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ABSTRACT

C;H, species are important intermediates in the formation of large carbonaceous molecules. Mass-selected threshold photoelec-
tron spectra (TPES) of 1-CsH, HCsH, and c-C; H-CCH were recorded using double-imaging photoelectron-photoion coincidence
spectroscopy. The TPES of 1-CsH and c-C;H-CCH are reported for the first time. These transient species were generated in situ by
hydrogen abstraction from cyclopropylacetylene and 1,3-pentadiyne by fluorine atoms in a discharge flow-tube reactor. Supported
by ab initio calculations and Franck-Condon simulations, unambiguous assignments were achieved, enabling accurate determi-
nation of adiabatic ionization energies. The CsH, results show that hydrogen abstraction from structurally distinct precursors
leads to similar isomeric distributions. More generally, the high-resolution TPES fingerprints reported here provide reliable dis-
crimination between linear and cyclic CsH, isomers, which is not possible using only photoion yields, offering robust benchmarks
for identifying reactive hydrocarbon intermediates in combustion and astrochemical environments.

1 | Introduction According to coupled-cluster calculations, the linear structure
is slightly more stable (by 0.26 eV using DZP basis set [11] or
0.35 eV using aug-cc-pVTZ basis set [12]). 1-CsH was first discov-
ered in the expanding envelope of the carbon-rich star
IRC + 10216 [3] and soon after in the dense molecular cloud
TMC-1 [4]. However, c-CsH was only detected in TMC-1 in

2022 [5].

Due to their potentially high reactivity, the CsH radical [1] and,
to a lesser extent, CsH, are promising sources for hydrocarbon
growth in combustion environments [2] and in the interstellar
medium, where certain CsH and CsH, isomers have been
detected [3-7]. Hydrocarbon radicals with an odd number of car-
bon atoms typically exhibit different chemical properties than

those with an even number. The key role and chemical richness
of C;H and C;H, species in interstellar environments have been
well established [8]. As is often the case for small hydrocarbons,
these species are relevant in both combustion processes [2] and
astrochemistry, where CsH, can be produced through the C +
C,H, reaction [9] and the C; + C,Hj; reaction [10].

C;H exists primarily in two distinct structural forms: a linear con-
figuration (I-CsH) and a cyclic isomer (c-CsH). The cyclic form
consists of a three-membered ring with an attached C,H unit.

Early chemical models [13] did not account for the cyclic isomer.
In these models, 1-CsH was thought to form either through dis-
sociative electron attachment to CsH;"—whose detection is still
pending—or via C,H addition/H elimination reactions involving
C,H. Following the detection of c-CsH, its formation was incor-
porated into the latest UMIST network [14] through the reaction
of atomic carbon with C,H,, yielding ~ 10% of the cyclic isomer.

The history of discoveries of CsH, species is particularly surpris-
ing, as numerous stable isomers have been theoretically predicted
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FIGURE1 | The two moststable CsH isomers with their relative ener-
gies (in eV, Ref. [12]) as well as five CsH, isomers with the relative ener-
gies (in eV) and the notation as in Ref. [19]. For CsH, isomers, isomer (1)
has a triplet ground state, and all others are singlets.

[2, 15-18], yet only five have been experimentally confirmed (see
Figure 1) [1, 19-26] (we have retained the notation of Ref. [19]).
Notably, the first detected isomer in interstellar media was the
third most stable labeled isomer (8) in Figure 1 (H,Cs) [6], in con-
trast to the case of CsH, where the most stable isomer was identi-
fied first. The most stable cyclic isomer (7) was, however, detected
just after [7] with a notably larger abundance in TMC-1.

These synthesized species cannot be stored in our experiment
and thus were generated in situ and studied in operando.
There are two known possible ways to produce these species,
either through chemical reactivity (this work) or unimolecular
decomposition [19]. In both cases, the chemistry is controlled
by kinetics, with the most favorable reaction pathways being
those with the lowest energy paths (i.e., the lower transition state
hills to climb) rather than those that are the most exothermic (in
some cases, they are the same, but not necessarily). This is why
the most stable isomers are not always the ones produced.

Tunable vacuum ultraviolet (VUV) mass spectrometry allows
probing the reaction products by monitoring the photoion yield
as a function of photon energy in a mass-selective manner [27]. It
has been successfully applied to investigate fuel-rich flame chem-
istry involving CsH, species [2], as well as the growth of odd
hydrogenated carbon chains through acetylene addition in the
context of dense molecular cloud chemistry [1].

