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Photoelectron spectroscopic study of
2-naphthylnitrene and its thermal
rearrangement to cyanoindenes†

Mayank Saraswat, a Adrian Portela-Gonzalez, a Enrique Mendez-Vega, a

Ginny Karir, a Wolfram Sander *a and Patrick Hemberger *b

2-Cyanoindene has recently been identified in the interstellar medium, however current models cannot fully

account for its formation pathways. Herein, we identify and characterize 2-naphthylnitrene, which is prone

to rearrange to 2- and 3-cyanoindene, in the gas phase using photoion mass-selective threshold

photoelectron spectroscopy (ms-TPES). The adiabatic ionization energies (AIE) of triplet nitrene (3A00) to the

radical cation in its lowest-energy doublet X̃+(2A0) and quartet ã+(4A0) electronic states were determined to

be 7.72 � 0.02 and 8.64 � 0.02 eV, respectively, leading to a doublet–quartet energy splitting (DED–Q) of

0.92 eV (88.8 kJ mol�1). A ring-contraction mechanism yields 3-cyanoindene, which is selectively formed

under mild pyrolysis conditions (800 K), while the lowest-energy isomer, 2-cyanoindene, is also observed

under harsh pyrolysis conditions at 1100 K. The isomer-selective assignment was rationalized by Franck–

Condon spectral modeling and by measuring the AIEs at 8.64 � 0.02 and 8.70 � 0.02 eV for 2- and 3-

cyanoindene, respectively, in good agreement with quantum chemical calculations.

Introduction

Arylnitrenes (Ar–N) are key reactive intermediates with wide-
spread applications in synthetic organic chemistry and photo-
affinity labelling.1 Investigation of the fundamental properties
of these electron-deficient neutral species is challenging due to
rapid inter- and/or intramolecular reactions.2,3 Electron loss of
arylnitrenes leads to the corresponding nitrene radical cations,
which also exhibit a rich chemistry involving ring expansions,
contractions, and opening reactions.4 In particular, 2-naphthyl-
nitrene 2 has extensively been studied in organic glasses,5–7

solution,8,9 and low temperature matrices,10–13 as well as using
quantum chemical calculations.3,11,14,15 Nitrene 2 is initially
formed in its lowest-energy open-shell singlet state upon pyr-
olysis of the azide precursor 3 (see Scheme 1), and can undergo
ring expansion, ring contraction or intersystem crossing (ISC)
depending on the experimental conditions. Wentrup et al.
reported that the ring contraction mechanism leading to the
formation of cyanoindenes is the most favorable and exothermic
pathway under mild pyrolytic conditions.3 In this work, we

investigate the photoionization of nitrene 2 and its thermal
rearrangements products using photoelectron photoion coinci-
dence (PEPICO) spectroscopy.16 Our motivation also stems from
the thermal products, cyanoindenes, which have recently been
highlighted in the astrochemistry community since their detec-
tion in the cold Taurus molecular cloud (TMC-1).17

The presence of polyaromatic hydrocarbons (PAHs) in the
interstellar medium has been postulated since late 1980s based

Scheme 1 Thermal generation and reactions of naphthylnitrene 2 and
cyanoindenes 1a–c.
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on the detection of diffuse infrared emission bands. Chemical
identification of these compounds, has proven difficult with
the first individual detection of a PAH, indene (c-C9H8),18 just
reported in 2022.18,19 Over the past decade, there has been a
plethora of aromatic and cyclic molecules, observed in the cold
interstellar medium (ISM).20–26 These observations highlight a
very rich chemistry in interstellar environments, involving PAHs
and potentially their nitrogen-containing analogues (PANHs).27,28

Cyanoindene (c-C10H7-CN) 1 has been proposed to form via the
bimolecular reaction of the CN radical and indene.17 Interestingly,
only the positional isomer 2-cyanoindene 1b was observed
whereas 3- and 1-cyanoindenes 1a and 1c were not detected.
Isomers 1a and 1b are found to be nearly degenerate in energy,
while 1c is a high energy isomer. Hence, the abundance of the
cyanoindene isomers in this source, cannot solely be explained by
modelling the indene + CN� reaction, indicating that additional
pathways must also play a role.17

