N
N

N

HAL

open science

Photoionization spectroscopy of CH3C3N in the
vacuum-ultraviolet range
N. Lamarre, C. Falvo, C. Alcaraz, B. Cunha de Miranda, S. Douin, A.

Fliitsch, C. Romanzin, J.-C. Guillemin, Séverine Boyé-Péronne, B. Gans

» To cite this version:

N. Lamarre, C. Falvo, C. Alcaraz, B. Cunha de Miranda, S. Douin, et al.. Photoionization spectroscopy
of CH3C3N in the vacuum-ultraviolet range. Journal of Molecular Spectroscopy, 2015, 315, pp.206-

216. 10.1016/j.jms.2015.03.005 . hal-01138635

HAL Id: hal-01138635
https://univ-rennes.hal.science/hal-01138635

Submitted on 4 Nov 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://univ-rennes.hal.science/hal-01138635
https://hal.archives-ouvertes.fr

Photoionization spectroscopy of CH3CsN in the vacuum-ultraviolet range

N. Lamarre?, C. Falvo?, C. Alcaraz?®, B. Cunha de Miranda®, S. Douin?, A. Fliitsch?, C. Romanzin®, J.-C. Guillemin¢,
S. Boyé-Péronne®*, B. Gans**

4Institut des Sciences Moléculaires d’Orsay, Univ Paris-Sud; CNRS, bat 210, Univ Paris-Sud 91405 Orsay cedex (France)
b Laboratoire de Chimie Physique, Univ Paris-Sud; CNRS UMR 8000, bat 350, Univ Paris-Sud 91405 Orsay cedex (France)
“Synchrotron SOLEIL, L'Orme des Merisiers, St. Aubin, B.P. 48, 91192, Gif-sur-Yvette cedex, (France)
dInstitut des Sciences Chimiques de Rennes, Ecole Nationale Supérieure de Chimie de Rennes, CNRS UMR 6226, 35708 Rennes cedex 7, (France)

Abstract

Using vacuum-ultraviolet (VUV) synchrotron radiation, threshold and dissociative phetoionization of cyanopropyne (CH3C3N)
in the gas phase have been studied from 86000 cm™" up to 180000 cm™! by recording Threshold-PhotoElectron Spectrum (TPES)
and Photolon Yield (PTY). Ionization energies of the four lowest electronic states X*2E, A*?A, B* ?E and C* of CH;C3;N* are
derived from the TPES with a better accuracy than previously reported. The adiabatic ionization potential of CH3C3N is measured
as 86872 + 20 cm™'. A description of the vibrational structure of these states is proposed leading to the first determination of the
vibrational frequencies for most modes. The vibrational assignments of the X* state are supported by density functional theory
calculations. In addition, dissociative photoionization spectra have been recorded for several cationic fragments in the range 12-
15.5 eV (96790-125000 cm™!) and they bring new information on'the photophysics of CH3;C3N*. Threshold energies for the
cationic dissociative channels leading to CH,C3N™, CHC3N™, HC3H™, HCNH™ and CHJ have been measured for the first time and

are compared with quantum chemical calculations.

Keywords: cyanopropyne, methylcyanoacetylene, 2-butynenitrile, CH3C3N, synchrotron radiation, TPES, dissociative
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1. Introduction

Cyanopropyne CH3;-C=C-C=N (or 2-butynenitrile) is the
methylated derivative of cyanoacetylene HC;N, an important
astrophysical species. Although the chemical and physical
properties of HC3N have been extensively studied (see for in-
stance Ref. [1] and references therein), cyanopropyne has been
much less investigated. -Less ubiquitous than HC3;N, which
has been observed in several molecular clouds of the Interstel-
lar Medium (ISM), in Titan and in comets, cyanopropyne was
detected in 1984 in the molecular cloud TMC-1 and more re-
cently in Sgr B2 [2, 3]. Twelve years after its first detection, an
isomer, the cyanoallene (2,3-butadienenitrile, H,C=C=CHCN)
was found in TMC-1 [4] but in lower amounts: a 0.25 ratio
compared.to cyanopropyne, as it has been often observed for
thermodynamically less stable compounds [5].

Even if it has never been unambiguously detected up to now
in the atmosphere of Titan, the presence of cyanopropyne was
found in several atmosphere simulations of this satellite using
a plasma discharge in N,-CH,4 mixtures at low pressures [6, 7,
8]. Note that Vuitton et al. reported the detection of a C4H;N
species in the atmosphere of Titan by mass spectrometry [9] but
did not specify the corresponding molecular structure.

To explain its formation in the ISM as well as how it could
be formed in the atmosphere of Titan, the addition of the CN
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radical on propyne (a gas observed in the ISM as well as in the
atmosphere of Titan) has been proposed. Corresponding studies
have been performed via a neutral-neutral reaction under single
collision conditions in a crossed molecular beam experiment to
yield the expected product and the cyanoallene isomer [10, 11,
12]. However other approaches starting from cyanoacetylene
might also be proposed for its synthesis in these media.

Cyanopropyne  is a  prolate symmetric top
which has a neutral ground state configuration
[core](1a1)* (2a1)* (3a1)* (4a1)” (5a1)* (le)* (2e)* (6a1)* (3e)*,
leading to a X 'A; state in the C3, point group. This molecule
has 12 vibrational modes: 6 symmetric modes of a; symmetry
(v to v¢) and 6 degenerate modes of e symmetry (v; to vis).
The vibrational structure of the electronic ground state has been
studied by infrared spectroscopy [13, 14, 15]. The rotational
structure of the vibronic ground state [16, 17, 18] and of the vy,
fundamental vibrational level [19] have also been determined
by microwave spectroscopy.

Concerning the electronic spectroscopy of cyanopropyne,
Bruston et al. recorded a UV absorption spectrum at room-
temperature between 185 and 250 nm and made the first vi-
bronic analysis of the transition to the first valence state [20].
On the other hand, the highly-excited electronic stucture is
still to be unveiled since no vacuum-ultraviolet (VUV) absorp-
tion nor multiphoton excitation spectra of CH3;-C=C-C=N have
been reported to date.

