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ABSTRACT: We report photoelectron spectra of cisHONO− formed from an association reaction of OH− and
NO in a pulsed, plasma-entrainment ion source. The
experimental data are assigned to the cis-HONO− isomer,
which is predicted to be the global minimum on the anion
potential energy surface. We do not ﬁnd evidence for a
signiﬁcant contribution from trans-HONO−. Electron photodetachment of cis-HONO− with 1613, 1064, 532, 355, and
301 nm photons accesses the ground X̃ 1A′ (S0) and excited
ã 3A″ (T1) states of neutral HONO. The photoelectron
spectrum resulting from detachment forming cis-HONO (S0)
exhibits a long vibrational progression, dominated by overtones and combination bands involving the central O−N
stretching and ONO bending vibrations. This indicates that there is a signiﬁcant change in the central O−N bond length
between cis-HONO− and cis-HONO (S0). The electron aﬃnity (EA) of cis-HONO is determined to be 0.356(8) eV. We also
report the dissociation energy (D0) of cis-HONO−, forming OH− + NO, as 0.594(9) eV, which is a factor of 4 decrease in the
central O−N bond strength compared to neutral cis-HONO. The T1 state of cis-HONO is shown to be ∼2.3 eV higher in energy
than cis-HONO (S0). Electron photodetachment to form cis-HONO (T1) accesses a transition state along the HO−NO bond
dissociation coordinate. The resulting photoelectron spectrum exhibits broad peaks spaced by the terminal NO stretching
frequency. Electronic structure calculations and photoelectron spectrum simulations reported here show very good agreement
with the experimental data.

I. INTRODUCTION
Nitrous acid (HONO) is an important atmospheric source of
OH radicals.1−3 HONO is predicted to be formed at night by
heterogeneous conversion2 and disproportionation4 of nitrogen
dioxide (NO2) through reactions with water or hydrocarbons,
as well as by direct emissions in polluted urban areas.2 The
central O−N bond is broken following irradiation by sunlight
between 300 and 400 nm, giving rise to OH radicals in the
atmosphere.5 Because of its atmospheric importance, HONO
has been the subject of many investigations, both theoretical6−8
and experimental.9−20 Microwave18,21 and Fourier transform
infrared spectroscopic studies13,14 of HONO in its ground
electronic state determined the structure, rotational constants,
and six fundamental frequencies of both cis and trans isomers.
In addition, the weakest bond in HONO was determined to be
the central O−N bond, with a ground state bond dissociation
energy of 2.079 eV for the lower energy trans isomer.16,22
The electronic states of HONO have also been investigated,
with experimental studies using photon energies spanning UV
to deep UV wavelengths to access high-lying electronic states,
giving rise to the production of either OH + NO or H + NO2 in
the atmosphere. By use of UV absorption spectroscopy, the Ã
1
A″ (S1) state of cis-HONO was observed to be 3.26 eV higher
in energy than the X̃ 1A′ (S0) ground state.23,24 Vertical
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excitation from the ground electronic state to the S1 surface,
which is repulsive along the HO−NO bond dissociation
coordinate, results in breaking of the central O−N bond. This
is likely to be the atmospheric pathway for OH radical
formation.25 Yu et al.7 performed complete active space (CAS)
calculations on the trans isomer of HONO, investigating the
four lowest energy singlet and triplet excited electronic states
and their stabilities with respect to the HO−NO bond
dissociation. The lowest energy excited state, the ã 3A″ (T1)
state, was calculated to be approximately 2.3 eV higher in
energy than the S0 ground state and dissociates to OH + NO
but with a small (0.19 eV) barrier along the dissociation
coordinate.7 While this electronic state is energetically
accessible with visible light irradiation, spin selection rules
prevent observation of the T1 state by direct absorption
methods.8 The T1 state can be accessed, however, via an
intersystem crossing transition from the excited B̃ 1A′ (S2) state
of HONO.7,26,27 Thus, experimental studies on the T1 state
would be useful in understanding how this electronic state
contributes to atmospheric OH production.
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region, generating a small packet of photodetached electrons in
the ﬁrst stage of the VMI photoelectron spectrometer. The 3D
velocity distribution of the photodetached electrons is velocitymapped onto a 2D MCP/phosphor screen position-sensitive
detector coupled to a CCD camera. The resulting photoelectron image is converted into a photoelectron spectrum, ﬁrst
as a function of velocity by applying an inverse Abel
transformation using the BASEX algorithm31 and then as a
function of kinetic energy by applying a Jacobian transformation.
The spectral resolution of the VMI spectrometer improves as
the electron kinetic energy decreases. Therefore, we use
diﬀerent photon energies to obtain well-resolved photoelectron
spectra of cis-HONO− over the full spectral range of interest.
Two electronic states of neutral cis-HONO are identiﬁed in this
study. To obtain the full photoelectron spectrum accessing the
lowest state, cis-HONO (S0), we utilize the second harmonic of
a Nd:YAG laser (532 nm). For higher resolution ground state
spectra, we employ 1064 nm (Nd:YAG fundamental) and
1613 nm radiation (diﬀerence frequency mixing of 1064 nm
and dye-laser generated 640 nm radiation). The T1 state of cisHONO is investigated using both the third harmonic of the
Nd:YAG laser (355 nm) and 301 nm photons from frequencydoubling the dye-laser generated 602 nm radiation.
In this paper, we report photoelectron spectra as functions of
the electron binding energy (eBE = hν − eKE), a quantity that
is independent of the laser wavelength used for photodetachment. The energy scale in the photoelectron spectra accessing
cis-HONO (S0) is calibrated using the O2− photoelectron
spectrum.32 To calibrate the photoelectron spectra of detachment to form cis-HONO (T1), we use the photoelectron
spectrum of I−.33 The experimental resolution, characterized by
the full width at half-maximum (fwhm) of a peak divided by its
electron kinetic energy (fwhm/eKE), is approximately 3% for
an electron kinetic energy of ∼0.5 eV. The reported spectra
contain data points much more closely spaced than this
resolution and are appropriately smoothed to reﬂect this.
II.B. Theoretical Methods. In this work, all electronic
structure calculations were performed using the Gaussian 09
software package.34 One-dimensional cuts through the potential
energy surfaces (CBS-QB3 composite method) as functions of
the central O−N bond distance (labeled as rON,c for the
remainder of this manuscript) with all other coordinates
optimized are plotted in Figure 1. As is seen, in cases of
electron photodetachment to form the S0 state of cis-HONO,
the shift in the equilibrium value of rON,c between the anion
surface (plotted in green) and the S0 surface for cis-HONO
(plotted in black) leads us to expect that there will be evidence
of a vibrational progression in at least the central O−N
stretching mode in the photoelectron spectrum. In contrast, the
T1 state of cis-HONO at the anion equilibrium geometry is near
a transition state along the HO−NO bond dissociation
coordinate. In this case, a broad, unresolved photoelectron
spectrum is expected. The diﬀerence in the nature of the
potential surfaces in the vertical detachment region for the S0
(bound) and T1 (dissociative) states of cis-HONO requires
diﬀerent approaches to model the photoelectron spectra.
To aid the interpretation of the photoelectron spectrum
following electron detachment to form cis-HONO (S0), ab
initio calculations for both cis-HONO− and cis-HONO (S0)
were performed at the MP2/aug-cc-pVTZ (UMP2 for the
anion) and CCSD(T)/aug-cc-pVTZ levels of theory/basis-set
for geometry optimization and relative energies. This choice of

