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Photoelectron spectroscopy and dissociative photoionization of fulminic
acid, HCNO

Marius Gerlach,1 Barry Mant,2 Tobias Preitschopf,1 Emil Karaev,1 Dennis Mayer,3 Heidy M. Quitián-Lara,1, 4

Patrick Hemberger,5 John Bozek,6 Graham Worth,2, a) and Ingo Fischer1, b)
1)Institute of Physical and Theoretical Chemistry, University of Würzburg, 97074 Würzburg,
Germany
2)Department of Chemistry, University College London, London WC1H 0AJ, U.K.
3)Deutsches Elektronen-Synchrotron (DESY), 22607 Hamburg, Germany
4)present adress: Centre for Astrophysics and Planetary Science (CAPS), School of Physics and Astronomy, University of Kent,
Canterbury CT2 7NH, UK
5)Laboratory for Synchrotron Radiation and Femtochemistry, Paul Scherrer Institut (PSI), 5232 Villigen,
Switzerland
6)Synchrotron SOLEIL, 91192 Gif-sur-Yvette, France

(Dated: 10 February 2023)

We report a joint experimental and computational study of the photoelectron spectroscopy and the dissociative pho-
toionization of fulminic acid, HCNO. The molecule is of interest to astrochemistry and astrobiology as a potential
precursor of prebiotic molecules. Synchrotron radiation was used as the photon source. Dispersive photoelectron spec-
tra were recorded from 10 eV to 22 eV, covering four band systems in the HCNO cation and an ionization energy of
10.83 eV was determined. Transitions into the Renner-Teller distorted X+2Π state of the cation were simulated using
wavepacket dynamics based on a vibronic coupling Hamiltonian. Very good agreement between experiment and theory
is obtained. While the first excited state of the cation shows only a broad and unstructured spectrum, the next two higher
states exhibit a well-resolved vibrational progression. Transitions into the excited electronic states of HCNO+ were not
simulated, due to the large number of electronic states that contribute to these transitions. Nevertheless, a qualitative
assignment is given, based on the character of the orbitals involved in the transitions. The dissociative photoionization
was investigated by photoelectron-photoion coincidence spectroscopy. The breakdown diagram shows evidence for
isomerization from HCNO+ to HNCO+ on the cationic potential energy surface. Zero Kelvin appearance energies for
the daughter ions HCO+ and NCO+ have been derived.

I. INTRODUCTION

Fulminic acid, HCNO has been and still is a molecule of
considerable interest in organic chemistry.1,2 At present, the
astrochemical relevance drives spectroscopic and theoretical
work on the molecule, because HCNO contains the basic
atoms of organic chemistry. It has been detected in numer-
ous astrophysical objects, including molecular clouds, proto-
stars, starless cores such as B1, L1544, and L183, as well as
the low-mass star-forming region L1527.3–8 It is most likely
formed from CH2 + NO→ HCNO + H in the gas phase or H
+ CNO → HCNO on grains.9,10 HCNO has three additional
stable isomers; isocyanic acid (HNCO), cyanic acid (HOCN)
and isofulminic acid (HONC). The relative stability is HNCO
> HOCN > HCNO > HONC with HNCO being the most sta-
ble isomer.11 Of these molecules, only isofulminic acid has
not yet been detected in interstellar space,4 although its mi-
crowave spectrum is known.

Given the importance of HCNO in astrochemistry, it is
not surprising that significant work has been dedicated to
this molecule. Due to its small size HCNO and its isomers
have been investigated by various high-level quantum chem-
ical approaches.11–17 Bunker et al. used the semirigid ben-
der Hamiltonian to fit the remarkably flat potential of the

a)Electronic mail: g.a.worth@ucl.ac.uk
b)Electronic mail: ingo.fischer@uni-wuerzburg.de