As for the cyanopropyne cation, very little information is cur-
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rently available. This information has been obtained by He(I)
and He(II) photoelectron spectroscopy [21, 22, 23] in the gas
phase or by neon matrix absorption spectroscopy [24]. From
these studies, ionization energies of the six lowest electronic
states have been extracted and only a few vibrational frequen-
cies of the three lowest electronic states of the cation have been
measured with consequent error bars.

Finally, only three theoretical studies have been reported to
our knowledge: in 1982, Niessen ef al. calculated ionization
energies of CH3C3N by a Green's function method [25], in the
90's Siam et al. optimized the geometry of the neutral species
using Hartree-Fock calculations [26] and Moliner et al. ob-
tained the rotational constant and the dipole moment of the
vibronic ground state with second-order-Mgller-Plesset (MP2)
and density-functional-theory (DFT) calculations [27].

The present work is focused on the CH3-C=C-C=N cationic
species which might be involved in the ion-neutral chemistry
of astrophysical media, as for instance the ISM and the up-
per atmosphere of Titan. The first part of this paper is de-
voted to an accurate description of the vibronic structure of
the cation reached by direct ionization from the neutral ground
state. Vibrational assignment of the X* spectrum is guided by
exploratory density functional theory (DFT) calculations. In
the second part of this paper, dissociative ionization is stud-
ied through observation of appearance energies for the different
cationic fragmentation channels of CH3C3;N*. They are com-
pared with estimated thresholds obtained by DFT calculations.

2. Experiment

2-Butynenitrile (cyanopropyne) has been prepared in a two-
step sequence starting from ethyl butynoate (Alfa-aesar) used as
a precursor of 2-butynamide, as previously reported [28]. Then,
in a flask under nitrogen, 2-butynamide (5g, 60 mmol) was
mixed with sea sand (30 g) and phosphorus pentoxide (33.8 g,
240 mmol). The flask was fitted on-a vacuum line (0.1 mbar)
equipped with two traps. The first one was immersed in a bath
cooled at -10°C (to trap the high boiling-temperature impuri-
ties) and the second one in a bath at -50°C. The flask was heated
up to 170°C in approximately 1 hour. The 2-butynenitrile sam-
ple producedduring this process was vaporized as it was formed
and selectively condensed in the second trap. Thanks to these
trapping temperatures, 2-butynenitrile was obtained in a 77%
yield (3.0-g, 46 mmol) with a very high purity (~99%) checked
by NMR spectroscopy.

The experiments were carried out on the DESIRS Vacuum-
UltraViolet (VUV) beamline at the SOLEIL synchrotron facil-
ity in St. Aubin (France)[29] operating in the 8-bunch mode.
This beamline is equipped with a 6.65 m normal incidence
monochromator and a gas filter to eliminate the higher harmon-
ics of the undulator [30]. The VUV photon flux was monitored
independently by a calibrated gold grid VUV detector in order
to normalize the spectrum intensities.

The experimental setup CERISES used in this work was in-
stalled on the DESIRS beam line and has already been de-
scribed previously [31]. Here we limit the description to the
specific details of our experiment. Briefly, the CH;C3N gaseous

molecules were introduced in a very low-pressure chamber
(= 2 x 107 mbar) at room temperature where they were ex-
cited by the VUV synchrotron radiation. Ions produced by the
direct or dissociative ionization processes were mass-selected
and guided towards the micro channel plate detector using a
first quadrupolar mass filter, two octopolar guides and a sec-
ond quadrupolar mass filter. The photoelectrons with near
zero-kinetic energy (so-called threshold photoelectrons) were
collected in the opposite direction and selected by geometri-
cal and temporal discrimination criteria. The photon resolu-
tion of the TPES was approximately 4 meV below 15.5 eV
and 10 meV above 15.5 eV. The corresponding overall reso-
lution of the spectra, including the resolution of the photons
and of the photoelectrons, was measured at 10 meV (around
80 cm™!) below 15.5 eV-and about 15 meV above 15.5 eV in
the present experimental conditions. For the dissociative ion-
ization study, the fragment ion yields were recorded at lower
resolution (15:meV). The photon energy scale of all spectra was
calibrated with an accuracy of 1 meV (8 cm™!) using the argon
and neon absorption lines observed in the ion signals due to
their presence in the beamline gas filter. Note that these rare
gas absorptions were not fully corrected by the normalisation
procedure since the photon flux was recorded with a different
spectral resolution.

3. Theoretical calculations

All electronic structure calculations were carried out using
the Gaussian(9 suite of programs [32]. Equilibrium geometries
and vibrational harmonic frequencies were computed for the
neutral and cation electronic ground states using DFT with the
hybrid functional B97-1 [33], in combination with the basis set
aug-cc-pvtz (AVTZ) and a grid of size (99,590).

3.1. Equilibrium geometries and vibrational frequencies for
the electronic ground states

Figure 1: CH3C3N molecule structure. The labels correspond to the ones used
in Table 1.

The symmetry of the equilibrium geometry of the neutral
ground state of CH3C3N was found to belong to the Cs, point
group. The optimised equilibrium geometry of the cation



ground state was found to be of C; symmetry due to distor-
sion resulting from a Jahn-Teller interaction. Note that a simi-
lar situation is encountered in the propyne cation ground state
(CH;3C,H")[34]. The calculated equilibrium geometries of neu-
tral and cationic CH3C5N are detailed in Table 1 with the labels
defined in Fig. 1 corresponding to the molecular geometry in
the Cs symmetry group. They are compared with earlier exper-
imental [16] and theoretical [26] values obtained for the neutral
species. The present calculated structure for neutral CH3;C;N
is in very good agreement with the geometrical structure deter-
mined by microwave rotational spectroscopy [16].

Table 1: Calculated and experimental bond distances (/o\) and angles (degrees)
for CH3C3N in neutral and cationic electronic ground states. The values from
this work are in bold font.