Beyond studying the electronic structure of HONO, there
has also been interest in the proposed mechanisms for HONO
formation in the atmosphere.1 In addition to the previously
mentioned pathways, an alternative proposed mechanism for
HONO generation is through its negative ion.17 Negative-ion
chemistry of molecules containing H, O, and N is relevant in
the atmosphere.28 The hydroxide anion (OH−) is known to be
formed through hydrogen atom abstraction from hydrocarbons
by O−.28 Van Doren et al.17 have explored the associative
detachment reaction: OH− + NO → HONO + e−. The
associative detachment process is believed to arise primarily
from autodetachment from HONO− vibrational continuum
states, making it an ineﬃcient process compared to dissociation
back to reactants.17 However, no experimental data are available
for either the dissociation of HONO− to OH− + NO or the
electron aﬃnity (EA) of HONO. Calculations predict this
anion’s dissociation energy to be 0.49 eV 17 or 0.86 eV,8 with a
predicted EA(HONO) of either 0.15 eV 17 or 0.66 eV,8
depending on the level of theory employed. Experimental data
on HONO− are necessary before a conclusion can be drawn
concerning the importance of the anion in the atmosphere or
its possible role in the production of neutral HONO.
In this work, we report photoelectron spectra of cis-HONO−,
yielding spectroscopic information on cis-HONO (S0), EA(cisHONO), and the dissociation energy of cis-HONO− to form
OH− + NO. Electron detachment from cis-HONO− using
higher photon energies produces cis-HONO (T1) in a
conﬁguration near a transition state along the central O−N
bond dissociation coordinate. Possible contributions from
higher excited states of cis-HONO and contributions from
the trans-isomer are also considered and are found to provide at
most small contributions to the measured signal. Quantumchemical calculations provide additional insights into the
resulting photoelectron spectrum.

