cm�1

and 993 cm�1.
There are also several sequence bands present for the

bending vibration, i.e., transitions from one or two quanta of
bend in the anion to one or two quanta of bend in the neu-
tral. The largest peak to lower eBE than the EA (peak a′) is
assigned as the (0,0,1) ← (0,0,1) sequence band. From this
peak position, combined with the measured frequency of the
neutral ν3 fundamental vibration, the anion ν3 is measured to
be 480(10) cm�1. The calculated (B3LYP/aug-cc-pVQZ) har-
monic frequency of 487 cm�1 agrees with this very well. An
additional sequence band, assigned to the (0,0,2) ← (0,0,2)
transition, is labeled as peak b′. From this peak position com-
bined with the measurement of the neutral 2ν3, the anion 2ν3

is measured as 910(20) cm�1. A direct measurement of the
anion ν3 has more uncertainty associated with it because of
peak shapes and intensities. Peak c′ is assigned as the tran-
sition from one quantum in the anion bend to the vibrational
ground state of the neutral. However, given the peak shape
and nearby peaks interfering with an accurate measure of its
position, a larger error bar is placed on the anion ν3 measured
this way, yielding 510(25) cm�1. This is similar to the value
derived from the observed sequence band, but with a larger
error.

It is apparent from the image that there is an angular
anisotropy of the photoelectrons with respect to the direction
of the laser polarization (double headed arrow). Within the
BASEX algorithm, the photoelectron intensity as a function
of the polar angle (θ) with respect to the laser polarization is
fit to the form: I (θ) ∝ 1+ βP2 (cos θ). The anisotropy parame-
ter (β) ranges from �1 for a perpendicular transition to +2 for a
parallel transition. Generally, for photoelectron spectroscopy
of molecular anions,38 a positive β is associated with detach-
ment from an orbital with more σ character, while a negative
β is associated with detachment from a more π like orbital.
In the NSO� image, the most intense peak (the EA) has β
≈ +0.7, indicating that electron detachment is from an orbital
with moreσ character. This is consistent with the anion HOMO
being associated with σ-like bonds.

B. SNO− photoelectron spectrum

By employing a different ion synthesis method in our
ion source, we are able to switch from generating NSO� to
another S, N, O containing anion at m/z = 62. This was
achieved by reacting S� with NO, as explained in Sec. II.
There are two possible isomers that could be formed from the

reaction of S� with NO: SNO� or NOS�. The NSO� anion
is not observed, which is anticipated, based on the significant
structural rearrangement that would need to occur, including
breaking the NO bond. For either possible isomer, the central
atom is no longer the least electronegative atom, which will
likely destabilize these isomers compared to NSO�. Indeed,
the SNO� anion is calculated to be energetically less stable
than NSO� by approximately 1 eV.19,23 In addition, the NOS�

anion is calculated to be 2.14 eV higher in energy than SNO�

(B3LYP/aug-cc-pVQZ). The transition state for the rearrange-
ment between NOS� and SNO� is almost 1 eV higher in
energy than NOS�. The energetic difference between NOS�

and SNO� does not necessarily preclude NOS� from exist-
ing in our mass spectrum, but it is certainly less likely. In
addition, based on the calculations done here (B3LYP/aug-cc-
pVQZ), the reaction of S� with NO is slightly endothermic for
producing NOS� (by approximately 0.2 eV) and exothermic
for producing SNO� (by about 1.9 eV). This again points to
SNO� being the most likely isomer to be formed in this ion
source.

Assuming that SNO� is the only ion produced at m/z
= 62, it is instructive to postulate what the photoelectron spec-
trum might look like. According to the notation from Ehrhardt
and Ahlrichs,23 the electronic structure of SNO� can best be
described as S� � N = O, as opposed to NSO� which can be
described as N� = S+

� O�. From the current calculations,
there is a significant change in geometry between the anion
and neutral SNO, summarized in Table I. While the SNO angle
is the most significant change (∼20% change), the two bond
lengths also show small changes. Therefore, an extended vibra-
tional progression is expected in the photoelectron spectrum.
The calculated vibrational frequencies are also reported in
Table I.