CH;3CG3N (Csy) CH3C3N* (Cy)
calc. “  cale!  expC calc.b
N=C, 1.132 1.159 1.157 1.179
C-C, 1.388 1.369 1.379 1.335
Cr=C;y 1.183 1.207 1.203 1.243
C3-Cy 1.466 1.452 1.458 1.414
Cy4-H; 1.086 1.093 1.10 1.110
Cy4-H, 1.086 1.093 1.10 1.097
N=C,-C, 180.0 180.0 180.0 180.0
Ci-C, =C; 180.0 180.0 180.0 180.1
Cr=C3-Cy 180.0 180.0 180.0 179.1
C;-C4-H,y 110.0 110.5 - 107.0
C3-C4-Hy 110.0 110.5 - 111.5
H;-C4-H, 108.9 108.4 108.5 107.0
H,-C4-H, 108.9 108.4 108.5 112.5

¢ HF/4-21G*, calculated values from Ref. [26]
b B971/AVTZ, this work
¢ Experimental values from Ref. [16]

In Table 2, the calculated vibrational frequencies of CH3C3;N
and CH3C3N™ in their electronic ground states are reported.
Their respective geometries belonging to different point groups
(C3y and Cy) imply different labels for the vibrational normal
modes. The normal modes in the cation are strongly modi-
fied with respect-to the neutral normal modes. These modes
are related to the eigenstates y; , of the force constant matrix
Djj = hij/ \Jminz; where h;; = o? V/0r;0r; is the second deriva-
tive of the potential forming the Hessian matrix and m; the mass
of atom i. Each of the two charge states, neutral and cation,
gives rise to one set of eigenstates y; 4, and )(;’p, respectively,
where the index d for the neutral molecule is an index over
the degeneracy of vibrational mode p corresponding to the Cs,
symmetry group. To quantify how much the normal modes in
the cation are modified with respect to the neutral molecule, we
introduce the Squared Dushinsky (SD) matrix defined as

Apal = DD XXy
i

d
In Fig. 2, a map plot of the SD matrix is shown as a function
of the neutral and cation mode number. Among the symmet-
ric normal modes of the neutral species (of a; symmetry), one
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can see that the v,, v3, vs5 and v¢ normal modes correlate al-
most exclusively to the v3, vy, v; and v§ normal modes of the
cation, respectively. For the degenerate e mode of the neutral
species, only the vy and vj» modes can be associated in good
approximation with the couples of mode (v}, v{5) and.(v,, v]5)
of the cation, respectively. Note that the calculated vibrational
frequencies corresponding to these couples are degenerate or
quite close (see Table 2). The other normal modes of the neu-
tral molecule (vy, v4, v7, vg, V9 and v;;) are more delocalised
over the normal modes of the cation. Thus, one cannot easily
compare these latter vibrational modes between the neutral and
the cation without crude approximations. The correlations be-
tween the normal modes of the neutral species and the cation
are summarized in Table A.10 of Appendix A.
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Figure 2: Map plot of the Squared Dushinsky matrix of CH3C3N (see text
for more details). The color scale indicates the correlation degree between the
neutral and cation normal modes in the ground states.

From the harmonic frequencies and normal modes in the neu-
tral and cation ground states, the Franck-Condon (FC) factors
have been calculated for the X* *E « X A, transition using
the harmonic approximation for the potential energy surfaces
and the Condon approximation for the dipole moment. The FC
integrals were computed, including the Duschinsky effect, us-
ing recursive formule already implemented in Gaussian09 [35].
The strongest Franck-Condon factors are reported in Table B.11
of Appendix B. From the Franck-Condon factors, the TPES at
0 K was computed by convoluting the stick spectrum with a
Gaussian line shape of 160 cm™' full-width at half maximum
(FWHM), which reproduces well the observed band widths re-
sulting from the spectral resolution and the rotational band pro-
file.

3.2. Dissociative ionization thresholds

CH3C3N ionization energy and product dissociative ioniza-
tion thresholds were calculated and corrected for zero-point en-
ergies (ZPE). The thresholds were calculated only for the chan-
nels leading to the lower electronic states of the fragments (Sg
singlet or T triplet states for fragments with odd spin multi-
plicity, and Dy doublet states for even spin multiplicity). Note
that the present calculations have been carried out at 0 K and
thus do not take into account the temperature dependence of
the threshold. The observed appearance energies might also be



Table 2: Calculated harmonic frequencies for CH3C3N in neutral and cationic electronic ground states in the C3, and Cs point group, respectively. The symmetry

of the modes and their approximate description are also reported. All values are in cm™!.

CH3C3N (Gsy) CH3C;3N* (Cy)
mode description symmetry % description symmetry vt
1 CHj sym. stretch aj 3023 CHj3 stretch a 3016
2 C=N, C=C stretches (in phase) a 2384 CHj stretch a’ 2901
3 C=N, C=C stretches (opposite phase) aj 2252 C=N, C=C stretches (in phase) a’ 2275
4 CHj; sym. deformation aj 1403 | C=N, C=C stretches (opposite phase) a’ 2018
5 C-C stretches (opposite phase) aj 1174 CHj3 deformation a’ 1413
6 C-C stretches (in phase) a 670 CH3; deformation a’ 1305
7 CHj3 asym. stretch e 3090 C-C stretches (opposite phase) a’ 1224
8 CHj; asym. deformation e 1464 CH5; rock a’ 913
9 CHj3; rock e 1042 C-C stretches (in phase) a’ 680
10 C-C=C-C=N skeleton bend e 537 C-C=C-C=N skeleton bend a’ 499
11 C-C=C-C=N skeleton bend e 357 C-C=C-C=N skeleton bend a’ 346
12 C-C=C-C=N skeleton bend e 146 C-C=C-C=N skeleton bend a’ 133
13 CHj; stretch a’ 3021
14 CHj; deformation a’ 1233
15 C-C=C-C=N skeleton bend + CHj3 def. a”’ 507
16 C-C=C-C=N skeleton bend + CHj3 def. a”’ 440
17 C-C=C-C=N skeleton bend + CHj def. a” 239
18 C-C=C-C=N skeleton bend a” 133

affected by possible activation barriers which are not included
in the calculations. Nevertheless, these crude approximations
allowed us to identify the observed dissociative channels (see
section 4.2).