HCN bending mode,18 which even inspired two limericks
which are included in a review on quaslinear and quasiplanar
molecules by Bunker.19 Particularly relevant for the present
work are studies by Mondal et al.20 on the appearance of
Jahn-Teller and Renner-Teller interactions in HCNO+ as well
as the work by Luna et al. who published the global po-
tential energy surface of the [H,C,N,O]+ system using den-
sity functional theory.21 Experimentally the microwave22–24

and IR-spectra24–32 have been reported, the photodissociation
has been investigated at 248 nm33 and 193 nm34 and the ki-
netics of the HCNO + OH reaction has been studied35. In
the soft X-ray regime, we recently reported normal and reso-
nant Auger spectra of HCNO at all three K-edges.36 In con-
trast, valence photoelectron spectra have only been reported
using He I and II ionization.37 An adiabatic ionization energy
IEad=10.83 eV has been derived and transitions into electron-
ically excited states of the ion have been observed. How-
ever, band assignments were based on rather simple compu-
tations and the Renner-Teller effect in the X+2Π ground state
of HCNO+ was not considered. Hop et al. investigated the
products formed through electron impact ionization.38 The
main dissociation products were m/z 30 and m/z 27 as well
as a large number of other products with smaller intensities.
Due to the limitations of their setup they were not able to pro-
vide energy selective data or provide insights into the mecha-
nism of the dissociation. In this joint experimental and com-
putational study we therefore reinvestigate the photoioniza-
tion and dissociative photoionization of HCNO by photoelec-
tron spectroscopy using synchrotron radiation and coupled-
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cluster calculations. When combined with high-level compu-
tations, photoelectron spectroscopy has shown to be an ex-
cellent tool to characterize the electronic structure of reactive
molecules,39 as shown for example in recent work on C4H4,
the paradigm for antiaromaticity.40 Note that the photoioniza-
tion of the isomer isocyanic acid, HNCO has already been
extensively investigated by our group.41,42

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Experimental

The photoelectron spectrum was recorded at the soft X-ray
beamline PLEIADES43 of Synchrotron SOLEIL, while the
breakdown diagram for the analysis of dissociative photoion-
ization was obtained at the VUV beamline of the Swiss Light
Source (SLS) in Villigen.44 Fulminic acid was prepared ac-
cording to the procedure by Wentrup et al.45 Details on the
synthesis are given in the supporting information (SI).

At the PLEAIDES beamline the HCNO sample enters a gas
cell through an effusive inlet. Here, it interacts with the syn-
chrotron light, which is produced by an Apple II HU256 undu-
lator and monochromatized by 400 lines mm−1 grating. The
photon energy was fixed at 30 eV and the light was circu-
larly polarized. Since the undulator cannot produce light ori-
ented at the magic angle relative to the detector at this low en-
ergy, circularly polarized light was used to avoid anisotropy of
the emitted electrons. Electrons entered a VG Scienta R4000
hemispherical electron analyzer through an entrance slit of
300 micrometers. A pass energy of 5 eV was adjusted, lead-
ing to a spectral resolution of 6 meV. Electron binding ener-
gies EB are obtained by subtracting the photoelectron kinetic
energy from the photon energy hν :

EB = hν−Ekin. (1)

Error bars in the photoelectron spectra are derived from the
full width half maximum of the peak.

At the VUV beamline44 the sample also enters the experi-
mental chamber through an effusive inlet. A bending magnet
delivers the synchrotron radiation, which is monochromatized
using a 150 lines mm−1 grating. Electrons and ions were de-
tected in coincidence by a multi-start/multi-stop scheme by
a pair of position sensitive Roentdeck DL40 detectors with a
delay line anode.46 Threshold electrons were collected with a
resolution of 5 meV, the contributions of hot electrons were
subtracted according to the procedure of Sztaray and Baer.47

The breakdown diagram is produced by dividing the threshold
electron signal of each relevant mass channel by the sum of all
relevant mass channels. It was recorded from 11.5 to 13.5 eV
with 25 meV step size and from 13.5 to 15.3 eV with 20 meV
step size.

B. Computational

The equilibrium structures of neutral fulminic acid and
the fulminic acid cation were calculated using Molpro48–50

at the CCSD(T)/cc-pVTZ and RCCSD(T)/cc-pVTZ levels of
theory51–53, respectively. Both molecules were restricted to
be linear. Harmonic vibrational normal modes and frequen-
cies were calculated at optimized geometries using the same
methods.