II. METHODS
II.A. Experimental Methods. We employ a velocity map
imaging (VMI) anion photoelectron spectrometer, described in
detail previously.29 In brief, we produce HONO− by reacting
hydroxide (OH−) with nitric oxide (NO) in a pulsed plasma
entrainment anion source.30 This anion source consists of two
perpendicular pulsed General Valves: the primary supersonic
expansion (40 psig, 0.5% NO in argon) and an eﬀusive ﬂow
(55 psig, 1% O2, 30% H2, and the balance Ar). The low-ﬂow
side valve generates ions in a pulsed electrical discharge
(−2000 V, 40−100 μs); the generated plasma is then entrained
into the main supersonic gas expansion. An additional
puriﬁcation procedure was used to remove NO2 from the
NO mixture and is described in the Supporting Information.
The small amount of NO in the main gas expansion reacts with
the OH− generated in the plasma, forming HONO−, while the
argon buﬀer gas provides collisional cooling. The anion source
that is used in this study exhibits a remarkable capability to
produce anions from ion−molecule association reactions and
the ability to cool the newly formed anions to their vibrational
ground state.30
Approximately 25 cm downstream from the main expansion,
the negative ions are extracted into a Wiley−McLaren time-ofﬂight (TOF) mass spectrometer where they are steered,
separated by their mass-to-charge ratio (m/z), and spatially
focused onto an inline microchannel plate (MCP) detector.
Prior to the inline MCP, an appropriately timed laser pulse
intersects the ions with the desired m/z ratio in the interaction
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dimensional scan of the potential energy surface for cisHONO− as a function of rON,c and the terminal NO bond
length (labeled as rNO,t for the remainder of this manuscript)
was performed using the CBS-QB3 composite method, as
implemented in Gaussian 09.34 For each point in the scan,
HONO− was constrained to a planar cis conﬁguration, and the
energy was minimized with respect to the remaining three
coordinates (OH bond length and HON and ONO angles).
The potential was calculated for a grid ranging from 1.0 to
2.2 Å in rNO,t and from 1.2 to 3.0 Å in rON,c in increments of
0.1 Å. Single-point energies for cis-HONO (T1) were calculated
at the cis-HONO− geometries from the cis-HONO− twodimensional potential energy surface scan. The choice to
evaluate the T1 surface at the anion optimized geometries
provided a better representation of the vertical transition
region. It should be noted that at large values of rON,c and rNO,t ,
which correspond to high energy structures on the anion
surface, the lowest energy geometry of HONO− does not
correspond to the cis isomer. In these cases, the values of the
HON and ONO angles, as well as the OH bond length, were
constrained to their optimized values at the largest values of
rON,c and rNO,t for which cis-HONO− did not isomerize.
The anion and T1 potential energy surfaces are used in the
calculation of the photoelectron spectrum based on a twodimensional model Hamiltonian:

Figure 1. 1D electronic potential energy curves (CBS-QB3) for cisHONO as functions of the central rON,c bond length. The red arrow
represents a vertical transition from the anion equilibrium geometry to
the ground S0 and excited T1 states of neutral HONO. Note: cisHONO (T1) is unstable with respect to isomerization to trans-HONO
(T1), so what appears to be a minimum on the T1 potential surface
near 1.4 Å in this coordinate is actually a saddle point.

H=

cos θONO
1
1⎛
(pON,c 2 + pNO,t 2 ) + ⎜pON,c
pNO,t
2μ NO
2⎝
mN
+ pNO,t

level of electronic structure was made based on the consistency
between the results of the MP2 and CCSD(T) calculations, as
is discussed in the Supporting Information. By use of the
geometry, harmonic frequencies, and ﬁrst-order anharmonicity
constants from the MP2/aug-cc-pVTZ calculations, Franck−
Condon factors (FCFs) were calculated for transitions from cisHONO− to cis-HONO (S0) using the PESCAL program.35,36
When available, experimentally determined harmonic frequencies14,37,38 and ﬁrst-order anharmonicity constants14 of cisHONO (S0) were used to determine the transition energies in
the PESCAL simulation. When such information was not
available, anharmonicity constants derived from the current
experimental work (see Supporting Information) or calculated
here (MP2/aug-cc-pVTZ) were used (see Table S3 for a
summary of the values used in the PESCAL simulation). It is
important that anharmonic corrections for the vibrational
energies of cis-HONO (S0) were used in this analysis because of
the extended vibrational progression anticipated following
electron photodetachment from cis-HONO−. We do not expect
signiﬁcant population in excited vibrational levels of the anion
because of the unique cooling capability of the ion source used
in this experiment and, indeed, did not see evidence of this (as
discussed below). Thus, the harmonic frequencies for the anion
from the UMP2/aug-cc-pVTZ calculations were used in the
FCF calculation. For comparison of the PESCAL calculated
FCF stick spectrum with the experimental data, we convolute
the FCFs with Gaussian functions. For each FCF, the Gaussian
function is characterized by an area equal to the intensity of the
calculated FCF and a fwhm dictated by its position (in eKE), in
order to match our experimental resolution (fwhm/eKE) of
approximately 3%.
To model electron photodetachment forming cis-HONO
(T1), calculations proceeded in two steps. First, a two-

⎞
cos θONO
pON,c ⎟ + V (rON,c ,rNO,t)
mN
⎠

(1)

where the value of the ONO angle depends on the two NO
bond lengths. The calculation was performed using a discrete
variable representation (DVR) for the two NO bond lengths.39
For rNO,t , 100 DVR points were used in the range of 1.0−2.2 Å,
while 750 DVR points spanning 1.2−6.3 Å were used for rON,c.
The calculated values of the cis-HONO (T1) potential surface
were extrapolated to values of rON,c that extend beyond the
range of calculated electronic energies by assuming an
asymptotic form for the potential of
Vasy = V∞ −