Our understanding of PAH/aromatic/cyclic hydrocarbon
chemistry in these extreme environments remains limited
due to lack of experimental studies. Formation of PAHs has
been proposed to occur either through top-down or bottom-up
approaches,29,30 nevertheless, neither model has been comple-
tely justified, and it is plausible that both operate under
different conditions.28 For the top-down approach, PAH photo-
chemistry has been hypothesized as a competition between
fragmentation and isomerization under the ‘‘grand PAH’’
hypothesis.31 Isomerization of PAHs and other cyclic species
in the context of astrochemistry, however, remains largely
unexplored. Feasible isomerization pathways could also be
relevant in other high temperature interstellar and circumstel-
lar environments, like exoplanetary atmospheres.32

Moreover in diffuse environments like photodissociation
regions (PDRs), cosmic rays can ionize molecules.33 Ions can
further undergo fast reactions which are crucial in the synthesis
of complex organic molecules.34 Nitrile ions and protonated
nitriles are also abundant in the ISM but also in the upper
atmosphere of Titan, the largest satellite of Saturn.35 In this
regard, accurate determination of gas-phase ion energetics data,
particularly, vertical, and adiabatic ionization energies (VIE and
AIE) and dissociative photoionization (DPI) thresholds of closed-
and open-shell species reported in this work are crucial values
for the astronomers and astrochemical models. Thermochemi-
cal data like heat of formation and bond strengths in neutral
molecules and ions are important for a mechanistic under-
standing of astrochemical environments.36,37

Photoelectron photoion coincidence (PEPICO) spectroscopy
is an excellent approach to detect and unveil the electronic,
geometrical, and vibrational structure of neutral and charged
elusive species isomer-selectively, allowing to record
vibrationally-resolved photoion mass-selective threshold photo-
electron (ms-TPE) spectra.38–41 This suit of techniques has
proven to be vital in identifying elusive and stable molecules
to unravel reaction mechanisms relevant to combustion,42

catalysis,43,44 and astrochemical environments.45 So far, most
of the studies have been dedicated to smaller aliphatic nitrile
ions such as: CN, CH3CN, C2H3CN, and i-C3H7CN.46,47

In this work, we study the thermal generation of 2-naph-
thylnitrene 2 from the azide precursor 3 and investigate its
threshold photoelectron spectrum, which gives rise to D-2�+

and Q-2�+ cation states and enables determination of the
doublet quartet splitting. Furthermore, we study the ring con-
traction pathways of 2 to form cyanoindenes 1a–c in the gas
phase using ms-TPE spectroscopy. Our study may have implica-
tion for understanding the chemistry of aromatic compounds
in photodissociation regions.