We initially intended to simulate the full experimental pho-
toelectron spectra of fulminic acid, however, it was found that
at least 12 electronic states of the molecule spanned the energy
range of experiments (see discussion in the SI). The excited
state potential energy surfaces were also found to vary in a
complicated way along the normal mode coordinates such that
they could not be described using a vibronic coupling model.
Here we restrict simulation of the photoelectron spectra to the
first two electronic states of the fulminic acid cation.

Ab initio energies for the fulminic acid cation were calcu-
lated using OpenMolcas54 along 1D and 2D cuts of each (neu-
tral) normal mode from the equilbrium geometry outwards us-
ing a two state-averaged restricted active space self consistent
field55 (RASSCF) method followed by second order multi-
configurational perturbation theory56,57 (CASPT2). The ac-
tive space comprised of 11 electrons in 10 orbitals (11,10).
For the neutral molecule a cc-pVDZ basis was used while for
the cation a cc-pVTZ basis was employed. These calculations
were based on an initial unrestricted Hartree-Fock treatment
at the equilibrium geometry and RASSCF orbitals from the
previous geometry were used as starting orbitals for each sub-
sequent geometry. Symmetry was turned off for all calcula-
tions and a level shift of 0.2 hartree was used for CASPT2
calculations.

To obtain coupled potential energy surfaces for dynam-
ics calculations and spectra simulations, a vibronic coupling
Hamiltonian model58 was employed. The diabatic poten-
tials are expressed as a Taylor series, in dimensionless (mass-
frequency scaled) normal modes around a particular point, Q0,
here taken as the equilibrium geometry. The Hamiltonian can
be written in matrix form as

H = H(0)+W(0)+W(1)+ . . . (2)

with the zeroth-order diagonal Hamiltonian H(0) often ex-
pressed in the harmonic approximation

H(0)
ii = ∑

α

ωα

2

(
∂

∂Q2
α

+Q2
α

)
. (3)

The subsequent matrices include the effects of electronic exci-
tation and vibronic coupling as a Taylor expansion around Q0.
The zero order term W(0) is a diagonal matrix of excitation en-
ergies. The first order term W(1) usually contains on-diagonal
linear terms for each electronic state and off-diagonal linear
terms coupling states along a particular mode, however, for
fulminic acid these terms are absent due to symmetry.

As discussed in the SI, for all modes the basic harmonic po-
tential was replaced by polynomial or Morse functions which
provide more accurate fits to the ab initio energies and give
better agreement between the calculated and experimetal pho-
toelectron spectra.

As the fulminic acid cation is a tetra-atomic linear molecule
with C∞v symmetry and degenerate electronic states at equi-
librium, it displays the Renner-Teller (RT) effect for the pairs
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of degenerate vibrations Q1/2 and Q3/4. These modes do not
have the correct symmetry to provide linear coupling (W(1))
between the electronic states and coupling is provided through
second order terms. This causes the potential energy surfaces
to meet at a glancing intersection rather than at the peak of a
cone. Of the five possible Renner-Teller cases, HCNO+ is an
example of case (b) as defined by Lee et al.59: both curves
are repulsive as a function of bending but the two harmonic
bending frequencies have the same value.

Following Worth and Cederbaum60, for the two pairs of de-
generate vibrational modes (Q1/2 and Q3/4), the vibronic cou-
pling Renner-Teller Hamiltoniann can be expressed as

H =
ω

2
(
Q2

i +Q2
j
)
+

(
− 1

2 γ(Q2
j −Q2

i ) γQiQ j

γQiQ j
1
2 γ(Q2

j −Q2
i )

)
(4)

where ω is the degenerate vibrational frequency for the pair of
modes i and j and γ is the parameter which causes splitting of
the degenerate electronic surfaces. In this work the harmonic
potential was replaced by polynomial functions but the RT γ

parameters were retained.
The RT parameter ε can be used to describe the splitting

and is defined as V± = Vm(1± ε) where Vm is the mean po-
tential of the split surfaces V+ and V−.61 The RT parameter
can be calculated as

ε =
V+−V−

V++V−
. (5)

Usually only quadratic terms are considered, which for the
fitting functions used here gives ε = 2γ/β where β is the
quadratic term parameter (see SI).