The photoelectron spectrum of SNO� is shown in Fig. 2,
using 355 nm photons. The experimental spectrum shows two
fairly sharp peaks (at approximately 2.1 and 3.25 eV). The
two sets of peaks are readily assigned to the photodetachment
from S� (2P) to form S (3P) and S (1D). The presence of these
peaks will be discussed below. There is also a broad, some-
what structured “feature” spanning more than 1 eV, centered
near 2.7 eV. This broad “feature” also causes a vertical off-
set in the amplitude of the photodetachment from S� (2P)
to form S (1D). The photoelectron angular distribution for
this portion of the spectrum showed a positive anisotropy
(β ≈+0.4 over the fwhm of the spectrum), once again indi-
cating the photodetachment from a more σ-like orbital. A
broad spectrum like what is seen here is indicative of a large
geometry change between the anion and neutral molecules,
resulting in a spectrally congested spectrum. The SNO� pho-
toelectron spectrum simulation is overlaid on the experimental
spectrum. Here, the calculated EA (2.113 eV) is shifted by
+50 meV in order to better match the peak of the experimental
spectrum at 2.7 eV, otherwise known as the vertical detach-
ment energy (VDE). Overall, the simulation agrees fairly well
with the experiment, particularly given the degree of spectral
congestion.

In order to trying to identify individual transitions and
hopefully identifying the EA, a lower photon energy was
used (477.6 nm, or 2.596 eV). Since the experimental
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FIG. 2. Experimental photoelectron spectrum of SNO� using 355 nm (3.49
eV) photon energy, shown in black. The broad, semi-structured peak centered
at 2.7 eV is attributed to SNO�, while the two peaks at approximately 2.1
eV and 3.2 eV are from the S� photodetachment, arising from a two-photon
process: SNO� photodissociation to S� + NO, followed by the S� photode-
tachment, as discussed in the text. The calculated Franck-Condon factors for
the SNO� photodetachment are shown as blue sticks. The convolution of the
Franck-Condon factors with the experimental resolution, as discussed in the
text, is shown as a red line.

resolution changes as a function of eKE, a lower photon
energy should help better resolve the low eBE portion of
the spectrum despite the spectral congestion. The resulting
spectrum is shown in Fig. 3. The four peaks near 2.1 eV
are again assigned to the photodetachment from S� (2P)

FIG. 3. Experimental photoelectron spectrum of SNO� using 478 nm (2.596
eV) photon energy, shown in black. With a lower photon energy, the broad peak
centered at 2.7 eV in Fig. 2 is now better resolved, showing evidence of some
structure. The peaks between 2 and 2.15 eV are due to the photodetachment
from S�. The calculated Franck-Condon factors for the photodetachment from
SNO� are shown as blue sticks. The convolution of the Franck-Condon factors
with the experimental resolution, as discussed in the text, is shown as the red
line.

forming S (3P), where its associated fine-structure is much
better resolved than in Fig. 2 (as expected). The low eBE por-
tion of the broad spectrum from Fig. 2 now also shows some
more defined structure. The prominent peaks from approx-
imately 2.4 to 2.6 eV are spaced by about 30 meV (or
240 cm�1). There are also some photoelectron signals under
the S� peaks and perhaps to lower the eBE. It is difficult to
locate a clear structure to lower the binding energy than the set
of peaks between 2.4 and 2.6 eV. Interestingly, there is a pattern
to these sets of peaks. Specifically, starting with the peak at
approximately 2.38 eV, the observed peaks alternate between
a single narrow (close to resolution limited) peak, and what
appears to be a closely spaced trio of peaks. The narrow peaks
are separated by 60 meV, which corresponds to approximately
480 cm�1.