Methodologies
Experimental and computational details

Experiments were performed at the Swiss Light Source (SLS) of
the Paul Scherrer Institute using vacuum ultraviolet (VUV)
synchrotron radiation.48 2-Naphthylazide 3 was synthesized
following a literature procedure49 and employed as precursor to
generate 2-naphthylnitrene 2 via flash vacuum pyrolysis (FVP). The
reactive intermediate 2, further isomerizes to cyanoindenes
1a–c at higher temperatures. During experiments, 2-naphthyl-
azide was sublimed at 45–50 1C and expanded through a 200 mm
diameter nozzle along with 30 sccm of He into a silicon carbide
tube (1 mm inner diameter and 15 mm heated length), electri-
cally heated in the range of 10–35 W heating power, which
corresponds to temperatures of 700–1100 K.50 The pressure
and the residence time inside the reactor is estimated to 9–
20 mbar and B25–50 ms.51 After skimming (2 mm), the molecular
beam containing the pyrolysis products reaches the PEPICO
spectrometer chamber and is ionized by tunable VUV synchrotron
radiation. The pressure in the source and spectrometer chamber
is about 3 � 10�5 and 1.5 � 10�6 mbar, respectively. Detection of
electrons and ions in delayed coincidence is the basis of the
PEPICO method which has been reported in detailed elsewhere
and will be only briefly summarized here.52,53 Both photoelectrons
and photoions are vertically accelerated in opposite directions
using velocity focusing optics and a constant extraction field.
Position-sensitive delay-line anode detectors (ROENTDEK DLD40)
were used to obtain velocity map images (VMI) for both electrons
and ions. The time-of-flight (TOF) mass spectrum of the photoion
is recorded by determining the time difference between the
coincident photoelectron and photoion.54 The photon energy is
scanned and threshold electrons with less than 5 meV kinetic
energy are selected in the electron VMI. The coincident photoion
signal of interest in a fixed m/z range is plotted in the photoion
mass-selected threshold photoelectron spectrum (ms-TPES).54

The spectra are corrected for false coincidences and hot
electrons.55 Quantum chemical calculations were performed using
the Gaussian 16 program package.56 Geometry optimization and
vibrational frequencies were performed with density functional
theory using the B3LYP functional and def2-TZVP basis set includ-
ing the D3 dispersion correction. Additionally, AIEs for nitrene 2
and cyanoindenes 1a–c were computed with the CBS-QB3, CBS-
APNO and G4 composite methods, respectively.57 Franck–Condon
factors were simulated using optimized geometries and vibrational
frequencies calculated at the B3LYP-D3/def2-TZVP level of theory.
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Results and discussion
Mass spectra of FVP products

The thermal decomposition of 2-naphthylazide 3 (m/z 169) was
studied by photoionization mass spectrometry (MS). Mass spectra
were recorded at different photon energies and pyrolysis tempera-
tures (Fig. 1). At room temperature (RT) (pyrolysis off) and a fixed
photon energy of 9.0 eV, an intense peak appears at m/z 169 that
corresponds to azide 3 (Fig. 1, trace a). Upon increasing the
photon energy to 10.5 eV, a strong signal at m/z 141 appears
due to dissociative photoionization (DPI) of precursor 3 via N2 loss
(Fig. 1, trace b). Ion images reveal kinetic energy release perpendi-
cular to the molecular beam axis, indicative of DPI (Fig. S1 in the
ESI†). The peak at m/z 141 is tentatively assigned to the nitrene
radical cation 2�+, since nitrene 2 is the primary photoproduct of
azide 2. Rearrangements of phenyl nitrene radical ion do not
typically occur at low photon energies of 8–11 eV,39 instead have
been observed upon 70 eV electron ionization.4

The pyrolysis temperature was optimized at a fixed photon
energy of 9.0 eV to achieve the maximum yield of nitrene 2 (m/z
141), the primary product of azide 3. Upon FVP at 700 K, a
significant conversion from precursor 3 into nitrene 2 is achieved
(Fig. 1, trace c), whereas at 1100 K, thermal decomposition of
precursor 3 is basically complete (Fig. 1, trace d). Ion velocity map
images (Fig. S1 in ESI†) show a narrow speed distribution of the
molecular beam component of m/z 141, indicating a clean for-
mation of the nitrene 2 without contributions of DPI. At 1100 K,
additional small peaks are also observed at m/z 127 and 115, which
are assigned to naphthyl 4 and indenyl 5 radicals, respectively. A
similar fragmentation pattern through CN loss was reported upon
thermal decomposition of picolyl radicals.58 Moreover, a substan-
tial amount of the H-abstraction product, 2-aminonaphthalene 6
(m/z 143), was noticed at 700 K (Fig. 1, trace c). Interestingly, ion