All parameters of the vibronic coupling Hamiltonian were
obtained by least-squares fitting to the CASPT2 ab initio en-
ergies using the VCHAM package62 as implemented within
the Quantics program suite63. Fits were constrained so that
the degenerate electronic energies and parameters for degener-
ate vibrational modes remained equal. Fitted parameters and
plots comparing the ab initio energies to the vibronic coupling
model are provided in the SI.

The photoelectron spectrum of fulminic acid was simu-
lated in a similar manner to that described previously for both
cyclobutadiene40,64 and phenol65 from wavepacket dynam-
ics simulations using the MCTDH method66 implemented in
Quantics63. In this case, however, thermal effects were found
to be important and a thermalised density operator was prop-
agated in place of the usual 0 K wavepacket (see SI for 0 K
spectra and assignments). Propagation was done including all
7 modes using a new multilayer implementation67 of the ρ-
MCTDH algorithm of Raab et al68.

The ground state nuclear density operator of neutral ful-
minic acid was obtained using energy relaxation66 of an ini-
tial density operator built from harmonic oscillator eigenfunc-
tions, thermalised to infinite temperature and propagated in
imaginary time until the temperature was 300 K, the temper-
ature of the experimental sample. A vertical excitation was
then performed by placing the ground state neutral density
operator on one of the two lowest electronic states of the ful-
minic acid cation and then propagating on these coupled states

for 200 fs. The photoelectron spectrum was obtained from the
Fourier transform of the autocorrelation function as

I(ω) ∝ ω

∫
∞

−∞

dt C(t)eiωte(−t/τ), (6)

where the last factor is an exponential dampening term to sim-
ulate experimental broadening in the photoelectron spectra
This phenomenological damping term accounts for missing
terms in the model and experimental line broadening by con-
voluting the spectral lines with a Lorentzian function. The
autocorrelation function C(t) is defined as

C(t) = Re{Trρs0} (7)

where ρs0 is the off-diagonal density matrix connecting the
neutral ground-state with the initially excited cation state s.
All seven vibrational modes were included in the calculation
in a 3-layer multi-layer scheme,69 adding basis functions until
convergence with respect to the autocorrelation function was
obtained. For all modes, the primitive basis functions were
harmonic oscillator DVRs with 21 points used. Assignments
in the photoelectron spectra to specific vibrational modes were
determined by including/excluding modes from the simula-
tion and observing the effect on the simulated spectrum.

The mechanism of the dissociation of the fulminic
acid cation was calculated using the Gaussian-4 composite
method70 contained in the Gaussian09 program.71 The evalu-
ated intermediates and transition states are based on the previ-
ous DFT calculations by Luna et al..21 Transition states were
located by using the berny algorithm.72 They were identified
by the presence of a vibration with an imaginary frequency,
which corresponded to the respective reaction coordinate. The
coordinates of all the intermediates and transition states are
given in the SI (Tables S8 and S9). With these transition states
the breakdown diagram is modeled using the minimalPEPICO
program.73

III. RESULTS AND DISCUSSION

A. Equilibrium Geometry and Harmonic Frequencies

Equilibrium bond lengths of rHC = 1.06 (1.08), rCN = 1.17
(1.17) and rNO = 1.21 (1.21) Å were calculated for HCNO
(HCNO+), in good agreement with more elaborate calcula-
tions for the neutral molecule.17 Harmonic vibrational fre-
quencies are given in Table I along with their symmetry labels
(in C2v). Values obtained by Mladenović and Lewerenz17 are
also given for comparison. The force vectors of the normal
modes are shown in the SI.