The SNO� photoelectron spectrum simulation is overlaid
on the experimental spectrum in Fig. 3, where the convolution
has been adjusted for the improved experimental resolution.
There is surprisingly good agreement with the experimental
spectrum, given the large degree of geometry change between
the anion and neutral and the resulting spectral congestion.
For example, the peaks from 2.38 eV to 2.6 eV in the simula-
tion match the alternating pattern seen in the experiment. As
expected, based on the large SNO angle change, these peaks
all involve the SNO bending vibration. The narrow peaks in
the simulation, which match the narrow (close to resolution
limited) peaks in the experimental spectrum, arise from transi-
tions of the ground vibrational state of the anion to combination
bands of the SNO bend with the SN stretch in the radical neu-
tral. Specifically, the peak at 2.38 eV is the transition to 1ν2

+ 2ν3, the peak at 2.45 eV is the transition to 1ν2 + 3ν3, and the
peak at 2.51 eV is the transition to 1ν2 + 4ν3. Recall that these
peaks in the experimental spectrum are spaced by 60 meV
or 480 cm�1. This is in good agreement with the calculated
harmonic frequency (510 cm�1), corresponding the bending
vibration.

The pattern of a trio of peaks in the experimental spectrum
is also seen in the simulated spectrum, although the simu-
lated spectrum shows a doublet rather than a trio of peaks. In
the simulation, these sets of peaks are made up of transitions
from the ground vibrational state of the anion to increasing
excitation in the SNO bend in the neutral (the peak to lower
eBE), along with combination bands of the neutral SNO bend
plus two quanta of the SN stretch (the peak to higher eBE).
For example, the largest FCFs in the simulation for the dou-
blet near 2.415 eV are 4ν3 and 2ν2 + 1ν3. The next duo of
peaks in this sequence (near 2.475 eV) increases the number
of quanta in the neutral bending excitation by one (so 5ν3 and
2ν2 + 2ν3).

While there is fairly good agreement between the exper-
iment and theory, there is clearly more spectral congestion in
the experiment, or perhaps even a broad underlying envelope,
which is not captured in the simulation. This can especially be
seen at higher binding energy in Fig. 2, where the S� (2P) pho-
todetachment to form S (1D) has more peaks around it than
expected, along with a vertical offset in its amplitude. This
is also true at the low eBE portion of the spectrum, seen in
both Figs. 2 and 3, where there appears to be the photoelec-
tron signal above the baseline extending to lower eBE than the
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peaks assigned to the S� (2P) photodetachment to form S (3P).
With a broad, congested spectrum such as what is observed,
the EA peak could be significantly lower in intensity than the
peak intensity of the overall spectrum.39 From the convolved
simulation, the peak corresponding to the EA(SNO) is approx-
imately 8000 times smaller than the peak of the photoelectron
spectrum near 2.7 eV. In addition, the detachment from S�

might be obscuring the EA of SNO, just as it is certainly
obscuring the low eBE portion of the spectrum. Using a lower
photon energy was attempted (532 nm, 2.33 eV). However,
the photodetachment signal was very small and significantly
obscured by the large detachment signal from S�, and so it was
unable to be determined if there was a structure present. Even
though a peak could not be assigned to the EA, an approxi-
mation can be made for the EA(SNO) based on the agreement
between the simulation and the experiment. The simulation
was originally shifted by +50 meV to match the peak inten-
sity of the experimental spectrum near 2.7 eV (VDE), giving
a calculated EA(SNO) = 2.16 eV. The low energy portion of
the spectrum should be a better indicator of the agreement
between the experiment and simulation since it will be less
affected by the harmonic approximation employed in the cal-
culation of the FCFs. As seen in Fig. 3, this EA(SNO) = 2.16
matches the higher resolution experimental spectrum quite
well, particularly where there is a noticeable resolved structure.

The peaks assigned to the photodetachment from S� in
the SNO� photoelectron spectrum are another aspect which
complicates the analysis. It is highly unlikely that m/z = 62
is simply S� in a weakly bound complex with NO, since this
would likely cause a shift of the S� photoelectron spectrum to
a higher binding energy, which is not observed. In order to see
the S� photodetachment at m/z = 62, this signal likely arises
from a multiphoton process: SNO� absorbs a photon, causing
excitation to an electronic excited state, which then dissociates
forming S� + NO. The S� then absorbs a second photon, caus-
ing electron detachment. This means that there is a competition
between the electronic absorption (and subsequent dissoci-
ation) and photodetachment from SNO�. This phenomenon
is also seen in other anions, such as O3

�.40 According to
the calculations performed here (EOMCCSD/aug-cc-pVQZ)
and previously,19 SNO� has several low-lying electronic states
which could be the cause of this.