4. Results and discussion

4.1. Photoionization of cyanopropyne

The CH3C3N* ion yield and the threshold photoelectron
spectrum of CH3;Cs;N have been recorded in the [86000-
180000 cm™'] region for the first time and are displayed in
Fig.3.

The TPES spectrumis quite similar to the PES spectrum re-
ported by Bieri ef al. [21], leading to observation of six elec-
tronic states. The assignments of the different electronic states
have been determined in Ref.[21] and are reported in Fig.3. The
ionization thresholds measured in the present work towards the
different electronic states of the cation are summarized in Ta-
ble 3 and compared with previous studies. The three lowest
electronic states, X* °E, A* 2A; and B* 2E, exhibit a sharp peak
at their origin followed by vibrational progressions. Their ori-
gins are located at 86872 + 20 cm~!, 105354 + 20 cm™! and
107848 + 20 cm™', respectively (see Table 3), in good agree-
ment with Bieri et al. values within their error bars [21]. The
disagreement with the results of Asbrink et al. is suspected
to come from their calibration procedure in which they only
used one argon line for the calibration of the entire range of
the spectrum (from 9 to 27 eV) [22]. The three next states C*,
D* and E* are much broader and unresolved, except for the C*
state. This indicates a predissociative character for the D* and
E* states and important alterations in the geometry of the C*
state with respect to the ground state of the neutral species.

Table 3: Ionization thresholds towards the different electronic states of
CH3C3N*. All values are in cm™" and correspond to adiabatic energies un-
less specified. Experimental error bars are given in parenthesis.

This work Bieri et al. [21] Asbrink et al. [22]
X*2E 86872(20) 86947(160) 88318(160)
At 2A, 105354(20) 105336(160) 105336(160)
B* 2E 107848(20) 107836(160) 109046(160)
c* 119390(50) 121790(800)" 122596(800)”
D+ 130160(500)%>  131468(800)" 133081(800)"
E* 164300(500)” 165344(800)” 165344(800)"

¢ Tentative value (see text).
b Value for the vertical ionization threshold derived from the
position of the band maximum.

It is of interest to mention that the measured ionization
thresholds towards the X* and B+ states of cyanopropyne cation
(10.77 eV and 13.37 eV, respectively) are very close to the first
ionization threshold of propyne (10.37 eV [36]) and hydrogen
cyanide (13.6 eV [37]), respectively. This situation is similar
to what was encountered in the case of cyanoacetylene [38]
for which the ionization thresholds were close to the one of
acetylene and hydrogen cyanide. This trend was explained for
cyanoacetylene by the removal of a 7 electron more localised
on the C=C bond for the X* state or on the C=N bond for the
B* state. By analogy, we propose that the removal of an elec-
tron from the (3¢) molecular orbital leading to the X* E state
of cyanopropyne cation is more localised on the C=C bond.
Similarly, the B* 2E state is formed by the ejection of an elec-
tron from the (2e) molecular orbital more localised on the C=N
bond.
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Figure 3: CH3C3N™* ion yield (in blue) and overview of CH3C3N threshold photoelectron (in black) spectra between 10 and 22 eV. The triangle corresponds to
electron signal due to ionization of an impurity and asterisks to argon absorption lines (see text).

Above the first ionization threshold (86872 cm™'), the
ion yield shown in Fig. 3 exhibits sharp structures up to
105000 cm™~!' which correspond to autoionization of Rydberg
series converging to the A* and B* excited electronic states of
the cation. The assignments of these series will be discussed in
a forthcoming paper. Above 109300 cm™', the ion yield signif-
icantly decreases up to 120000.cm™'. This range corresponds
to the gap between the B* and C* electronic states and no Ry-
dberg series converging to the C* electronic state is observed.
Therefore we attribute this drop in the CH;C3;N* ion yield to the
opening of different dissociative ionization channels (see sec-
tion 4.2). The ion signal increases again around 120000 cm™'
corresponding to the opening of the C* ionization channel.

An important remark concerns the mode labelling adopted
throughout this paper. Indeed, the vibrational modes are dif-
ferent between the neutral and cation electronic ground state in
their respective point group, as discussed in section 3, and the
same situation is probably encountered in the other electronic
states. In earlier works, the Cs, notations were used. Here, all
electronic structure calculations are limited to the X* electronic
ground state. Consequently, the proposed assignment for the
vibronic transitions to the X* electronic ground state is derived
from our calculations of the vibronic structure of X* state in the
C, symmetry but the labels are converted into the C3, notation
(see Fig. 2 and Table A.10 of Appendix A). The proposed as-
signment for the vibronic transitions to the A*, B* and C* states
are derived only by comparison with the vibrational structure of

the neutral electronic ground state.

Hence, we choose in this paper to use the vibrational mode
labels of the neutral species in the Cs, point group for the transi-
tions to the cation vibronic states. For example, Fig. 4 a) shows
the TPES spectrum of the X*2E « X ' A, transition, which ex-
hibits a progression in the symmetric C=N and C=C stretches.
Using the Cs, labels (neutral symmetry), this corresponds to the
v, mode, but in the Cg symmetry of the ion, this mode would
correspond to the v mode (as defined in Table 2). The assign-
ments of the vibronic transitions to the four lowest electronic
states of the cation are presented below.

4.1.1. The X* 2E « X 'A, transition

Figs. 4 a) and 4 b) display the experimental TPES spectrum
(in black) in the vicinity of the X* electronic ground state of
CH;C3N* and the corresponding calculated spectrum (in red).
Only an horizontal shift has been applied to the calculated spec-
trum to match the 0° band position of the experimental spec-
trum. Although DFT being monoconfigurational is not fully
appropriate to describe the CH3;C3;N* electronic ground state
which is affected by Jahn-Teller effect, the overall agreement
between the calculated and experimental spectra is quite good.
The main discrepancies are the positions of the 9! and 2! bands
(and therefore the combination bands involving these modes)
which can be explained by anharmonic effect, and the band in-
tensities in the 87750-89000 cm™! range (see Fig. 4 b)) which
will be discussed later in this section.
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for details).