For the doubly degenerate H-C-N bend, lower levels of the-
ory give imaginary frequencies, indicating that this geome-
try is not the global minimum. Many experimental18,23,28,30,31

and theoretical11–15 studies have been carried out to determine
whether the equilibrium structure of fulminic acid is linear or
bent. As shown by Mladenović and Lewerenz17 and Bunker
et al.,18 fulminic acid is a very floppy molecule with an almost
flat region of the potential energy surface for hydrogen bend-
ing motions. Very large basis sets are required to converge to a
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TABLE I. Comparison of harmonic vibrational frequencies with previous theoretical values of Mladenović and Lewerenz,17 "all" denotes that
all electrons were correlated in the calculation. Units of cm−1 are employed.

Mode CCSD(T)/cc-pVTZ CCSD(T)/cc-pVQZ17 CCSD(T)/cc-pVQZ17 RCCSD(T)/cc-PVTZ Description
(this work) (all) (cation)

ω1/2(B1/2) 206i 128i 33 677/512 H-C-N bend
ω3/4(B1/2) 555 555 565 402/368 C-N-O bend

ω5(A1) 1266 1269 1279 1140 C-N-O sym. stretch
ω6(A1) 2276 2280 2296 1992 C-N-O asym. stretch
ω7(A1) 3500 3493 3505 3296 C-H stretch

linear equilibrium structure. Since we obtain cuts through the
potential energy surface along the calculated normal modes,
the precise determination of the equilibrium structure is not
important here. As an aside, we note that in practical appli-
cations, fulminic acid is usually taken to have a linear struc-
ture, for example in determining its electronic and magnetic
properties74 or for describing collisions with other species.75

For the cation, the harmonic stretching frequencies are
broadly similar to the neutral. Values for the bending modes
are seen not to be degenerate, only approximately so. Al-
though as discussed above, the fulminic acid cation displays
the Renner-Teller effect for the bending modes and thus a sim-
ple harmonic description is not sufficient, we retain harmonic
frequencies for reference purposes. From least squares fits to
the CASPT2 ab initio energies, we obtain γ parameter values
(see Eq. 4) of 0.062959 and 0.0054112 eV for modes ω1/2
and ω3/4 respectively. Using Eq. 5 this gives RT parameters
|ε| of 0.48 and 0.41 respectively, indicating a somewhat inter-
mediate coupling strength compared to other RT systems61.

B. Photoelectron spectrum

Figure 1 shows the complete photoelectron spectrum. Four
bands are observed at around 10.83 eV, 16.0 eV, 17.81 eV
and 19.08 eV. The first, third and fourth band show well sepa-
rated vibrational structure, while the second band is broad and
unstructured. The spectrum agrees overall well with the pre-
vious dispersive photoelectron spectrum by Bastide et al.,37

however due to the higher resolution additional bands are ob-
served. Several narrow transitions appear that are assigned to
ionization of H2O and N2. They are indicated by asterisks in
Figure 1 .

Figure 2 shows the experimentally observed first band in
more detail (black line), partial vibrational resolution is visi-
ble. From the first band an IEad= 10.83± 0.02 eV is derived.
The error bars are based on the full width of the band at half
maximum. The value is in very good agreement with the pre-
vious one of 10.83 eV.37 The main peak shows a shoulder on
the high energy side and an irregular progression of multiple
peaks is observed.

The red line in Figure 2 show the simulated photoelectron
spectra obtained from MCTDH density operator dynamics run
on the first two electronic states of the cation. The simulated
spectrum has been normalised and shifted for best agreement
with experiment. To represent the experimental broadening,

Figures/Full_Spec_Figure_1.pdf

FIG. 1. Photoelectron spectrum of HCNO from 9 to 23 eV recorded
at 30 eV photon energy. The signal upwards from 14.5 eV was multi-
plied by 5 for ease of viewing. Signals marked by asterisk are due to
contamination from water (peak at 12.6 eV)76 or molecular nitrogen
(peaks at 15.6, 16.7, 16.9, 17.2 and 18.8 eV)77.

