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ABSTRACT

ARTICLE HISTORY

We present a combined experimental and theoretical study of the threshold photoelectron spec-
troscopy of the vinyl radical encompassing the first triplet excited state of the vinyl cation. The
radicals were produced in a flow-tube reactor by hydrogen abstraction of C;H4 and CH4 using
fluorine atoms generated in a microwave discharge. Vinyl was ionised with synchrotron vacuum
ultraviolet radiation. A double imaging coincidence setup was used to record the threshold pho-
toelectron spectrum. The experimental and simulated spectra show a marked adiabatic transition
to the at 3A” state with a short vibrational progression dominated by the C = C stretching mode.
The adiabatic ionisation energy to this state is measured precisely at 10.747 £ 0.008 eV. In combi-

nation with the adiabatic ionisation energy to the x* TA; state from the Active Thermochemical
Tables (ATcT), we find a singlet—triplet gap of 2.27 £ 0.01 eV (219 & 1 kJ mol~"). Calculated ionisation
energies and Franck-Condon factors for the singlet AT A" excited state are also given.
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1. Introduction

The vinyl radical, C;Hj, is an important reactive
intermediate in combustion reactions [1] and plasma
processes [2] and is also involved in H-abstraction reac-
tions with polycyclic aromatic hydrocarbons (PAH), [3]
which are linked to PAH growth. Besides, both neutral
and cation forms are present in low temperature reactions
in planetary atmospheres and satellites, [4,5] as well as
in dense interstellar clouds, [6,7] where they contribute
to the generation of larger organic molecules C,-3,
and eventually to aerosols [4]. Understanding the cation
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spectroscopy 1is therefore of fundamental importance
to model the vinyl photochemistry and reactivity in
ultraviolet (UV) and vacuum ultraviolet (VUV) irradi-
ated regions. The vinyl cation, also known as proto-
nated acetylene, can also be formed by ion-molecule
reaction between ionised acetylene C,H,1 and H, in
circumstellar and interstellar clouds [8]. However, the
first adiabatic ionisation energy of the C;H3 radical can-
not be measured by single-photon ionisation, due to
the large geometry change between the neutral species
(Cs symmetry, bent-Y shaped) and the cation (Cyy
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symmetry, bridged shaped, see Scheme 1), as recently
shown by Wu et al., [9] who attributed the first band
of the photoelectron spectrum to several transitions,
none of them including the adiabatic one. These findings
also revealed large variations of the observed ionisation
energy with temperature, since two of the transitions
are related to the region of the C,, straight-Y shaped
transition state in the neutral—only accessible at high
internal energies (ca. 0.2eV)—and to the steeply vary-
ing Franck-Condon (FC) factors, putting to rest earlier
discrepancies in the apparent ionisation energy values
reported in the literature.

To complement previous experimental works in the
literature on the photoionisation of C;Hj, [9-16] here we
will focus on the characterisation of the first electroni-
cally excited state of the C;H3 . This information is also
crucial to chemistry models since internal excitation can
have a dramatic effect on the species reactivity [17], more
so at low temperatures where quantum effects become
dominant. In addition, high resolution photoelectron
spectra of excited states of radicals present rare oppor-
tunities to benchmark theoretical models through more
stringent tests. Indeed, measuring transitions to excited
states of the cation is more challenging since they usually
overlap with the precursor signal (as is the case in the cur-
rent work), and often lack fine structure due to the short
lifetimes linked to fast internal conversion or dissociative
ionisation processes.

In this work, we have measured the threshold pho-
toelectron spectrum over an energy range encompass-
ing the ground and first electronically excited states of
C,H3™, by photoionisation of the vinyl radical pro-
duced by H abstraction of ethene or by H abstrac-
tion of methane and further reactions, and we attribute
the observed vibrational structures of the first triplet
3A” state via high level ab initio calculations and a FC
simulation. Moreover, photoelectron spectra have been
increasingly used over the past decade as fingerprints
of molecular structure in advanced mass spectrometry
techniques for in-situ, real-time species detection and
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quantification in complex gas phase media [18]. Rad-
ical species hold the key to understanding the reac-
tion mechanism, for instance, in atmospheric chemistry
[19-23] or in more aggressive environments, such as
combustion [24-26], pyrolysis [27,28], or catalysis [29].
To unambiguously reveal the mechanism, radicals must
be detected isomer-selectively. Photoelectron photoion
coincidence (PEPICO) endstations [23,30,31] are rou-
tinely used to record photoelectron spectral fingerprints
of elusive species to identify them and assign the mass
spectrum. They are typically located at third generation
synchrotron facilities, such as Soleil, [32] or the Swiss
Light Source [33]. In this context, the first photoelectron
band is typically used because it is more readily avail-
able and does not often lead to fragmentation, increasing
the analytical applicability. However, excited states add
not only another layer of confidence but also selectivity
and sensitivity to the identification, especially in cases
where structure is visible, such as in the case of the vinyl
radical. There, the energy region of the 3A” cation state
may provide a superior fingerprint than that of the 'A;
state, because of the weak and slowly changing FC factors
for transitions to the latter. This adds further motivation
to the study of the threshold photoelectron spectrum of
vinyl above the !A; cation state.