This approach is particularly effective when the number of iso-
meric products is limited, their ionization energies are well sepa-
rated, and they exhibit sharp photoionization thresholds that
allow for straightforward identification. However, challenges
arise when these conditions are not met. These difficulties can
be overcome by probing reaction products using their threshold
photoelectron spectrum (TPES) [28], which provides a much
more sensitive fingerprint [29]. Nevertheless, this method
requires prior knowledge of the spectral fingerprints, which
can be difficult to obtain for such elusive species, although a data-
base has been recently created for this specific need [30].

To date, no TPES of CsH has been reported. Only a photoioniza-
tion yield spectrum has been measured [1], showing a slow and
gradual rise. This allowed for the identification of -CsH based on
density functional theory (DFT) calculations, but prevented an
unambiguous assessment of the presence of c-CsH. Recently,
more advanced calculations have been performed, yielding
ionization energies of 8.36 and 9.11 eV for the linear and cyclic
isomers, respectively [12].

For CsH,, slightly more experimental data are available. A simi-
lar photoionization yield spectrum has been recorded [1], but
assigning the structures responsible for it remains highly chal-
lenging. This complexity arises from the large number of possible
CsH, isomers that can form in both singlet and triplet states, sig-
nificantly increasing the number of potential species present.
However, a TPES of CsH, obtained from flash pyrolysis of a diazo
precursor has been reported and provides the unambiguous fin-
gerprint of the HCsH isomer (1) and a tentative assignment of a
high-lying energy cyclic isomer (9) [19].

In this paper, we present the TPES of C;H and CsH, species
generated by hydrogen abstraction from two precursors using
fluorine atoms. This work provides the first TPES of CsH and
identifies the fingerprint of a third CsH, isomer (7) while con-
firming the previous assignment for the isomer (1) of CsH,.

2 | Methodologies
2.1 | Experimental Setup

The experiments were performed at the SOLEIL French synchro-
tron facility, on the DESIRS beamline [31], and have been
described in detail in previous works [32, 33]. The method relies
on the high reactivity of fluorine atoms in the gas phase with
hydrocarbons containing C-H single bonds [34]. This reactivity
allows hydrogen atoms to be abstracted, forming HF and a radi-
cal. By using fluorine atom concentrations close to those of the
hydrocarbons, we can abstract multiple hydrogen atoms and gen-
erate highly unsaturated carbon-based radicals, such as C;, C;H
and C;H, from CH;CCH [35], as well as C,N and HCCN from
CH;CN [36]. We employed this method to abstract multiple
hydrogen atoms from c-CsHy and 1-3-pentadiyne to produce
the CsH and CsH, radicals. Cyclopropylacetylene (c-CsHg) pre-
cursor was purchased from Sigma-Aldrich and was used without
further purification (97% purity). 1,3-pentadiyne (CH;C,H) pre-
cursor was prepared according to the method developed by
Kerisit et al. [37] and transported to the SOLEIL synchrotron
facility in a cell under dry nitrogen, closed by a stopcock, and
immersed in dry ice. Cyclopropylacetylene, or 1,3-pentadiyne,
was swept into a quartz reactor with a continuous flow of helium
(1000 sccm, standard cubic centimeters per minute), while fluo-
rine atoms were produced by microwave discharge of a 5% F,/He
mixture and fed into a quartz shower-head injector that slides
into the center of the reactor. The use of F, is subject to approval
by the safety officers at the SOLEIL synchrotron and is condi-
tional on the permanent presence of an F, leak detector. The
final pressure in the reactor was 1 mbar. The concentrations
of cyclopropylacetylene and 1,3-pentadiyne were estimated at
1 x 10™ molecules-cm ~3. The concentration of F atoms was esti-
mated at 2x 10'3 molecules-cm~3. The contents of the reactor
were then expanded through a 1-mm skimmer into an interme-
diate vacuum chamber (10 ~# mbar). The distance between injec-
tor and skimmer gave the reaction time, which was of the order
of a few milliseconds. The molecular beam then traversed a sec-
ond skimmer before reaching the center of the DELICIOUS3
i2PEPICO spectrometer [38], where it intersected the synchro-
tron beam. Ions and electrons were extracted in opposite direc-
tions by a DC field of 88.7V/cm, detected by velocity map
imaging detectors, and correlated in time so that the photoelec-
tron images could be mass-tagged. At each photon energy, the
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mass-selected photoelectron spectra were extracted from the
images with an Abel inversion algorithm [38]. In an energy scan,
the coincident signal as a function of electron kinetic energy and
photon energy was recorded and could be reduced to an TPES
using a previously reported methodology [36]. The photon and
electron bandwidths chosen in this work led to a total energy
resolution of 20meV for CsH and 12meV for Cs;H, for the
TPES presented here. A gas filter filled with Kr cut off the high
harmonic radiations from the undulator, ensuring spectral
purity. The energy scans were corrected by the photon flux as
measured by a dedicated photodiode (AXUV, IRD) as well as
by fast total yield scans to correct smooth variations in the flow
tube reactor. The energy scale was calibrated using the Ionization
Energy (IE) of CH; [39] for CsH spectra and with the IE of CF
[40] for CsH, spectra, these radicals (CH; and CF) being pro-
duced in the reactor at the same time.