velocity map images of m/z 143 (Fig. S2 in ESI†) show a strong
background component, indicative for formation via collisions
of the triplet nitrene T-2 with the chamber walls, which was also
reported for the parent triplet phenylnitrene.39 This is in
agreement with the ion image of nitrene 2 m/z 141 (Fig. S1 in
ESI†), which shows a negligible background component proof-
ing its high reactivity and quenching on the chamber walls to
afford 6. So far, only resonance stabilized and less reactive
allyl,59 phenoxy60, lutidyl61, or iodobenzyl62 radicals could be
detected after wall collisions and can thus produce room
temperature cooled spectra.59 At 1100 K, the peak at m/z 141
is still intense, while the related peak at m/z 143 does not
appear anymore in the spectrum (Fig. 1, trace d). The absence
of H-abstraction product 6 indicates that nitrene 2 is not
present at 1100 K, but it rather thermally converts into a
closed-shell isomer with m/z 141 and is thus less reactive
towards H atoms. Identification and interconversion of the
species of mass m/z 141 will be discussed in the next section
by means of isomer-specific ms-TPE spectroscopy.

ms-TPE spectrum of 2-naphthylnitrene

The ms-TPE spectrum of the signal at m/z 141, recorded upon
FVP at 700 K, shows two bands with maxima at 7.72, and 8.64 eV
(Fig. 2 and 3). The bands at 7.72 and 8.64 eV proportionally
decrease upon increasing the FVP temperature, indicating that
these belong to the same species and are assigned to the primary
thermal product nitrene 2. The ms-TPE spectrum obtained at
700 K arises from contributions from the ionization of nitrene
T-2(3A00) to the radical cation in its doublet D-2�+(2A0) and quartet
Q-2�+(4A0) electronic states. The lowest-energy band in the ms-
TPE spectra at 7.72 eV is assigned to the vibronic transition
between the ZPE levels of triplet nitrene X̃(3A00) and doublet
radical cation X̃+(2A0) (Fig. 2). The experimental adiabatic ioniza-
tion energy (AIE) of 7.72 eV is reproduced by DFT (7.62 eV) and
highly-correlated composite method (7.70–7.78 eV) calculations

Fig. 1 Mass spectra of 3 at RT (pyrolysis off) recorded at photon energies
of (a) 9.0 eV and (b) 10.5 eV. (c) and (d) Spectra obtained at 9.0 eV after FVP
of 3 at 700 and 1100 K. Spectra also contains acetone (m/z 58) and water
(m/z 18) impurities.

Fig. 2 Comparison of the ms-TPE spectrum of m/z 141 in the range of
7.50–7.85 eV recorded after FVP of 2-naphthylazide 3 at 700 K (black
trace) with Franck–Condon (FC) simulations of the X̃+(2A0) ’ X̃(3A00)
transition of nitrene 2. Spectral simulations were performed at 0 K (blue
sticks) and at 700 K (red trace) by convolution with 25 meV fwhm
Gaussians.
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(Table 1). In this transition, photoionization takes place from the
triplet ground state nitrene T-2 and involves the removal of an
electron at the out-of-plane singly occupied p orbital at the nitrene
center. In contrast, the higher-energy band at 8.64 eV is assigned
to the vibronic transition ã+(4A0) ’ X̃(3A00), leading to the quartet
radical cation Q-2�+ (4A0) (Fig. 3). The electronic structure of the
quartet radical cation Q-2�+ resembles a triradical, by keeping the
two unpaired electrons at the N atom (nitrene) and taking out one
electron from the aromatic p system. This transition is blue-
shifted as the electron is removed from a lower-energy doubly
occupied orbital on the aromatic naphthalene ring. The difference
between the AIEs of the doublet and quartet radical cations leads
to the quartet-doublet energy gap (DED–Q) for 2�+ and is experi-
mentally determined to be 0.92 eV (88.8 kJ mol�1), in perfect
agreement with G4 calculations (Table 1). This value is consider-
ably lower than the DED–Q of the analogue phenyl nitrene radical
cation (1.44 eV) due to the stabilization of the quartet triradical
Q-2�+(4A0) by extended ring conjugation.39