While it is highly unlikely that NOS� was formed and sta-
bilized in our ion source, the experimental photoelectron spec-
trum has too much spectral congestion to completely negate
this possibility. The photodetachment from NOS� would also
give rise to a very broad, congested spectrum (shown in the sup-
plementary material). The calculated EA(NOS) is 2.183 eV,
which is very similar to the calculated EA(SNO). In addi-
tion, there are several low-lying excited electronic states in
NOS� which could generate the S� photodetachment signal
observed via a multiphoton process. Since there are no peaks
able to be definitively assigned to either isomer, it is difficult
to assign the observed spectrum to only SNO� or NOS�, and
perhaps some of the observed congestion and breadth of the
spectrum are due to the presence of both isomers. However,
the overall good agreement between experiment and theory for
SNO� despite the significant spectral congestion, along with
the slightly endothermic reaction for forming NOS� in our ion

source, indicates that SNO� should be the dominant isomer
present.

IV. DISCUSSION
A. Thermochemistry of HNSO

The NSO� anion was successfully produced in our ion
source. The reaction of NH2

� with SO2 does indeed produce
NSO�, as predicted by Bierbaum et al.,31 with no evidence
for other isomers in the reported spectrum. With the measure-
ment of the EA(NSO) in this work and the ∆acidHo

298 K from
Bierbaum et al.,31 a thermodynamic cycle can be used to obtain
D0(HNSO)

D0 (HNSO) = ∆acidHo
0 K (HNSO) + EA (NSO) − IE (H) .

Here, D0(HNSO) refers to the H–NSO dissociation,
∆acidHo

0 K(HNSO) is the 0 K gas phase acidity, the
EA(NSO) is from this work, and IE(H) = 13.598 44 eV.
The ∆acidHo

298 K(HNSO) = 344(5) kcal/mol31 is con-
verted to ∆acidHo

0 K(HNSO) from calculated heat capacities
(B3LYP/aug-cc-pVQZ) using the relation

∆acidHo
0 K (HNSO) = ∆acidHo

298 K (HNSO)

−

∫ 298

0

[
Cp(NSO−) + Cp

(
H+)

−Cp (HNSO)
]

dT .

This small thermal correction results in ∆acidHo
0 K = 343(5)

kcal/mol. Combining this value with the thermochemical cycle
gives D0(HNSO) = 102(5) kcal/mol or 4.4(2) eV.

B. Further analysis of the NSO−

photoelectron spectrum

The only previous measurements of the NSO vibrational
frequencies were done in matrix isolation studies. The cur-
rent gas phase measurements obtained from the NSO� pho-
toelectron spectrum are free from any matrix perturbations
and include the measurement of the bending vibration which
was previously not able to be observed. The current study
also unambiguously assigns the three vibrational frequencies,
clearing up any questions raised in the analysis of the previous
matrix studies. A summary of the experimental results is in
Table III.

The earliest studies by Tchir and Spratley attributed a
vibrational band at 1190 cm�1 to NSO, arising from the VUV
photolysis of HNSO in an Ar matrix. Through series of argu-
ments, they rationalized this would be labeled as the SO stretch.
This is very close to the gas phase measurement of 1202(6)
for the asymmetric stretch measured here. Based on the dis-
placement vectors from the calculations reported here (see
the supplementary material), this could also be referred to
as the SO stretch, agreeing with the earliest assignment of
this vibrational frequency. The most recent matrix isolation
studies by Wu et al. used both neon and argon matrices, gener-
ating NSO from the decomposition of sulfinyl azide. Using
a neon matrix, their measurement of ν1 = 1199.3 cm�1 is
very close to our gas-phase measurement of 1202(6) cm�1.
They also observed ν2 = 995.4 cm�1, close to our measure-
ment of 1010(10) cm�1. However, they misidentified these

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
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TABLE III. Summary of experimental results from the NSO� photoelectron
spectrum.