2.2 | Calculations

The Franck-Condon (FC) factors for photoionization were calcu-
lated using the standard FC factors procedure of Gaussian 2016
software [41] with geometry optimization and harmonic fre-
quency calculations performed at the DFT level applying the
MO06-2X functional and the aug-cc-pVTZ basis set. The chemical
method used to produce CsH and CsH, is not inherently selec-
tive, and we can produce several isomers. To assign the spectra,
we first deduce the molecular formulas corresponding to the
observed masses (m/z=61 and 62), considering our starting
points for the abstraction reactions (CsHg + F and CsHy + F).
This eliminates fluorinated compounds corresponding to these
masses (e.g., C3Hg4F, C;H,F, and C,F,), which would require
overly complex formation mechanisms. Furthermore, the
observed cations are clearly not from fragmentation, as shown
by the mass peak shape, which is logical as we work at low pho-
ton energies, which rules out the possibility of fragmentation
from larger ions. Therefore, we assign the masses m/z=61
and 62 to CsH and CsH,, respectively. The observed spectra
are assigned to specific isomers by comparing the experimental
results with theoretically simulated photoelectron spectra. This
process involves not only matching the calculated and experi-
mental ionization energies but also examining and comparing
the overall spectral shapes and features, primarily due to vibra-
tional progressions, given the total energy resolution of 20 meV
for CsH and 12 meV for CsH,. For CsH, considering the precision
of DFT calculations, we performed RCCSD(T) calculations of the
adiabatic ionization energies using the aug-cc-pVTZ basis set and
MOLPRO 2015 package [42] to secure the assignments. The T1
diagnostic value ranges between 0.016 and 0.035, indicating that
the RCCSD(T) calculations are relatively accurate [43]. For the
C;sH, isomers, we used our DFT calculations along with previous
ones [2, 19].

3 | Results and Discussion
31 | CH

Figure 2 (top panel) presents the experimental TPES correspond-
ing to the ions with m/z 61 using 1,3-pentadiyne (CH;C,H) as a
precursor. The TPES of both 1-CsH and c-CsH have been com-
puted for excitation from the ground electronic state of the
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FIGURE 2 | Mass-selected experimental TPES of CsH compared to
Franck-Condon simulations for the linear and cyclic isomers. The relative
intensities of the simulations have been adjusted to reproduce the exper-
imental trace. In the upper plot, the simulated spectrum of the X+ 1=+ «
X 211 transition of 1-CsH has been shifted by -0.164 eV in order to repro-
duce the band position. In the lower panels, the various transitions are
plotted with a position given by our M06-2X/aug-cc-pVTZ calculations
(see Table 1) and an intensity normalized over the integral of the spectra
for each transition for a given isomer, considering identical photoioniza-
tion cross-sections.

neutral toward the lowest singlet and triplet electronic states
of the corresponding cations, and they are displayed in the lower
panels of Figure 2. The only unambiguous identification is the
presence of 1-CsH, identified through the X+ '+ « X 211 photo-
ionizing transition. The spectrum is dominated by a strong origin
band with almost no vibrational progressions due to similar
geometries for the neutral and ionic 1-CsH, which is well repro-
duced by our theoretical spectrum. The adiabatic ionization
energy is then determined to be 8.516 * 0.005 eV, relatively close
to our calculated value of 8.68 eV at M06-2X/aug-cc-pVTZ level
and 8.40 eV at RCCSD(T)/aug-cc-pVTZ level, reported in Table 1.
The good agreement between the theoretical and experimental
IE values, combined with the strong match in the theoretical
and experimental spectral profile dominated by a single
vibrational transition, secures the assignment of the observed
spectrum near 8.5eV to 1-CsH. Due to the signal-to-noise ratio,
c-CsH assignment is not possible. However, the next prominent
peak around 10.1 eV could potentially correspond to the origin
band of the photoionization transition toward the a* 3II state,
the value being close to the calculated one. Nevertheless, the
absence of measurements in the higher-energy region where a
strong vibronic transition was expected prevents the assignment
of the a* 3I1 « X 2II transition.