In addition, a vibrational progression is observed for both
doublet and quartet states allowing to gain vibrational

information of the cations D-2�+(2A0) and Q-2�+(4A0). Transitions
X̃+(2A0) ’ X̃(3A00), and ã+ (4A0)’ X̃(3A00) show an origin band
(0–0) and excitations of the ring breathing mode (n6) with a
spacing of 50 � 10 meV (400 � 80 cm�1), which is reproduced
by the calculated (n6) mode of D-2�+(2A0) and Q-2�+(4A0) cations
(417 cm�1) at the B3LYP-D3/def2-TZVP level of theory. Due to
the insignificant cooling in the molecular beam expansion and
high reactivity of nitrene 2, no room temperature cooled
spectra could be obtained by using ion velocity imaging. The
spectra are thus suffered from hot- and sequence band transi-
tions, which cannot be well reproduced by the FC simulations
and explain the intensity mismatch between simulations and
experiment. This was also observed for the ms-TPES for hot
benzene, most recently.59

The optimized geometries of nitrene T-2, doublet D-2�+, and
quartet Q-2�+ radical cations are shown in Fig. 4. The C–N bond
distance in D-2�+ (1.27 Å) is shorter than that in T-2 (1.31 Å),
whereas slight elongation is found in Q-2�+ (1.33 Å). Such
contrastingly structural response correlates to the extent of
the conjugation between the electron-deficient nitrene moiety
and the electron-rich aromatic rings. Electron detachment from
the nitrene center to yield D-2�+ makes the nitrogen atom more
electronegative and increases the polarity of the C–N bond,
whereas the opposite effect is found in Q-2�+ upon electron
removal from the ring. Nevertheless, the overall geometrical
change from nitrene T-2 to the radical cation in its ground state
doublet D-2�+ and the quartet Q-2�+ state is found to be small,
resulting in well visible 0–0 vibronic transitions in the experi-
mental spectrum.

Thermal rearrangement of 2-naphthylnitrene to cyanoindenes

ms-TPE spectra were recorded upon FVP at 700, 800, and 1100 K,
under the same experimental conditions (Fig. 5). As mentioned
before, the ms-TPE spectrum at 700 K exhibits bands at 7.72 and,
8.64 eV which are assigned to nitrene 2 (Fig. 2 and 3). However,
upon increasing the FVP temperature to 800 K, the bands
corresponding to nitrene 2 completely disappear (below 8.5 eV),
and a new band at ca. 8.70 eV shows up (Fig. 5, trace b). Upon
further increasing the pyrolysis temperature to 1100 K, another
intense band appeared at 8.64 eV along with the existent band at
8.70 eV (Fig. 5, trace c). The large blue-shift in the lowest-energy
bands from 7.72 eV to 8.70 eV indicates that nitrene 2 thermally
rearranges into a structurally and electronically different com-
pound. This species undergoes subsequent isomerization, that is
associated with the revival of the peak at 8.64 eV. Since the D-2�+

Fig. 3 Comparison of the ms-TPE spectrum of m/z 141 in the range of
8.50–9.00 eV, recorded after FVP of 2-naphthylazide 3 at 700 K (black
trace) with Franck–Condon (FC) simulations of the ã+(4A0) ’ X̃(3A00)
transition of nitrene 2. Spectral simulations were performed at 0 K (blue
sticks) and at 700 K (red trace) by convolution with 25 meV fwhm
Gaussians.

Table 1 Experimental and calculated adiabatic ionization energies (AIE) of
2-naphthylnitrene 2 (in eV)

Method AIEa (2A0) AIEb (4A0) DED–Q
c

ms-TPES 7.72 � 0.02 8.64 � 0.02 0.92
B3LYP-D3/def2-TZVP 7.62 8.34 0.72
CBS-QB3 7.71 8.61 0.90
CBS-APNO 7.78 8.52 0.74
G4 7.70 8.62 0.92

a Transition X̃+(2A0) ’ X̃(3A00). b Transition ã+(4A0) ’ X̃(3A00). c Doublet-
quartet energy splitting (DED–Q) of 2�+.