an exponential damping term (see Eq. 6) was included in the
computations, with a time constant of 100 fs. While the rel-
ative intensities are not fully accounted for in the simulated
spectra, the peak positions in the experimental spectrum are
well reproduced. To assign the spectrum, repeated runs start-
ing at 0 K were made including different modes. Figure S12
in the supporting information shows the full and assigned 0 K
spectrum compared to the one calculated at 300 K and the ex-
perimental spectrum. The simulations show that the first peak
on the main band at 10.9 eV is caused by the CNO bending
modes ω3 and ω4. There is a small peak just below 11 eV
which is due to the CNO symmetric stretching mode ω5. The
two peaks at 11 and 11.05 eV are due to the RT modes ω1
and ω2 (approximate HCN bending). At higher energies there
are some smaller peaks caused by stretching modes ω6 and
ω7 (asymmetric CNO stretch and C-H stretch, respectively).
A comparison between the 0 K and 300 K spectra shows that
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Figures/HCNO_Spec_Sim_Figure2.pdf

FIG. 2. Experimental photoelectron spectrum (black line) compared
to the calculated spectrum (red). The simulated spectra has been
normalised and shifted to match the main peak with experiment.

the shoulder on the high energy side of the main band is due
to temperature allowing extra transitions in the ω1 - ω4 vibra-
tions.

The second band, corresponding to the A+ state of HCNO+

ranges from 15.2 to 17.6 eV and is unstructured. A close-
up is shown in the supporting information (Figure S2). The
third band is shown in Figure 3 a). It features the intense ori-
gin band of the B+ state at 17.81 eV and two further bands
at +1130 and +2100 cm−1 above the origin. Additionally, a
shoulder of around 240 cm−1 is visible for each band. The
origin of the fourth band system (C+ state, Figure 3 b)) lies
at 19.08 eV. A well-resolved progression with a spacing of
around 3000 cm−1 is apparent.

As mentioned above, a simulation of these progressions
was not possible using the vibronic coupling model. How-
ever, a tentative assignment of the progressions is provided
by investigating the involved orbitals. In Figure S4 the calcu-
lated MOs of HCNO+ are shown. According to Bastide et al.
the configuration of the neutral HCNO is ...6σ27σ21π42π4.37

For the B+ state they assigned two vibrational bands with
1070 cm−1 and 2420 cm−1 to ωs(CNO) and ωas(CNO). In
our spectrum a progression better described by a single mode
is observed, so we assign it to the symmetric CNO stretch ω5,
with a wavenumber of 1130 cm−1 in the excited state. This
assignment is substantiated by the 2σ∗ orbital (figure S4), cor-
responding to the 7σ orbital in the notation of Bastide et al,
which has strong CNO antibonding character. Thus removal
of an electron from this MO is expected to lead to vibrational
activity in a CNO mode.

The C+ state shows a vibrational progression with
3150 cm−1 for the v+ = 1 ← v = 0 fundamental. Transi-

Figures/2er_Figure_3.pdf

FIG. 3. High resolution spectra of the two excited states of HCNO
with vibrational progression. a) shows in black the spectrum cor-
responding to the third band, b) shows the spectrum of the fourth
band. The observed peaks are labeled with wavenumbers relative to
the most intense peak.

tions into the first and second overtone at 6050 cm−1 and
8630 cm−1 are visible. Due to anharmonicity the energy dif-
ference between the peaks decreases. The high vibrational
wavenumber indicates that the bands have to be assigned to
a progression in the C-H-stretch mode ω7(CH). The 2σ MO
(figure S4, 6σ in Bastides notation37) has C-H bonding char-
acter so a removal of that electron may destabilize the C-H
bond and lead to vibrational activity in ω(CH). Nevertheless,
it should be kept in mind that a simple Koopmans-type picture
provides only a rather approximate description of the elec-
tronic structure that is not fully appropriate for HCNO.

C. Dissociative photoionization

The breakdown diagram for the dissociative photoioniza-
tion of HCNO, recorded between 11.5 and 15.3 eV, is shown
in Figure 4. The fractional abundances of the parent and
daughter ion’s TPE signal are plotted as a function of the pho-
ton energy. The open symbols represent experimental data.
The simultaneously recorded TOF distribution show a small
asymmetry for the daughter ion peaks, which indicates the
presence of a kinetic shift (see Figure S3). As we consider
the effect of the kinetic shift on the thermochemcial quantities
determined in the present work to be small, we did not include
it in the data analysis.