3.2 | CsH,

Figure 3 presents the TPES corresponding to the ion with m/z 62
using 1,3-pentadiyne (CH;C,H) as precursor. The simulated pho-
toelectron spectra of the five experimentally observed isomers,
shown in Figure 1, are also displayed in the lower panels. The
linear isomer (1) can be unambiguously identified, as its spec-
trum is dominated by the origin transition at 8.381
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TABLE1 | AdiabaticIE in eV calculated in this work for the two most stable CsH isomers, compared with the experimental value determined from
the TPES.
Isomer Photoionizing transition IE(M06-2X)* IE(CCSD(T))" T1¢ IE.,,
1-CsH X+1z+ « X2 8.68 8.40 0.035 8.516 £0.005
at 3 « X211 9.98 10.08 0.022 —
c-CsH X* 1A, « X2B, 9.58 9.20 0.016 —
i* 3B, « X?B, 9.85 9.78 0.027 —

#M06-2X/aug-cc-pVTZ including Zero Point Energy (ZPE);
PRCCSD(T)/aug-cc-pVTZ with ZPE calculated at M06-2X/aug-cc-pVTZ;
°T1 diagnostic, definition in [43].

T 8\5 T L ? L 9\5 T T 10
1.2 109 105 103 103 103 _
3 08 .
é 0.4 -
= 0
HCCCHCC (10) (X 2A" eiz'.r\')/\w/\
I TR N T N ST [T TR TR N WV A
8 8.5 Energ%/ V) 9.5 10
FIGURE 3 | Mass-selected experimental TPES compared with

Franck-Condon simulations of the first photoionizing transition of the
CsH, isomers depicted in Figure 1. In the upper plot, the position and
the relative intensities of the simulations for isomers (1) and (7) have been
adjusted to reproduce the experimental trace (see Table 2 for the various
theoretical predictions). The position of the transition for the isomer (9) is
from Reusch et al. [19]. The vibrational progression of the c-C;H— C,H
(7) was multiplied by 0.91. In the lower plot, the various transitions are
plotted with a position given by our M06-2X/aug-cc-pVTZ calculations
(see Table 2) and with arbitrary intensities.

TABLE 2 |
labels used in Figure 1).

+ 0.005 eV, consistent with the observations of Reusch et al. [19]
(8.36 = 0.03€eV) and our FC calculations (see Table 2). The band
system spanning from 8.9 to 9.4 eV is unambiguously assigned to
the cyclic isomer (7), based on our quantum chemical calcula-
tions and FC calculations at the MO06-2X/aug-cc-pVTZ level.
Indeed, the spectral profile cannot be attributed to any other spe-
cies, highlighting the importance of accurately reproducing the-
oretically the vibronic transitions observed in the photoelectron
spectra to fully take advantage of these unique fingerprints. The
four peaks spaced by 1060 cm ~! clearly correspond to the vibra-
tional progression associated with the bending mode of the three-
carbon ring in isomer (7) (v, vibrational mode from Gaussian
output file), as demonstrated by our FC simulation in
Figure 3. The theoretical M06-2X/aug-cc-pVTZ value of this
mode is equal to 1163 cm~1, which is in good agreement once
the scaling factor [44] is applied to the calculated vibrational fre-
quencies (0.91 in our case). Additional structures are also dis-
cernible, which could likely be attributed to combination
bands involving other ring deformations (vibrational modes
vy, and v,p,), but the signal-to-noise ratio in our spectrum pre-
vents their precise identification. The IE is determined to be
equal to 8.875 £ 0.005 eV. The experimental spectrum presented
in Figure 3 was recorded using 1,3-pentadiyne (CH;C,H) as a
precursor. However, note that cyclopropylacetylene (c — CsHg)
was also employed, and the resulting CsH, TPES recorded with
this precursor was very similar. It therefore appears that the ratio
between isomer (1) linear HCsH and isomer (7) cyclic

Calculated and experimental adiabatic IE in eV for various CsH, isomers (the integers in parentheses for the isomers of CsH, are the