In the Born-Oppenheimer approximation, a transition be-
tween the neutral vibronic ground state and a vibronic state of
the cation is allowed only if the product of the vibrational wave-
functions contains a symmetric component. Therefore, in Cs,
symmetry, the modes of e symmetry should be reached only
with even quanta of excitation whereas the modes of a; symme-
try should be reached with even and odd quanta of excitation.
In the present case, the e modes correlate with a’ + a”’ compo-
nents in the C point group. Consequently, the transition to odd
quanta of excitation is allowed for the e modes through the a’
components.

In Fig. 4 a), one can see the main vibrational progression
due to the v, mode (C=N and C=C stretches in phase, with
a; symmetry) due to the changes of the C=N and C=C bond
lengths upon ionization(see Table 1). The corresponding vibra-
tional wavenumber is decreased (from 2271 cm™! in the neutral
species to 2178 £20 cm™ in the cation) which is consistent
with the predicted increases of these bond lengths. The calcu-
lated TPES spectrum confirms the observed progression in the
v, mode (with the neutral notation in the Cs, point group) but
the calculated vibrational wavenumber and intensity of the 2"
bands are slightly overestimated. Close to the 2! band, one can
see (Fig. 4 b)) that the 3' band (which corresponds to the C=N
and C=C stretches in opposite phase) is observed in the experi-
mental spectrum unlike in the calculated spectrum. We suspect
that the v, and vz normal modes or the C=C and C=N bond
lengths are not well described with our calculations and that the
calculated intensity of the 2! band is actually spread over the 2!
and 3' observed bands.

The intensity disagreement around the position of the 5! band
can also be attributed to the limited validity of our calculation.
In addition, the TPES intensity in this region is likely affected
by autoionization. Indeed, in the ion yield spectrum displayed
in Fig. 3, one can see a very strong line located at the same
energy (88100 cm™!) which is the signature of an efficient au-
toionization process.

The other bands are quite well reproduced but their labels are
not trivial. As mentioned above, we use the Cs, notation for the
vibrational mode labelling but the calculation results are given
with the C notation labels. The calculated band that we label
112 is actually the 17 band in C, notation (see Table A.10 in
Appendix A). In Fig. 2, the SD matrix shows that the projection
of the v, cation normal mode over the normal modes of the
neutral species is actually spread over the v;; mode (with the
higher contribution) and the v and vg modes. For the same
reason, the band which overlaps in the calculated spectrum with
the band that we label 6' (9! in the C, notation) is the 16'17'
band. From the map plot of the SD matrix, we cannot derive a
corresponding mode in the Cs, notation. That is why we use the
question mark in Fig. 4 b). The last ambiguous band is the one
labeled 4! /8'. Indeed the calculated spectrum gives a transition
at this energy with corresponds to the 5! transition in the C
notation. Again, from the SD matrix, this normal mode of the
cation is associated to the v4 and vg normal modes of the neutral
species.

The position of the bands with their labels in the Cs, notation
are listed in Table 4. The corresponding vibrational wavenum-



bers are compared with the earlier work of Bieri ef al. [21] in
Table 8. We find that the values for the v, and vo vibrational
modes obtained by Bieri ef al. are in good agreement with the
present results within the error bars.

Table 4: Band wavenumbers and assignments of the X* 2E « X 'A; vibronic

transitions observed in the TPES. All values are in cm™".

Wavenumber ~ Wavenumber - IP(X*) Upper level
assignment

86872 0 0°
87320 448 112
87525 653 6' and ?
87889 1017 9!
88100 1228 5!
88253 1381 41 /8!
88805 1933 3!
89050 2178 2!
89674 2802 2'6! and 2'?
90070 3198 2'9!
90270 3398 2151
91246 4374 22
93182 6310 23

@ JP(X*) = 86872 cm™!

4.1.2. The A* 2A, « X 'A, transition

The region of the TPES spectrum which includes the vibronic
transitions to the A* state is displayed in Fig. 5. Similarly
to the transition to the X* state, the v, mode is active upon
ionization and the transition towards v, = 2 vibrational state
is probably hidden in the region of the transitions to the B*
states. The proximity of these two electronic states might lead
to vibronic interactions. The other observed bands are assigned
to transitions involving the 5", 6', 8!, 9! and 11? transitions.
The vibrational structure of this electronic transition being quite
similar to the one involving the electronic ground state of the
cation, we can suppose that the two lowest electronic states (X*
and A*) have close equilibrium geometry. Higher-level calcu-
lations such as Complete Active Space Self-Consistent Field
(CASSCF) would be necessary to confirm this hypothesis. The
positions of the vibronic transitions presented in Fig. 5 are sum-
marized in Table 5. The comparison of the derived vibrational
wavenumbers with the work of Bieri ef al. [21] and Fulara et al.
[24] is reported in Table 8. Within the error bars, our value for
the v vibrational mode is consistent with the one obtained by
Bieri et al.. The disagreement with the results of Fulara et al.
probably comes from matrix effects. In addition, the authors
mentioned that the fluorescence spectrum is strongly affected
by non-radiative relaxation of the B* state towards the A" state.

4.1.3. The B* 2E « X 'A; transition

The TPES spectrum in the vicinity of the B*?E « X'A,
transition is also displayed in Fig. 5. Unlike for the transition to
the X* and A* electronic states, the main vibrational progres-
sion is assigned to the vs mode (=C-C= stretch) with a vibra-

Table 5: Band wavenumbers and assignments of the A* 2A; « X 1A, vibronic

transitions observed in the TPES. All values are in cm™!.

Wavenumber Wavenumber - [P(A*)¢ Upper level
assignment
105354 0 0°
105830 476 112
106009 655 6!
106280 926 9!
106513 1159 5!
106688 1334 6%
106975 1621 8!
107600 2246 2!