C6
rON,c 6

(2)

and ﬁtting the V∞ and C6 variables to the calculated values of
the potential energy at rON,c of 2.0 and 2.1 Å.
The calculation of the photoelectron spectrum was
performed in two steps. In the ﬁrst, for every value of rON,c, a
one-dimensional calculation of the energies and wave functions
for the v = 0−3 levels in rNO,t was performed, yielding terminal
NO stretch eigenfunctions. Then the two-dimensional
Hamiltonian in eq 1 was solved in the product basis of sincDVR functions39 in the central O−N stretch and these terminal
NO stretch eigenfunctions. The treatment of the kinetic
coupling follows earlier work of Gardiner et al. on H4O2+.40,41
The resulting energies and wave functions were used to
construct a photoelectron spectrum within the Franck−
Condon approximation. This is shown and discussed further
in section III.B.

III. RESULTS AND DISCUSSION
An overview photoelectron spectrum of cis-HONO− resulting
from electron photodetachment using 3.49 eV photon energy is
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excited state of cis-HONO. The electronic conﬁgurations
corresponding to the observed experimental peaks in the
photoelectron spectrum are identiﬁed through their relative
energies and the photodetached electron angular anisotropy.
In Figure 2, the low eBE band (outer ring of image) extends
from ∼0.3 eV to ∼2 eV electron binding energy, peaking near
1.1 eV. The photoelectron angular distribution of the low eBE
band has a negative anisotropy parameter, with β = −0.57(2),
indicating photodetachment from a π-like molecular orbital.
This result is consistent with the primarily π-like character of
the calculated highest (singly) occupied molecular orbital of cisHONO−. The eBE and anisotropy of this band lead us to assign
it to electron photodetachment of cis-HONO− forming the
ground S0 state of neutral cis-HONO.
The other band in the spectrum in Figure 2 starts near an
eBE of 2.6 eV, approximately 2.3 eV higher in energy than the
estimated origin of the low eBE band assigned to cis-HONO
(S0). The ﬁrst excited singlet state (S1) is experimentally known
to be 3.26 eV higher in energy23,24 than HONO (S0) for the cis
isomer. This would correspond to an eBE of over 3.5 eV, which
is signiﬁcantly higher in energy than the experimentally
observed peaks starting near an eBE of 2.6 eV, and is
inconsistent with this band corresponding to S1. While there is
no previous experimental information regarding the T1 state of
cis-HONO, calculations performed here (CBS-QB3 composite
method) show an adiabatic excitation energy from S0 to T1 of
approximately 2.58 eV for the cis-HONO isomer, in agreement
with the observed approximate energy separation between the
estimated origins of these two bands. Higher-level CASSCF/
CASPT2 calculations were performed previously but only for
trans-HONO.7 In addition, the dominant peak in this band has
a photoelectron angular distribution with β = +0.75(2). The
positive value of β indicates electron photodetachment from an
orbital with more σ-like character than the lower eBE peak,
consistent with detachment from the 10a′ second highest
energy molecular orbital in cis-HONO−. From the combination
of the above attributes, we conclude that the band near eBE =
2.6 eV is likely from photodetachment to produce cis-HONO
(T1). These electronic state assignments will be validated with
higher resolution spectra, vibrational analyses, and photoelectron spectrum simulations in the following two sections.

Figure 2. cis-HONO− photoelectron spectrum using 355 nm
(3.49 eV) photons. The inset is the unprocessed velocity-mapped
image of the photodetached electrons, illustrating the diﬀerence in
electron angular distribution relative to the laser polarization (red
double-headed arrow) following electron photodetachment forming
the ground S0 and excited T1 states of cis-HONO.

shown in Figure 2. Two broad bands of peaks are clearly
discernible in the raw image, as well as in the reconstructed
photoelectron spectrum: a band at low eBE (high velocity,
outer ring of the image) and another at high eBE (low velocity,
inner rings of the image). The two bands arise from electron
photodetachment forming diﬀerent electronic states of cisHONO. Other photodetachment wavelengths will permit
investigation of these bands with much higher photoelectron
energy resolution.
Neutral cis-HONO is a closed-shell singlet in its ground state
(S0) conﬁguration.7 The extra electron in cis-HONO− is added
to the π* antibonding orbital (3a″), which is localized along the
central O−N bond. This electron may be removed in electron
photodetachment, producing the S0 state of cis-HONO.
Alternatively, an electron could be removed from the next
highest energy orbital, 10a′.7 Removal of one of these electrons
will result in either a singlet (S1) or triplet (T1) electronically