The breakdown diagram shows several unusual features
that are in contrast with a simple sequential dissociation in
the ion. Until around 12.7 eV no fragmentation is visible,
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Figures/Breakdown_8cm.pdf

FIG. 4. Breakdown diagram of HCNO from 11.5 to 15.3 eV. The
open symbols corresponds to the experimental data, while the solid
lines are the fit produced by the minimalPEPICO program. The la-
beling of the curves show the m/z value as well as the assigned struc-
ture. The arrows show the appearance energies produced by the fit,
which are also shown on the left.

TABLE II. Heats of reaction, ∆RH for the dissociation HCNO →
products. A more extensive table is available in the supporting in-
formation. The energies are taken from the Active thermochemical
tables.78 Ground state multiplicites are taken from ref.21.

Products ∆RH /eV
1HCO+ + 4N 11.68
3NCO+ + 2H 13.54
2NH+ + 1CO 14.24
1NO+ + 2CH 14.57
3CNO+ + 2H 16.11

then the signal of m/z 29 (O) increases, which corresponds to
HCO+, while the parent signal (�) drops to zero. At 13.45 eV,
m/z 42 (◦) starts to rise, maximizes at around 14 eV and de-
creases again. Interestingly the rise and decrease of m/z 42 are
rather slow compared to HCO+. At this point, it is important
to realize that the structure of m/z 42 is ambiguous and could
correspond to CNO+ or NCO+. Table II shows the heats of
reaction ∆RH of the most relevant fragment channels. They
are calculated using the heats of formation provided by the
Active Thermochemical Tables (ATcT).79 Assuming a barri-
erless mechanism, these reaction enthalpies are equivalent to
appearance energies. In any case ∆RH represent the minimum
energy that is required to produce these ions. In fact, HCO+

appears above the computed value of 11.68 eV. The heat of
reaction for formation of CNO+ + H, the presumed carrier of

m/z = 42, is ∆RH = 16.11 eV, outside the energy range mon-
itored in Figure 4. However, for the product channel 3NCO+

+ 2H ∆RH = 13.54 eV is computed, a thermochemical value
that agrees well with the observed onset. We therefore con-
clude an isomerization on the ionic potential energy surface.
The second unusual feature corresponds to the HCO+ curve
(O), which drops to almost zero at 13.9 eV, but rises again to
a value of around 12% of its maximum at 14.5 eV. This sug-
gest two different channels for the formation of this fragment.
Two further fragments are visible, the formation of m/z = 15
(×), corresponding to NH+ at 14.1 eV, and the onset of m/z =
30 NO+ (M) around 14.5 eV. Both fragment ion curves are in
accordance with the values in Table II.

The minimalPEPICO programm allows the modeling of
these breakdown diagrams to extract thermochemical data.73