4 [P(A*) = 105354 cm!

tional wavenumber of 1132+20 cm™'. The other transitions are
mainly associated with the vs, vg, v; and vy, vibrational modes
and their combination bands with the vs mode.

On the right part of the spectrum, two broad features are ob-
served around 110500 and 111700 cm™!. The assignments of
these bands is not trivial. In this region, too many combination
bands involving the A* and B* electronic states could be rea-
sonably consistent with the overall vibronic structure of these
two states. High-resolution spectra and more sophisticated cal-
culations are necessary to unambiguously assign these bands
and thus no attempt is made to do so. Table 6 summarizes the
positions of the assigned bands of the B* 2E « X 'A; tran-
sition. The derived vibrational wavenumbers are reported in
Table 8. A good agreement is found with the ¥s and ¥4 values
measured by Bieri ar al. [21] and Fulara et al. [24] within their
error bars.

Table 6: Band wavenumbers and assignments of the B* 2E « X 'A; vibronic

transitions observed in the TPES. All values are in cm™!.

Wavenumber ~ Wavenumber - IP(B*)* Upper level
assignment
107848 0 o°
107970 122 12!
108252 404 112
108541 693 6!
108980 1132 5!
109350 1502 510!
109615 1767 5l6!
109835 1987 3!
110070 2222 52
111033 3185 5131
111120 3272 53

a [P(B*) = 107848 cm™!

4.14. The C* — X 'A; and D* « X 'A, transitions
In Fig. 6, the TPES in the region of the C* and D states
is shown. In our spectrum, we are not able to unambiguously
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distinguish the C* and the D* states which strongly overlap
as was observed already by Asbrink er al. [22]. Surprisingly,
these states seem more distinguishable in the spectrum of Bieri
et al. although the resolution is less than ours [21]. Never-
theless, an extended vibrational progression is clearly observed
on the red side of the broad band with a first intense peak at
119390 + 50 cm™'. We propose to assign this peak to the origin
of the C* state regarding the sharp rise for this first peak with
respect to the background signal and the evolution of the peak
intensities over the band. If a vibronic transition with a smaller
Franck-Condon factor existed at lower wavenumber, our signal-
to-noise ratio would allow us to observe it. It is clear in our
spectrum that no such transition occurs. We assign the vibra-
tional progression to the vg mode (CH3 asymmetric deforma-
tion) with combination band with the v¢ mode (C-C stretches in
phase) by comparing the corresponding vibrational wavenum-
bers with the ones of the three lowest electronic states of the
cation (see Table 8). The peak positions of this extended series
are listed in Table 7.

The vibronic structure of this spectrum demonstrates a
change in geometry of the C* state with respect to the X neutral
ground state. The same trend was observed for the C* state of
HC;N* by Baker and Turner [37].

Note that the origin of the D* « X 'A; transition is not
observed. Nevertheless, a very tentative value of 130160 +
500 cm™! for the vertical ionization threshold can be derived
from the maximum of the broad bump reached before the drop
of the signal (see Fig. 6). In the PES spectrum of Bieri et
al., which exhibits a different energy profile for this band,
they peaked the maximum of the transition to the D* state at
131468 cm~! [21].



Table 8: Experimental and calculated (in italics) vibrational wavenumbers of the electronic ground state of CH3C3N and the four lowest electronic states of
CH3C3N*. All values are in cm™! and error bars are given in parenthesis. When no unambiguous correlation between the neutral and cation normal mode can be
drawn, the calculated value is replaced by a question mark.

XA, X+ 2E At ZA, B* 2E c*
this work literature this work literature this work literature this work
V1 2938.54¢ - - - - - - -
3023 ?
) 22714¢ 2178(20) 2100(80)% 2246(30) 2332(30)?" - - -
2384 2275
V3 2168%¢ 1933(30) - - - 1987(30) - -
2252 2018
4 1373.544 (1381(30)) - - X - - -
1403 ?
Vs 1156%¢ 1228(20) - 1159(40) - 1132(20) 1100(80)8 -
1174 1224 1105(30)"
V6 642.54¢ 653(30) - 655(30) 560(80)% 693(30) 700(80)8 705(40)
670 680 545(30)" 676(30)"
V7 29874 - - - - - - -
3090 ?
Vg 1445 (1381(30)) - 1621(20) - - - 1586(40)
1464 ?
V9 1030¢ 1017(30) 930(80)8 926(30) - - - -
1042 ?
Y10 4994 - - - - - - -
537 ?
V11 3394 224(30) - 238(30) - 202(30) - -
357 ?
V12 144.755¢ - - - - 122(40) - -
146 133

@ Ref. [13]. ? Ref. [15]. ¢ Average value of the R and P branch positions. 4 2y, band position divided by 2. ¢ wavenumbers
corresponding to either v; or v; modes. / wavenumbers corresponding to either v4 or vg modes. ¢ From PES experiment of
Ref. [21]. " From EAS experiment of Ref. [24].  Derived from the 11? band position.



Table 7: Band wavenumbers and assignments of the C* « X 'A; vibronic

transitions observed in the TPES. All values are in cm™!.

Wavenumber ~ Wavenumber - IP(C*)* Upper level
assignment
119390 0 0°
120095 705 6!
120976 1586 8!
121628 2238 8l6!
122318 2928 8?
123083 3693 826!
123864 4474 83
124536 5146 836!
125176 5786 g
125975 6585 846!
126507 7117 8>
127225 7835 836!
127982 8592 8o
128793 9403 86!

@ JP(C*) = 119390 cm™!

4.2. Dissociative ionization of cyanopropyne

Mass spectra recorded at 12, 15.5 and 20 eV are presented
in Figs. 7 a), b) and c), respectively. The mass spectrum of
Fig. 7 a) (at 12 eV) exhibits only two peaks corresponding to the
CH;3C3N* parent ion (m/q=65) and its natural '*C isotopologue
(m/g=66). The mass spectrum of Fig. 7 b) (at 15.5 eV) already
starts to show evidences for dissociative ionization with two
main fragments at m/q = 38 and m/q = 64 and very weak
signals at m/q = 15, m/q = 28 and m/q = 63 (hardly visible on
the scale of this spectrum, see spectrum of panel c) at 20 eV).
The mass spectrum of Fig. 7 c) (at 20 eV) presents the same
fragments and in addition m/g ‘= 37. All the other ion signals
are due to '3C isotopologues or.impurities (see below).