Figure 3. Photoelectron spectrum of cis-HONO− using photon energies of 532 nm (2.33 eV, green), 1064 nm (1.16 eV, purple), and 1613 nm
(0.769 eV, orange). The change in resolution as a function of photon energy is characteristic of the VMI detection. The inset graphic shows a
magniﬁed view of the peak assigned as the EA.
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III.A. Ground State: cis-HONO X̃ 1A′. In this study, we
take advantage of the changing resolution of the VMI detection
with electron kinetic energy in order to obtain a better-resolved
photoelectron spectrum by using lower energy photons to
detach the electron from cis-HONO−. The results of this
process are illustrated in Figure 3 (the photoelectron spectrum
scaling procedure is discussed in the Supporting Information).
The 1.16 and 0.769 eV spectra, purple and orange traces of
Figure 3, respectively, show well-resolved peaks and an
improved signal-to-noise ratio. In contrast, the photoelectron
spectrum using 2.33 eV photon energy mimics the band shown
in Figure 2, showing a broad envelope with no discernible
structure. Clearly, the broad photoelectron envelope observed
when using photon energies well above the photodetachment
threshold implies that the anion and neutral states involved
have substantial structural diﬀerences and that both vibrational
congestion and reduced electron energy resolution at these
higher electron kinetic energies conspire to eliminate structure
in the photoelectron spectrum.
Such spectral congestion could be anticipated, since there is a
large change in geometry between the anion and neutral (S0)
cis-HONO structures based on quantum-chemical calculations
performed here at the MP2/aug-cc-pVTZ level of theory/basis.
There is a ∼0.3 Å (∼20%) decrease in rON,c from the anion
(1.657 Å) to the ground state neutral (1.387 Å) forms of cisHONO. With the exception of the OH bond length (which
decreases by 0.01 Å, or less than 0.5%), all of the other
geometric parameters show ∼4−10% increase in the bond
lengths/decrease in the angles between the anion and neutral
states (see Table S1). A common photoelectron signature of
molecules with large changes in the geometry between the
anion and neutral species is an almost uninterpretable
photoelectron spectrum because of the spectral congestion. In
some cases,42,43 an experimental determination of the EA is
very diﬃcult because a large geometry change can result in an
extremely weak origin transition compared to the most intense
portions of the photoelectron spectrum.
The peak of the photoelectron spectrum reﬂects the
photodetachment transition with the largest FCF, or the
energy diﬀerence between the anion and neutral (S0) electronic
states of cis-HONO at the anion equilibrium geometry. This is
referred to as the vertical detachment energy (VDE) and is
∼1.1 eV for electron photodetachment to form cis-HONO
(S0). However, despite the nearly 0.8 eV energy diﬀerence
between the VDE and the origin of the photoelectron
spectrum, the lowest eBE peak at 0.358 eV is clearly visible
above the signal-to-noise level when lower photon energies are
used, as seen in the inset in Figure 3. There are no other peaks
observed at lower eBE. This peak is labeled as peak A in Figure
4. In this ﬁgure, the concatenated photoelectron spectrum of
cis-HONO− is plotted using the 1.16 eV spectrum for
detachment energies above ∼0.76 eV, and the 0.769 eV
spectrum is plotted for smaller detachment energies. The
resulting spectrum is shown as the black trace in Figure 4,
where the major peaks in the experimental spectrum are
alphabetically labeled. This concatenated spectrum has been
corrected for the change in photodetachment cross section with
electron kinetic energy, commonly referred to as the threshold
eﬀect,44 which is further discussed in the Supporting
Information. Peak A appears to be a single peak with, again,
no observable peaks to lower eBE, while peaks B−C, D−F, and
G−I show the start of a repeating pattern in the peak
progression. We thus assign peak A as the origin transition; i.e.,

Figure 4. Scaled experimental photoelectron spectrum (black trace),
Franck−Condon factors (green sticks), and convoluted simulation
(red). The peak labels (upper case letters) refer to the cis-HONO X̃
1
A′ (S0) vibrational assignments compiled in Table S2. For electron
binding energies below ∼0.76 eV, the black trace is identical to the
0.769 eV spectrum in Figure 3, while for large electron binding
energies, the black trace reproduces the 1.16 eV spectrum shown in
Figure 3.