Fig. 4 Optimized geometries of T-2, D-2�+, and Q-2�+ at the B3LYP-D3/
def2-TZVP level of theory. Selected bond lengths and angles are given in Å
and 1, respectively.
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band is absent at lower photon energies, the bands and 8.64 and
8.70 eV are solely assigned to 2-cyanoindene 1b and 3-
cyanoindene 1a, respectively (Fig. 6), evidencing isomerization
of nitrene 2 as viable pathway to yield the cyanoindenes.

AIEs are calculated for 1b and 1a to 8.67 and 8.71 eV,
respectively, with the G4 method (Table 2), which very well agree
with the experimental features at 8.64 � 0.02 eV and 8.70 eV �
0.02. Moreover, FC simulations reasonably match to the experi-
mental bands (Fig. 6). 2-Cyanoindene 1b is predicted to be the
lowest-energy isomer, with 1a being nearly degenerate in energy
at 2.5 kJ mol�1, whereas isomer 1c lies 21.7 kJ mol�1 higher in
energy (G4, Table 2). The higher energy isomer 1c seems to be

absent, although it cannot completely be ruled out, since the AIE
is very similar to that of the isomer 1a. Other isomeric species
such as: ketenimines (7 and 8) were disregarded based on
calculated AIE values obtained at G4 level of theory (Table S1
in the ESI†). The thermal rearrangements of 2-naphthylnitrene
(2) to 3- and 2-cyanoindene (1a and 1b) are strongly exothermic
and the complete mechanism of this ring contraction step has
been reported by Wentrup et al. using 13C labelling experiments
as well as quantum chemical calculations.3 In these studies, it is
proposed that the open-shell singlet 2-naphthylnitrene undergo
a highly exothermic ring contraction to 1-cyanoindene that
subsequently isomerizes to 3- and 2-cyanoindene via H and CN
1,5-shifts.

Overall, the experimental spectra show that the kinetic pro-
duct, isomer 1a, is initially formed (band at 8.70 eV) at 800 K, but
partially converts to the thermodynamic product, isomer 1b at
1100 K, via sigmatropic H and CN shifts (Scheme 2). At 1100 K,
the gas mixture should be under thermodynamic equilibrium
conditions. These findings agree well with the reports by
Wentrup et al. using preparative FVP.14 Moreover, collisional
deactivation using He as the carrier gas (B25–50 mbar) prevents
the formation of the high energy isomer 1c at 1100 K. A similar
product distribution was obtained under comparable experi-
mental conditions for the parent cyanocyclopentadiene.39 Unfor-
tunately, the low yields of the indenyl radical 5 obtained at
1100 K prevents a proper structural identification by ms-TPE
spectroscopy. Nevertheless, thermal cleavage of the C–CN bond
in any of the isomers 1a–c followed by facile H-shift should yield
the resonance-stabilized 1-indenyl 5, since it is the most stable
positional isomer by more than 165 kJ mol�1 (Scheme 1).

Conclusions

Acquiring gas-phase energetics data on neutral and ion species is
of great importance to support astrochemical observations but
also to rationalize the photochemical and thermal formation of
complex organic molecules in extreme environments. A variety of

Fig. 6 Comparison of the ms-TPE spectrum obtained at 1100 K (black
trace) with FC simulations of vibronic transitions of 2-cyanoindene 1b (in
blue) and 3-cyanoindene 1a (in red). FC simulations performed at 1100 K
by convolution with 25 meV fwhm Gaussians.