Let us examine first the mass signals which are not directly
relevant for the present study.

The signals at m/q = 18 and m/g = 17 in Figs. 7 b) and c)
correspond to HyO and its OH dissociative ionization fragment
since water was a residual by-product of the CH3C;N synthesis.

Between masses 40 and 55, we observe residual impurities
coming from other samples studied with the same experimental
setup in the past. The masses observed at m/q = 44, 50 and
51 can be assigned without any ambiguity to CD3;CN, CH;3Cl
and HC3N, respectively, comparing the observed ion yields (not
shown here) with earlier works [39, 40, 1].

The mass spectrum of Fig. 7 b) exhibits a peak at m/q = 62
which might be assigned to the C4N* fragment at first sight.
However, the appearance energy measured for this mass was
lower (= 12.1 eV) than the ones of H- and H,-loss channels (see
below). We rather assign it to a dissociative ionization fragment
of CH3CsN traces, which had been studied during the same ex-
perimental beamtime. Indeed, the excitation of CH;CsN at 15.5
eV produces a strong ion signal at m/g = 62 corresponding to
C4N™ (see mass spectrum in Appendix C). No dissociative ion
yield has been recorded for this molecule but the complete dis-
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sociative photoionization study of CH3CsN will be investigated
in details soon.

Finally, the signal observed at m/g = 27 is attributed to pho-
toionization of HCN by comparing the ion yield measured in
this work with the one of Ref. [37]. The neutral HCN molecule
responsible for this signal is suspected to be a product of either
photolysis or dissociative photoionization of cyanopropyne.

During our experimental beamtime, we only measured the
appearance energies of the fragments which are below 15.5 eV.
Thus, the data corresponding to masses 64, 63, 38, 28 and 15
are discussed below and their corresponding ion yields are pre-
sented in Figs. 8 a) to ). The observed appearance energies are
marked by arrows in these figures and summarized in Table 9.
In this table, the experimental measurements are compared with
the calculated thresholds which allows us to propose a corre-
sponding dissociative ionization process for each fragment.

As mentioned in section 3, the calculated thresholds only
give a rough idea of the corresponding appearance energies.
For instance, the calculated ionization energy of CH;C;3;N
is 10.22 eV whereas the experimental value is 10.77 eV
(86872 cm™!), which gives a discrepancy of 0.55 eV. One
should also keep in mind that the calculations do not take into
account the temperature dependence and the possible activation
barrier of the dissociative channels, as explained in section 3.
Thus, we roughly estimate that the calculated thresholds are
reasonably representative of the observed appearance energies
within 1 eV.

In Table 9, one can see that the channels producing ions with
m/q = 64 and m/q = 63 (seen in Fig. 8 a) and b)) are easily
assigned to the CH,C3N*(S) + H and CHC3;N* (D) + H; disso-
ciative channels and that the calculations are in good agreement
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with the observed appearance energies.

The appearance energy measured for m/q = 38 (see Fig. 8
¢)) is close to the calculated threshold for the HC3H* (D) +
HCN(S) channel. This channel is quite surprising and com-
plex mechanisms have to be involved in the dissociative ioniza-
tion processes to lead to these reorganised fragments. Similar
molecular rearrangements have to be invoked to understand the
m/q = 37 fragment formation (production‘of C3H*, see Ta-
ble 9). As mentioned above, the corresponding ion yield has
not been measured but the mass spectra of Figs. 7 b) and c)
allow to give lower and upper limit values: between 15.5 and
20.0 eV. Unfortunately, the calculated thresholds of the three
possible channels lie in this range and we cannot conclude on
the process responsible for this C3H* fragment.

Finally, the fragments at m/q = 28 and 15 are the two minor
products. The measured appearance energies are close to the
threshold of the lowest dissociative channel calculated for these
two masses and involving ion-pair formation (HCNH"(S) +
HC;7(S) and CH;'(S) + C3N7(S)). One can remark that the ion
yields corresponding to the proposed ion-pair formations have
weaker intensities by 1 or 2 order of magnitudes compared to
the other fragments (see vertical scales of Fig. 8) which is con-
sistent with the usual ion-pair formation efficiency. One could
argue that the experimental appearance energy for m/q = 15
is quite high with respect to the calculated one compared with
the overall agreement for the other channels. However, ion-
pair potential curve minima are not located at the same equilib-
rium geometry as the ground state of the molecule [41]. There-
fore, a photon excitation (which is a vertical excitation) brings
the molecule in the Franck-Condon region of the ion-pair po-
tential curve which is often higher than the ion-pair dissocia-
tive threshold. This could explain the consequent difference of
1.7 eV observed between the experimental and calculated ener-
gies. In the case of the m/g = 28 channel, the excess energy
is only about 0.1 eV. A possible explanation is that the ion-pair
dissociation process is different. Indeed, unlike in the CH;r +
C3N~ channel which seems to proceed through a direct disso-
ciation process, the HCNH* + HC3~ channel necessitates an
important atomic rearrangement probably involving intermedi-
ates which might be coupled to the ion-pair potential curve [41]
leading to a near-threshold dissociation.