the eBE for peak A is the EA(cis-HONO). This assignment is
further supported by the photoelectron simulation, discussed
below. It is important to recognize that the centers of these
peaks will not necessarily correspond to the band origins of the
transitions due to an asymmetry of the rotational band contour.
By application of a small correction for this rotational shift,45,46
the resulting EA(cis-HONO) is 0.356(8) eV (see Supporting
Information). The calculated EA for cis-HONO is 0.324 eV,
evaluated at the CCSD(T)/aug-cc-pVTZ level of theory, based
on the optimized structures obtained using MP2/aug-cc-pVTZ
(UMP2 for the anion, see Supporting Information). This value
agrees very well with the experimental EA(cis-HONO). It is
also consistent with the calculation performed here at a higher
level of theory (CCSD(T)/aug-cc-pVTZ), resulting in EA(cisHONO) = 0.352 eV.
The convolved and stick representations of the simulated
spectrum (red trace and green sticks, respectively, in Figure 4)
are used as an aid to assign the observed vibrational transitions
of the dominant peaks in the experimental spectrum, the results
of which are compiled in Table S6. The overall convolved
photoelectron spectrum simulation shows excellent agreement
with the experimental spectrum, despite the large degree of
spectral congestion, particularly for eBE ≥ 0.7 eV. The peaks in
the photoelectron spectrum are readily assigned, primarily to
transitions to states involving excitation of overtones and
combination bands of the central O−N stretch (ν4) and the
ONO bend (ν5) along with states that have one quantum of
excitation in the terminal NO stretch (ν2) and two fewer
quanta of excitation in the central O−N stretch. This last set of
states is attributed to the 2:1 Fermi resonance between ν2 and
2ν4. This progression in ν4 is expected based on the geometry
change between the anion and neutral forms of cis-HONO,
discussed above. Further discussion of the vibrational assign1656
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ments and derived spectroscopic constants is found in the
Supporting Information.
The excellent agreement of the simulation with the
experimental photoelectron spectrum provides support for
the above peak assignments, particularly the EA, and the two
assumptions that were made regarding the initially prepared cisHONO−: (1) the anion is vibrationally cold; (2) cis-HONO− is
the dominant isomer present. First, there is no evidence for
signiﬁcant population in excited vibrational levels of cisHONO−, which would lead to vibrational hot bands in the
photoelectron spectrum. The addition of hot bands into the
photoelectron simulation greatly reduces its agreement with the
experimental data. The absence of vibrational hot bands
indicates that the anions are vibrationally cold, with vibrational
temperatures below 150 K, typical of this ion source.30 Second,
the level of agreement between the experiment and simulation
indicates that the cis isomer of HONO− is the dominant isomer
formed in this experiment. The vibrational frequencies for
trans-HONO are well-known experimentally13,37 and are
diﬀerent from those for cis-HONO.14,37 Thus, the experimental
peak spacing in the spectrum is a good indication of which
isomer is dominant, primarily in the low eBE (≤0.7 eV) range
before the inclusion of anharmonicities and cross-anharmonicities become crucial to ﬁtting the congested experimental
spectrum. As shown in the Supporting Information, transHONO− cannot be the dominant isomer due to the poor
agreement of the experimental peak spacings in the low eBE
range of the spectrum with the experimentally known transHONO vibrational frequencies. While we cannot fully rule out
the possibility that some trans-HONO is generated in the
source, its contribution to the measured spectrum is small. This
is supported by the observation that there are no
experimentally observed peaks below 0.7 eV that remain
unaccounted for when comparing the experimental spectrum
with only the cis-HONO− photoelectron spectrum simulation.
In other words, there is no experimental evidence that demands
the inclusion of trans-HONO− in the analysis of the spectrum.
Potential energy surface scans of the torsional mode, i.e.,
isomerization from cis- to trans-HONO−, were performed using
the CBS-QB3 composite method, which indicate that the cis
isomer is the lowest energy structure and is lower in energy
than trans-HONO− by ∼0.03 eV. The barrier for isomerization
from the cis to trans isomer is ∼0.05 eV (Figure S4). This
diﬀers from neutral HONO, where trans is the lowest energy
isomer. Previous work with this ion source30 on the association
reaction OH− + CO → HOCO− showed evidence that both
cis- and trans-HOCO− isomers were formed (vibrationally
cold). The cis-HOCO− isomer is experimentally predicted to be
more stable by 0.06 eV.47 While the energy diﬀerence between
this cis and trans isomers is similar for HONO− and HOCO−,
the isomerization barrier in HOCO−, calculated using the CBSQB3 composite method, is ∼0.4 eV, close to an order of
magnitude larger than the corresponding barrier in HONO−.
The absence or signiﬁcantly lower relative population of the
trans-HONO− isomer could be due to the signiﬁcantly lower
barrier to isomerization: as HONO− is generated, the ions can
more easily isomerize and be cooled to their global minimum
before electron photodetachment rather than be trapped in a
deep potential well as in the case of HOCO−. A simple
Boltzmann distribution of population indicates that there
should be at most 13% trans-HONO− present at the rotational
temperature of the spectrum (75 ± 25 K, see Supporting
Information).

Table 1. Summary of the Experimentally Determined
Quantities: Electron Aﬃnity and Term Energies of cisHONO and the Dissociation Energy of cis-HONO−
parameter

experimental

electron aﬃnity
D0(HO−−NO)
ΔE(T1−S0)

0.356(8) eV
0.594(9) eV
∼2.3 eV

Since we do not see evidence for signiﬁcant trans-HONO−
population in the experiment, we expect this isomer to be
higher in energy than cis-HONO−, as predicted theoretically.
We conclude, therefore, that trans-HONO has a smaller EA
than the cis isomer, at least by 0.013(3) eV, which is the energy
diﬀerence between the ground states of neutral cis- and transHONO,22 i.e., EA(trans-HONO) ≤ 0.34 eV. The calculated EA
for trans-HONO is 0.304 eV, evaluated at the CCSD(T)/augcc-pVTZ level of theory, based on the optimized structures
obtained at the MP2/aug-cc-pVTZ level (ROMP2 for the
anion). This is similar to the calculated EA(trans-HONO) =
0.289 eV, using CCSD(T)/aug-cc-pVTZ. An experimental
measurement of the EA for trans-HONO has yet to be
accomplished. In the reported photoelectron spectrum, if transHONO− is present, the peak for the EA(trans-HONO) must
be at or below the noise level in the low eBE range of the
spectrum (σnoise ≈ 0.6), which is at least 6.5 times smaller than
“peak A”, EA(cis-HONO). For further discussion of the relative
contributions of the cis and trans isomers, see section B of the
Supporting Information.
Using the experimentally measured EA(cis-HONO), we can
also obtain the bond dissociation energy (D0) for cis-HONO−
→ OH− + NO, referred to here as D0(HO−−NO), via the
thermodynamic cycle,
D0(HO−−NO) = D0(HO−NO) + EA(cis‐HONO)
− EA(OH)