This requires detailed knowledge of the reaction mechanism
that form the products and the vibrational frequencies of
the stationary points of the potential energy surface. Luna
et al. published the global potential energy surface of the
[H,N,C,O]+ system in doublet and quartet multiplicity, in-
cluding transition states. Their findings yield the mechanism
shown in Figure 5, which was confirmed by our own calcula-
tions that yielded the necessary frequencies. The appearance
of HCO+ requires the formation of a C-O bond which is not
present in the parent HCNO+. This bond can form via TS1
where the C-N-O angle is decreased to 97.6, which leads to
the structure I. Formation of HCO+ also produces atomic ni-
trogen. The ground state of N is 4S◦3/2.80 Since the parent ion
is of doublet multiplicity, the direct formation of HCO+ + 4N
is not possible and the cation has to switch to the quartet sur-
face since the product channel HCO+ + 2N lies at 14.1 eV.
We propose that that this happens either at I or between I and
the products. On the quartet surface I may dissociate over
TS2 and molecule-ion complex II.21 Note that in the experi-
ment we only measure the highest barrier along the reaction
coordinate. This mechanism can also explain the revival of
HCO+ at around 14.0 eV. At this energy the reaction along
the doublet surface is possible to form HCO+ + 2N (figure
5) via TS3 and the HCON+ intermediate.21 The formation
of NCO+ requires the formation of the isocyanic acid cation
HNCO+. This mechanism involves a 1,2-H-shift (TS4) to III
and an N-O bond cleavage (TS5). The solid lines in Figure 4
represent the fit obtained using the MinimalPEPICO program
employing the highest barriers (TS1 to HCO+ + 2N, TS4 to
NCO+ + 2H) of the above mechanism. As visible, the behav-
ior of m/z 29 and the onset of m/z 42 are well represented.
Zero Kelvin appearance energies for both fragments are de-
rived from the model, AE0K(HCNO, HCO+) = 13.0 ± 0.1 eV
and AE0K(HCNO, NCO+) = 13.5 ± 0.1 eV. The reaction co-
ordinate for formation of NO+ and NH+ has not been inves-
tigated, consequently their appearance energies are not mod-
eled in this work. The observed onset of NCO+ agrees very
well with the ATcT value, while the AE0K(HCNO, HCO+) is
associated with a complex doublet-quartet intersystem cross-
ing. This ISC may be close to TS1 or I (Figure 5) and does
not allow an extraction of the ∆RH.
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Figures/Mechanism_labelled_G4.pdf

FIG. 5. Mechanism of the isomerization of the HCNO cation to form 3NCO+ and 1HCO+. Energies are given in eV relative to the neutral
HCNO molecule. Values marked with a were calculated using the G4 composite method. Values marked with b and c were taken from Ref.21

and from the Active Thermochemical Tables78, respectively. Lines shown in black are on the doublet surface and lines in red are on the quartet
surface.

IV. CONCLUSION

The VUV spectroscopy of fulminic acid, HCNO, has been
investigated using synchrotron radiation and dispersive as
well as threshold photoelectron detection. Compared to a pre-
vious spectrum37 the present spectra are better resolved and
show more information. Four bands are observed, three of
them exhibit a vibrational progession. The band origins are
identified at at 10.83 ± 0.02 eV (X+2Π) 17.81 ± 0.01 eV
(B+) and 19.08± 0.03 eV (C+), respectively. A simulation of
the transition into the Renner-Teller distorted X+2Π ground
state of the cation using wavepacket dynamics that rely on a
vibronic coupling Hamiltonian yielded very good agreement
with the experiment. Several bending mode transitions are
identified in the simulations. In addition, hot and sequence
band transitions from low energy bending modes of neutral
HCNO are essential to achieve agreement between experi-
ment and simulation. No simple description of the transi-
tions into excited electronic states of cation is possible, be-
cause twelve electronic states contribute to the transitions and
the excited state potential energy surfaces depend in a compli-
cated way on the normal mode coordinates. Therefore only an
approximate character was assigned to the transitions, which
can nevertheless qualitatively explain the observed vibronic
transitions.

Furthermore, a breakdown diagram of HCNO up to 15.3 eV
was recorded to investigate its dissociative photoionisation.
The spectrum was then modelled to extract thermochemical
data and the mechanism has been investigated computation-
ally. Dissociative ionization to 1HCO+ + 4N was found to
be the lowest energy dissociation pathway with an appear-
ance energy of AE0K(HCNO, HCO+) = 13.0 ± 0.1 eV. The
reaction requires a switch to the quartet potential energy sur-
face in the cation. Next, dissociation to 3NCO+ + 2H sets in
at AE0K(HCNO, NCO+) = 13.5 ± 0.1 eV. This dissociation
is preceded by an isomerization from HCNO+ to HNCO+,
which proceeds via a tricyclic intermediate. The confirmation
of isomerization from HCNO+ to HNCO+ might be relevant
for explaining the relative abundance of the various CHNO
isomers and their fragments, which is not well understood.81

V. SUPPORTING INFORMATION

See supporting information for additional experimental and
computational information.

VI. DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are avail-
able within the article and its supporting information. Further
data are available from the authors upon request.
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