5. Conclusion

Photoionization spectroscopy of cyanopropyne has been in-
vestigated by TPES for the first time over a wide energy range
at SOLEIL synchrotron facility thanks to the VUV tunability of
the DESIRS beamline. New values of the ionization thresholds
towards the four lowest electronic states of the cation have been
measured with improved accuracy. The vibrationally-resolved
spectra combined with DFT calculations bring new insights on
the complex vibronic structure of CH3C3N*. The DFT calcula-
tions performed in this work predict for the first time the geom-
etry of the electronic ground state of the cation and account for
the vibrational progression observed in our experimental spec-
trum. This geometry was found to be of C; symmetry due to a
Jahn-Teller interaction. Higher resolved experiments should be



Table 9: Calculated thresholds and experimental appearance energies of disso-
ciative ionization channels of CH3C3N. The uncertainties of the experimental
values are about 0.10 eV. (S) and (T) denote the singlet or triplet spin multiplic-
ity of the fragments (the fragments are in doublet states when it is not specified).
See text for more details.

m/q AEcalc AEexp
/a.m.u. channel / eV / eV
64 CH,C3N*(S) + H 12.7 12.35
63 CHC;N* + Hy(S) 12.6 12.09
CHC;3;N* + 2H 16.9
38 HC;H* + HCN(S) 12.4 12.14
HC;H* + HNC(S) 13.0
H,C§ + HCN(S) 13.9
H,C} + HNC(S) 14.5
37 HC;(S) + H,.CN 15.5 -4
HC;(S) + HCNH 16.1 -4
HC3(S) + Ha(S) + CN 17.9 -4
28 HCNH*(S) + HC;~(S) 12.1 12.21
HCNH" (S) + HC; 13.8
H,CN*(T) + HC3(T) 16.8
HCNH*(T) + HC;7(T) 16.8
H,CN* (T) +HCs 18.6
15 CH; (S)+ C3N7(S) 11.1 12.80
CHZ(8) + G3N 15.4
CH3(T) + C3N~(T) 18.1
NH* 4 C,H,(S) 18.7
CHH(T) + C3N 18.8

¢ The corresponding ion yield was not measured in this work.
From Fig. 7, a threshold is expected between 15.5 and 20 eV
which does not allow to draw any conclusion about the corre-
sponding process.
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carried out to highlight a clear signature of this interaction. In
the ground and the second excited electronic states (X* °E and
B* 2E) of the cation, a spin-orbit coupling of non-negligible
magnitude is also expected. Indeed, in the HC3N™ cation, a
spin-orbit splitting of 44 cm™! has been measured-[42]. In
CH;C3N*, we can suspect a spin-orbit splitting of the same or-
der of magnitude, slightly decreased by the off-axis H atoms
[43, 44]. Thus, higher-resolved spectra of the X* ?E « X A,
transition should exhibit a complex rovibronic structure due to
the combination of the Jahn-Teller effect and spin-orbit cou-
pling like in propyne [34, 36] and the 2-butyne [45] cations.
Pulsed-field-ionization zero-kinetic-energy photoelectron spec-
troscopy would be perfectly suited for this purpose. In addition
vibronic coupling between the A* and B* electronic states is
expected from their vicinity. More sophisticated multiconfigu-
rational ab initio calculations of the excited electronic states of
CH;C3N*, such as CASSCF approaches, are required to deepen
our understanding of this cation.

Appearance energies for the dissociative photoionization
channels below 15.5 eV have been measured for the first time
and the proposed channels are guided by quantum chemical
calculations. Interestingly, two channels tentatively associated
with ion-pair formation (CHj + C3N~ and HCNH" + C3H™)
are observed through the detection of the positive ion fragment.
Experiments combining the detection of the positive and nega-
tive ions in coincidence would allow to definitely confirm these
channels.

Appendix A. Correlation between the normal modes of the
neutral and cationic species

The approximate correlation between the normal modes of
the neutral species and of the cation in the Csz, and Cg point
groups, respectively, are presented in the following Table A.10.
This correlation is derived using the SD matrix displayed in
Fig. 2 and only the main contributions (SD matrix elements
greater than 0.2) are taken into account.

Appendix B. Calculated FC factors for the X* 2E «
X 1A, transition

The FC factors used in the calculated TPES spectrum of Fig 4
are reported in the following Table.

Appendix C. CH3CsN mass spectra

The mass spectra of Fig. C.9 have been recorded by photo-
exciting CH3CsN at 12 and 15 eV. The peak at m/q = 89 cor-
responds to the parent molecule (CH3CsN) and all the other
ones to fragments coming from dissociative photoionization
or impurities. Fig. C.9 b) exhibits a very strong signal at
m/q = 62 which probably comes from the CH3;CsN + hy —
CH;C + C4N* + ¢~ channel. The CH3CsN was present in the
experiment of our CH3C;3N study as residual impurity. Thus,
these mass spectra justify our argumentation about the observed
m/q = 62 signal. Note that the impurities at m/q = 44, 50 and



Table A.10: Correlation between the normal modes of the ground states of
CH;3C3N and CH3C3N*.

cation normal mode neutral normal mode

() (Csv)
vy vi/ vy
V3 vi /vy
vy V)
vy 3
Vi V4| vg
Ve va/ Vs
vy Vs
vy )
V; V6
1o Y10
128 Yii
Vi V12
Vi vy
Vi, vg [ Vo
Vs vio
Vi vo [ vii
v vo [ Vi1
Vfg V12

Table B.11: Calculated wavenumbers with respect to IP(X*) and FC factors of
the X* 2E « X 'A; transition. All transitions are from the vibronic ground
state of the neutral and only the transitions with a FC factor greater than 0.008
are reported.

Upper level assignment

. wavenumber /cm™!  FC factor
(Cs notation)

oY 0 0.4201
1! 346 0.0108
172 478 0.0294
16117! 679 0.0205
9! 680 0.0156
8! 913 0.0338
71 1224 0.0097
5! 1413 0.0082
3! 2275 0.1745
31172 2753 0.0122
3116'17! 2954 0.0085
319! 2954 0.0090
318! 3188 0.0134
32 4550 0.0326
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51 detected in the CH3C3N experiment (see section 4.2) are
also observed in the present mass spectra recorded prior to the
CH3C5N photoionization study.
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Figure C.9: Mass spectra obtained with photon energies of a) 12 eV and b) 15
eV in the photoionization study of CH3CsN.
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Highlights
Threshold photoelectron spectrum of cyanopropyne has been recorded for the first time

between 86000 and 180000 cm™.

Analysis of the vibronic structure of the four lowest electronic states of the
cyanopropyne cation has been performed.

We report on the first observation of the dissociative photoionization channels below
120000 cm’.