NSO� (cm�1) NSO (cm�1)

ν1 1280(30) 1202(6)
2ν1 . . . 2394(6)
ν2 990(20) 1010(10)
ν3 480(10) 300(7)
2ν3 910(20) 593(7)
ν1 + ν3 . . . 1508(8)
ν1 + 2ν3 . . . 1822(7)

EA(NSO) = 3.113(1) eV
∆acidHo

0 K(HNSO) = 343(5) kcal/mol
D0(HNSO) = 102(5) kcal/mol

two modes as the symmetric and asymmetric stretching vibra-
tions, respectively (however, they were correctly labeled for
the anion in their cited Ref. 24). The ν1 vibration is the asym-
metric stretching vibration, while ν2 is the symmetric stretch.
Our assignment is consistent with what is expected based on
physical arguments for the photoelectron spectrum of NSO�,
as well as the calculations reported here. Of course, as men-
tioned previously, labelling ν1 and ν2 the asymmetric and
symmetric stretches is just an approximation, albeit a very
good approximation for a molecule like NSO. From the calcu-
lations here (B3LYP/aug-cc-pVQZ), the displacement vectors
indicate that ν1 (calc. 1199 cm�1) could be referred to as the
SO stretch and ν2 (calc. 1017 cm�1) as the SN stretch. Again,
these displacement vectors are shown in the supplementary
material.

While there is overall excellent agreement between the
experimental results and the theoretical calculations performed
here (and the subsequent photoelectron spectrum simulation),
it is informative to comment on some of the small differences.
This comparison or any suggested changes to the simula-
tion do not change the results presented here for NSO� or
NSO, which are found directly from the experimental data.
Instead, the purpose of this discussion is to suggest ways
the theoretical treatment of NSO�/NSO could be improved.
One disagreement between the experiment and the photo-
electron simulation is the intensity of the peaks correspond-
ing to transitions involving the bending vibration (such as
peak a). The calculated FCFs are less intense than the exper-
imental results. This indicates that there should be a larger
change in the NSO angle between the anion and neutral
molecules than what is calculated. At the current level of the-
ory (B3LYP/aug-cc-pVQZ), there is a 0.4° change between
the anion and neutral. A least-squares fitting procedure within
the PESCAL program can be used to derive the extent of the
bond angle change between the anion and neutral based on
fitting the simulation to the experimental photoelectron spec-
trum.35 The calculated FCFs are related to the change in the
normal mode geometry displacements between the anion and
neutral molecules. The displacement is optimized in a least-
squares fitting procedure so that the associated FCFs match
the experimental peak intensities. From this procedure, the
derived change in the bond angle is approximately +1.6°.
Since a radical neutral is nontrivial for quantum chemical

calculations, it is more likely that the neutral bond angle is
the source of the discrepancy between the theory and experi-
ment. With the anion angle held at the calculated 123.2°, the
neutral angle is 124.8°. There is also more Franck-Condon
activity in the asymmetric stretching vibrations in the sim-
ulation compared to the experiment (peaks e and i). This
means that the change in either (or both) the NS or SO bond
lengths between the anion and neutral is overestimated in
the calculation compared to the experiment. Unfortunately,
interpreting the outcome from using a similar PESCAL sim-
ulation fitting procedure is nontrivial because the asymmetric
stretch is sensitive to the relative change along two inter-
nal coordinates (NS and SO bond lengths). A small part of
this disagreement, particularly for peak i, is mitigated by
using a higher photon energy (as seen in the supplementary
material).

Another disagreement is the simulated population in
excited anion vibrational levels. Clearly, there are several
peaks lower in eBE than the EA that are in the experimen-
tal spectrum but are not captured in the simulation. The
simulation was held to a Boltzmann population distribu-
tion at 200 K. In order for the intensities of the overtone
transitions from the excited anion ν1 and ν2 to match the
experiment (peaks d′ and e′), without changing the FCFs, a
Boltzmann temperature would have to be close to 450 K, sig-
nificantly higher than what is expected. Keep in mind that
NSO� is likely formed in our ion source from the reac-
tion of NH2

� with SO2, a reaction that is exothermic by
≤46 kcal/mol (≤2 eV).31 A simple Boltzmann vibrational pop-
ulation distribution is likely not appropriate for this ion source,
given that this source relies on a supersonic jet expansion for
both the reaction and subsequent collisional stabilization and
cooling.