(3)
16,22

where D0(HO−NO) = 2.066(4) eV
and the EA(OH) =
1.828 eV.48 This results in D0(HO−−NO) = 0.594(9) eV,
signiﬁcantly improving an earlier calculated value of 0.49 eV
(Gaussian 2 composite method). 17 These results are
summarized in Table 1. As previously noted, the extra electron
in cis-HONO− is added to a π*-like antibonding molecular
orbital, mainly localized along the central O−N bond. This
results in a lengthening and weakening of the central bond
upon the addition of an electron, consistent with the
experimentally derived decrease in the O−N bond strength
in cis-HONO− compared to neutral cis-HONO.
The very weak central bond of cis-HONO− and the small
EA(cis-HONO) imply that it is unlikely that cis-HONO− would
be able to be formed via the reaction of OH− + NO and
collisionally stabilized in the troposphere before falling apart or
undergoing electron autodetachment.17 However, if cisHONO− is formed and stabilized, it would readily undergo
photodetachment with any wavelength shorter than about 3000
nm. With a VDE of ∼1.1 eV, formation of neutral cis-HONO
via photodetachment will preferentially be formed vibrationally
hot, hence requiring less energy for dissociating and producing
OH and NO radicals in the atmosphere.
III.B. Triplet State: cis-HONO ã 3A″. Figure 5 shows the
301 nm (4.12 eV) photoelectron spectrum of cis-HONO−,
spanning the T1 excited state of cis-HONO. The excited state
spectrum lies ∼2.3 eV higher in energy than cis-HONO (S0)
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theory (see Supporting Information). Due to the shallow anion
potential energy surface along the central ON bond stretching
coordinate, the rON,c in the anion optimized geometry spans a
range of 0.2 Å. The potential shift results in an increase in the
contribution of transitions to states that are localized in the well
on the T1 state of cis-HONO to the overall band contour. In
addition, the energy scale of the calculated FCFs was shifted by
∼30 meV to larger electron binding energy to more closely
match the energetic position of the experimental spectrum.
This shift roughly reﬂects the diﬀerence between the
experimentally measured and calculated EA(cis-HONO).
The calculation indicates that the majority of the
experimental peak breadth is due to the dissociation along
rON,c , which would lead to the formation of OH and NO
radicals. This analysis does not include other, smaller sources of
peak broadening, such as rotational excitation of the separating
OH and NO moieties, as well as activity in other cis-HONO
(T1) vibrations. However, out of the possible active vibrations
based on the geometry diﬀerences between the anion and cisHONO (T1) equilibrium structures, only the NO stretch
remains bound following dissociation, and as such (unlike
electron photodetachment to form the ground singlet state),
only a progression in this vibration is expected to be reﬂected in
the spectrum. Additional calculations show that including the
torsion coordinate adds some further peak broadening but does
not change the overall contour. While the triplet potential
energy surface is plotted only along one coordinate in Figure 1,
the local maximum in the blue curve is actually a second order
saddle point, with the other imaginary frequency corresponding
to the cis-HONO torsion. In other words, at the equilibrium
geometry of cis-HONO−, cis-HONO (T1) is unstable with
respect to isomerization to trans-HONO as well as to
dissociation to OH + NO, and it is this feature of the T1
state potential that is responsible for the broadening.
There could also be a contribution to the photoelectron
spectrum shown in Figure 5 from photodetachment to cisHONO (S1). Now that there is an experimental measurement
of the EA of cis-HONO (0.356(8) eV) and a known S0−S1
term energy (3.26 eV),24 the expected onset of the photoelectron spectrum corresponding to cis-HONO (S1) would be
near 3.62 eV. The S1 state of cis-HONO is known to be
dissociative along the central HO−NO bond stretching
coordinate,7 and so it might also exhibit broadened peaks.
Any contribution of the S1 state to the photoelectron spectrum
assigned to detachment to cis-HONO (T1) is not conclusively
identiﬁed, although there are photodetached electrons with
very low kinetic energy seen in both the unprocessed
photoelectron image (not shown) and the photoelectron
spectrum (Figure 5). Higher energy photons could be used
to explore detachment to cis-HONO (S1); however, this state
has been the focus of many past experimental studies23,24 and
current experimental details (particularly the large amount of
background photoelectrons when using ultraviolet photon
energies) inhibit this from being pursued further.
The major implication for the cis-HONO (T1) analysis stems
from its potential atmospheric relevance as a source of OH
radicals. For the photodissociation of cis-HONO (S0),
producing OH radicals in the atmosphere, UV excitation
accesses several higher lying singlet excited states. There is
potential for intersystem crossing to play a role in the
dissociation mechanism, as suggested by previous calculations.7,27 The relative energies of the cis-HONO (T1) and cisHONO (S0) electronic states (∼2.3 eV), as well as the