Isomer Ion transition IE(M06)* IE(QCISD(T))® IE(CCSD(T))° IE(CASPT2)‘ IE,
HC:H (1) X+ 2, < X3% 8.55 8.39 8.26 8.20 8.381 +0.005°
8.36+0.03"
c-C3;HCCH (7) X+2A < XA/ 8.89 — 8.77 8.70 8.875 % 0.005°
c-C3H,CC (9) X+ 2A;, « XA, 8.76 — 9.96 8.55 8.60 £ 0.03"
H,C; (8) X+ 2B, « XA, 9.31 9.48 9.40 9.10 —
HCCCHCC (10)  X+2A' « XA 9.68 — 8.92 9.62 —

*M06-2X/aug-cc-pVTZ, this work;

PQCISD(T)/aug-cc-pVQZ with ZPE calculated at B3LYP/6-311++G(d,p) [2];
°CCSD(T)/aug-cc-pVTZ with ZPE calculated at @B97xD/6-311++G(d,p) [19];
dCASPT2/cc-pVTZ//wB97xD/6-311G) [19];

°this work;

ffrom Ref. [19].
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c-C3H — C,H depends little on the precursor, whether it is cyclic
or not. Isomers (1) and (7) have very similar calculated energies
[2, 18] and are the most stable CsH, isomers, but the linear iso-
mer (1) is likely kinetically favored since cyclization is generally
entropically disfavored. However, isomer (1) has a triplet ground
state with a singlet state significantly higher in energy. Thus,
while isomer (1) is probably favored when the reaction F +
CsH, occurs on the triplet surface, the cyclic isomer (7)—which
is the most stable singlet isomer—should be favored when the
abstraction reaction takes place on the singlet surface. The spec-
tral fingerprints of isomers (8) and (10) were not measured, as
they fall within the energy range where the photoionizing tran-
sitions of the precursor begin. Therefore, no information can be
provided regarding the potential formation of these isomers from
this precursor. Isomer (9) has previously been assigned to the
band around 8.6 eV [19]. Based on our experimental spectrum,
however, we cannot make a definitive statement regarding the
presence or absence of this isomer. The band observed around
8.6 €V could originate from isomer (9), from vibronic transitions
not captured by the harmonic FC calculations of isomer (1), or
from a combination of both contributions.

4 | Conclusion

We have recorded mass-selected threshold photoelectron spectra
of the 1-CsH, HCsH, and c-C;H-CCH, species using
double-imaging photoelectron-photoion coincidence detection
technique. The TPES of 1-CsH and c-C;H-CCH are reported
for the first time. These transient species were generated in situ
by hydrogen abstraction from cyclopropylacetylene and 1,3-pen-
tadiyne by fluorine atoms in a discharge flow-tube reactor.

Supported by ab initio calculations and Franck-Condon simula-
tions, unambiguous assignments were achieved, yielding accurate
adiabatic ionization energies. The ionization energies of -CsH and
c-C;H-CCH were determined for the first time to be
8.516 £0.005 eV and 8.875+0.005 eV, respectively, while that
of HCsH was measured as 8.381+0.005 eV, in good agreement
with the value of Reusch et al., equal to 8.36+0.03 eV [19].

The CsH, results demonstrate that hydrogen abstraction from
different precursors leads to remarkably similar isomeric distri-
butions, suggesting that the branching between linear HCsH and
cyclic c-C;H-CCH is only weakly sensitive to the molecular
structure of the precursor. This observation highlights the inter-
play between thermodynamic stability, spin multiplicity, and
reaction dynamics in governing isomer formation. In particular,
the coexistence of isomers with a triplet linear ground state and
isomers with a singlet cyclic ground state suggests that abstrac-
tion reactions proceeding on different spin surfaces may contrib-
ute to the observed product mixture.

More generally, this study highlights the crucial role that thresh-
old photoelectron spectroscopy can play as a diagnostic tool for
identifying reactive intermediates. Although accurate ionization
energies are essential for species identification in complex envi-
ronments such as flames or chemical reactors, they are often
insufficient for accurate isomer discrimination. The availability
of high-resolution TPES fingerprints, as demonstrated here,
could substantially enhance the identification of elusive hydro-
carbon radicals and carbenes in laboratory experiments, as illus-
trated by the reliable discrimination between linear and cyclic

CsH, isomers. These data provide robust benchmarks for the
identification of CsH, radicals in laboratory studies and offer
valuable constraints for models of carbon-chain growth in com-
bustion and astrochemical environments.
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