The NSO� photoelectron spectrum can be compared
to that of NCO�.41 For NCO�, a similar bonding motif is
expected, where the partial positive charge is on the central
atom and partial negative charges are on the terminal N and O
atoms. The difference between the anion and neutral geome-
tries is also very similar, where the NC bond lengthens and the
CO bond contracts on removal of an electron. However, both
NCO and NCO� are linear, so there are no analogous bending
mode excitations. Despite the bond angle difference, the photo-
electron spectra of NSO� and NCO� appear to be very similar,
albeit with a different electron affinity, where the EA(NCO)
= 3.609(5) eV. Another point of comparison is between NSO�

and NOO�, the peroxy form of NO2
�. The peroxy form of

NO2
� was suggested to exist in the photodetachment stud-

ies by Adams et al.,42 Richards et al.,43 and then by Herbst
et al.44 Since NSO� is valence isoelectronic with the NOO�

anion, it might be expected to have similar bonding character
or structure given the similarities between oxygen and sulfur.
However, the difference in electronegativity between oxygen
and sulfur as the central atom is likely enough to stabilize
NSO� and the corresponding radical neutral, forming a cova-
lently bound triatomic. This is in contrast to the suggested
dissociation of NOO� to form NO + O plus a free electron,
along with the proposed NOO� structure being more simi-
lar to an NO. . . O� electrostatic interaction than to a covalent
bond.44

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-045795
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V. CONCLUSION

The photoelectron spectra of NSO� and SNO� were mea-
sured. Isomer-specific ion generation was achieved by the
rational ion synthesis capability in our dual pulsed valve
plasma entrainment source. All of the fundamental vibra-
tional frequencies of NSO and NSO� were measured, along
with EA(NSO) = 3.113(1) eV. Several overtone vibrational
frequencies were also measured for NSO. The NSO vibra-
tional frequencies were unambiguously assigned to the mode
descriptions. In addition, the vibrational mode assignments
make physical sense based on what is expected in the
NSO� photoelectron spectrum. The H–NSO bond dissocia-
tion energy was also derived as D0(HNSO) = 102(5) kcal/mol
using a thermochemical cycle and the previously measured
∆acidHo

298 K (HNSO). There are stark differences between the
NSO� and SNO� photoelectron spectra, namely, in the level
of spectral congestion. While the NSO� photoelectron spec-
trum was relatively sparse, indicative of little change between
the anion and neutral equilibrium geometries, the SNO� spec-
trum was so congested that little spectroscopic information
could be gained from it. In addition, a multiphoton process,
where SNO� photodissociates to form S� + NO followed by
the S� photodetachment, further complicated the analysis of
the SNO� photoelectron spectrum. While it is unlikely that
NOS� was formed and stabilized in our ion source, it cannot be
completely negated and might contribute to the observed spec-
trum. However, there was relatively good agreement between
the experimental and theoretical results, and combined with
energetic arguments, it was most likely that SNO� was respon-
sible for the observed photoelectron spectrum. An approximate
EA(SNO) was found to be 2.16 eV, and the bending vibra-
tional frequency of SNO (ν3) was estimated to be 480 cm�1.
Additional higher level calculations would be useful to fur-
ther analyze the SNO� photoelectron spectrum, particularly to
model the congested photoelectron spectrum to gain a more
accurate EA(SNO) and to better understand the presence of
the multiphoton photoelectron signal.

SUPPLEMENTARY MATERIAL

See supplementary material for an additional photoelec-
tron spectrum of NSO� using a higher photon energy, descrip-
tions and displacement vectors for the NSO and NSO� vibra-
tional modes, and a simulated photoelectron spectrum of
NOS�.
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