Figure 5. Detailed T1 excited state photoelectron spectrum of cisHONO− using 301 nm (4.12 eV) photon energy. The green sticks are
the calculated FCFs by the methods described in the text.

and consists of three peaks that are an order of magnitude
broader (0.09 eV fmwh at 3.1 eV eBE) than the resolution of
the photoelectron spectrometer in this electron kinetic energy
range. This result means that the breadth of these three peaks is
intrinsic to the electron photodetachment and not due to our
experimental resolution. The peaks in the spectrum are spaced
by roughly 0.195 eV, or 1570 cm−1. This energy is similar to the
calculated frequency of the terminal NO stretch in cisHONO (T1) (1414 cm−1, CBS-QB3 composite method). A
terminal NO stretching vibration contribution to the
photoelectron spectrum is also indicated based upon the
calculated decrease in rNO,t, from 1.25 to1.23 Å from the anion
to neutral (T1) equilibrium structures.
The potential energy curve for cis-HONO (T1) at the
equilibrium geometry of cis-HONO− exhibits a transition state
along the rON,c dissociation coordinate, as shown in Figure 1. In
order to model the experimentally observed photoelectron
spectrum, we calculate the FCFs (green sticks in Figure 5) by
approximating the transitions as bound to bound, as outlined in
section II.B. Essentially, an inﬁnite potential wall is placed at
large rON,c distances on the T1 potential energy curve, which
allows for quantization of states along this HO−NO bond
dissociation coordinate. While this is an approximation, the
placement of an inﬁnite wall only aﬀects the density of states
and not the overall shape of the envelope.
The overall shape of the calculated spectral envelope matches
the experimental spectrum very well. The three main groups of
peaks in the calculated spectrum reﬂect the active terminal
NO stretching vibration, as expected based on the
experimental spacing of the peaks. Within each of these
groups, there are two sets of peaks, which reﬂect the two
regions of the T1 surface that can be accessed by the ground
state wave function of the anion. The anion wave function has
signiﬁcant amplitude over a large range of rON,c. When this wave
function is projected onto the triplet surface, it samples both
scattering and bound states in the O−N bond dissociation
coordinate. The relative intensities of these two types of
transitions are sensitive to details of the triplet potential surface.
In order to approximately reproduce the experimental peak
contour, the triplet surface was shifted to larger rON,c distances
by ∼0.08 Å relative to the anion surface. This shift is consistent
with the variability of the calculated equilibrium rON,c bond
length for the anion at several levels of electronic structure
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dissociation to form OH + NO from the triplet surface, are
instructive to future theoretical investigations.

■

IV. CONCLUSIONS
We report the experimental photoelectron spectrum of cisHONO−. In this experiment, cis-HONO− was formed in an
association reaction of OH− and NO in a pulsed plasmaentrainment ion source. We observe the presence of only the
cis-HONO− isomer, which is calculated to be the global
minimum on the anion potential energy surface. The reported
photoelectron spectra show photodetachment to both the
singlet ground state (X̃ 1A′) and the triplet state (ã 3A″) of
neutral cis-HONO. On the basis of the photoelectron spectrum,
we obtain the EA(cis-HONO) of 0.356(8) eV, with a VDE of
approximately 1.1 eV. The large diﬀerence between the EA and
the VDE is indicative of the signiﬁcant geometry change upon
electron photodetachment, which is consistent with the results
of electronic structure calculations. In addition, detachment to
form cis-HONO (S0) exhibits a photoelectron spectrum
dominated by excitation of the central O−N stretching
vibration (ν4), further conﬁrming the signiﬁcant change in
rON,c between the anion and neutral species. There are also
signiﬁcant contributions to the photoelectron spectrum from
the ONO bending vibration (ν5), particularly in combination
bands with the central O−N stretching vibration. With the
measurement of the EA, we also report the dissociation energy
of the HO−−NO bond as 0.594(9) eV. Electronic structure
calculations and photoelectron spectra simulations reported
here show excellent agreement with the experimental data,
providing conﬁdence in our vibrational assignments. The
previously unobserved cis-HONO (T1) state lies ∼2.3 eV
higher in energy than cis-HONO (S0). Vertical electron
photodetachment from the anion onto the T1 state potential
energy surface accesses a transition state which results in
dissociation to OH + NO, as well as an active bound NO
vibration. Table 1 summarizes these experimentally determined
quantities. With this study, we provide new experimental data
on cis-HONO and its lowest lying excited electronic state, as
well as information about its negative ion cis-HONO−. The
information contained herein contributes to the knowledge of
neutral cis-HONO as an important atmospheric species and
precursor to OH radicals in the atmosphere.
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