Table 2 Experimental and calculated adiabatic ionization energies (AIE) of
cyanoindenes 1a–c (in eV). Relative energies of cyanoindenes 1a–c are
mentioned in parenthesis (kJ mol�1)

Method 1c 1b 1a

ms-TPES — 8.64 � 0.02 8.70 � 0.02
B3LYP-D3/def2-TZVP 8.38 (+31.4) 8.31 (0.0) 8.38 (+5.8)
CBS-QB3 8.71 (+22.2) 8.64 (0.0) 8.74 (+2.9)
CBS-APNO 8.72 (+23.0) 8.66 (0.0) 8.76 (+2.5)
G4 8.69 (+21.7) 8.67 (0.0) 8.71 (+2.5)

Scheme 2 Thermal interconversion of cyanoindenes 1a–c.

Fig. 5 ms-TPE spectra of m/z 141 at different FVP temperatures: 700 K
(black trace), 800 K (red trace), and 1100 K (blue trace). Nitrene 2 gradually
converts into cyanoindenes 1 upon increasing the temperature.
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PAHs and PANHs, particularly cyano-compounds, have been
recently detected in the ISM.

Pyrolysis of 2-naphthylazide 3 in the gas-phase yields the
primary product, 2-naphthylnitrene 2. The vibrationally-resolved
ms-TPES of nitrene 2 was recorded allowing to measure adia-
batic ionization energies (AIEs) of 7.72� 0.02 and 8.64� 0.02 eV
for the X̃+(2A0) ’ X̃(3A00) and ã+(4A0) ’ X̃(3A00) vibronic transi-
tions, respectively. The quartet-doublet energy gap (DED–Q) of 2�+

was experimentally determined to 0.92 eV (88.8 kJ mol�1), and it
is perfectly reproduced by G4 calculations (0.92 eV).

The thermal rearrangement of nitrene 2 results in a mixture
of cyanoindenes 1a and 1b. Initially, at a relatively low pyrolysis
temperature, only the kinetic product, 3-cyanoindene 1a, was
observed. However, further increase in the FVP temperature
results in the formation of the thermodynamically more stable
isomer 2-cyanoindene 1b. Franck–Condon spectral modeling
along with an excellent match of experimental AIEs at 8.64 �
0.02 and 8.70 � 0.02 eV for 2- and 3-cyanoindene, with the
calculations rationalize our assignment. Such isomer-specific spec-
troscopic and thermodynamic data on nitrene 2 and cyanoindenes
1, are valuable not only for thermochemical models, but also for
benchmarking theoretical methods. In addition, such experi-
mental ion energetic data allows obtaining the heat of formation
of nitrile ions and its reactions with other small molecules under
the extreme conditions of the ISM, in analogy to the reaction of
CN+ + CO, recently studied with TPE spectroscopy.46
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55 B. Sztáray and T. Baer, Rev. Sci. Instrum., 2003, 74, 3763–3768.
56 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,

M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson and H. Nakatsuji, Gaussian 16, 2016.

57 J. A. Montgomery, M. J. Frisch, J. W. Ochterski and
G. A. Petersson, J. Chem. Phys., 1999, 110, 2822–2827.

58 E. Reusch, F. Holzmeier, M. Gerlach, I. Fischer and
P. Hemberger, Chem. – Eur. J., 2019, 25, 16652–16659.

59 P. Hemberger, X. K. Wu, Z. Y. Pan and A. Bodi, J. Phys. Chem.
A, 2022, 126, 2196–2210.

60 C. Fernholz, A. Bodi and P. Hemberger, J. Phys. Chem. A,
2022, 126, 9022–9030.

61 K. Kanayama, C. Fernholz, H. Nakamura, K. Maruta, A. Bodi
and P. Hemberger, Chem. Phys. Chem., 2023, e202300359,
DOI: 10.1002/cphc.202300359.

62 M. Saraswat, A. Portela-Gonzalez, G. Karir, E. Mendez-Vega,
W. Sander and P. Hemberger, J. Phys. Chem. A, 2023, DOI:
10.1021/acs.jpca.3c04688.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
25

 8
:5

2:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1002/cphc.202300359
https://doi.org/10.1021/acs.jpca.3c04688
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp04064j