2. Methodology
2.1. Experimental

Experiments were performed at the variable polarisation
undulator-based beamline DESIRS [32], on the molecu-
lar beam endstation SAPHIRS [34]. The radical produc-
tion scheme and its coupling to the SAPHIRS endsta-
tion has been described previously in detail [35]. In this
work, F atoms (few 103 atoms cm™3) were produced in
a microwave discharge of a 5% mixture of F, in He (Air
Liquide) and fed into a quartz flow-tube reactor through
a sidearm, while the precursor was diluted in He and
entered the reactor via a moveable injector. The injector-
nozzle distance was adjusted to deliver a reaction time of

5+ 3A" K+ 1Au
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Scheme 1. Structures of the vinyl radical (X 2A’) and three cation states, investigated in this study. While the minimum cation ground
state (Xt TA;) structure is the non-classical bridge shape, both the a*+ 3A”~and At 15” states are similar to the radical structure (bent-Y
shape). This leads to large Franck—-Condon factors for both the a* 3A” «<— X 2A” and AT 'A” < X 2/’ origin transitions.



about 1 msec. The total pressure of the flow-tube reactor
was maintained at 1-2 Torr. Two precursors were used
to produce the C,Hj3 radical, the first and most obvious
being ethene (99.95%, Air Liquide) through a single-H
abstraction: CbH4 +F — C,Hj3 + HF (A H® = —109.7
kJ mol~! [36]). This reaction was used to obtain the data
in the photon energy range 8.0-10.3 ¢V containing the
ground state of the Cy, straight-Y and bridge shaped
cations.

To avoid saturation by the C,Hy4 precursor above its
ionisation energy (10.5eV), methane (99.95% from Air
Liquide, 2.0 x 10'* molecules cm™ diluted in He) was
used as precursor for the energy range 10.3-12.0eV,
which may lead to the formation of C;Hj3 through dif-
ferent multistep reaction pathways, for example:

CH4+ F — CH3; +HF
CH3;+ F — CH,; + HF
CH3;+ CH; — C,H4+H
CH3; + CH3; — CyHg
CH, + F - CH+HF
CH+ CH, — CH,+H
C,H4+ F - C;H3 + HF
C,Hg¢ + 3F — C,H3 + 3HF
CH,+ H— CHj;

The contents of the flow-tube expanded through a
1 mm Teflon nozzle and traversed a 2 mm Ni skimmer
before reaching the interaction region where they were
ionised by the vacuum ultraviolet (VUV) synchrotron
radiation at the centre of the double imaging photo-
electron photoion coincidence (i2PEPICO) spectrome-
ter DELICIOUS-3 [30]. The DESIRS beamline was set
to deliver 4 x 10'2 photons s~! with a resolution of
14 meV at 11 eV and linearly polarised light in the detec-
tion plane. The high harmonics from the undulator were
filtered out by filling a differentially pumped gas cell
upstream the monochromator with Ar [37]. The elec-
trons and ions produced were accelerated in opposite
directions by a continuous electric field (89 V cm™! for
the C;Hy and 36V cm™! for the CHy precursor) and
analysed by a velocity map imaging [38] and a modi-
fied Wiley-McLaren momentum imaging device, respec-
tively. The ion momentum imaging device was set to
space imaging, where the arrival position on the detector
is correlated, for a parent ion, to the location of its forma-
tion in the interaction region and to its net velocity along
the molecular beam, as described earlier [35]. Under
these conditions, the coincidence scheme was used to
mass-tag the photoelectron images and to select only
neutrals originating directly from the flow-tube reactor,
i.e. having an additional velocity component along the
molecular beam, increasing the signal-to-background
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ratio. The ionisation events are further filtered to sup-
press those that originate too far away from the cen-
tre of the interaction region, which improves the ion
mass and electron kinetic energy resolution. The filtered
photoelectron images were subsequently Abel-inverted
[39] to obtain the photoelectron spectrum at each pho-
ton energy of the scan, ie. between 8 and 12eV with
5meV steps. All the photon energy dependent data
have been normalised by the photon flux, as measured
with Si photodiode (AXUYV, Opto Diode). The photon
energy scale has been calibrated with £5meV preci-
sion using the 4s’ absorption of the Ar in the gas filter
[40], and the known ionisation energies of C [41] and
CyH,; [42].

2.2. Theoretical

Quantum chemical calculations have been performed
using the Q-Chem [43] and Gaussian16 [44] suites of
programs. Accurate adiabatic ionisation energies for the
at 3A” « X 2A’ transition were determined utilising
CBS-QB3, CBS-APNO, G3, G4, and W1BD compos-
ite methods. The geometries and vibrational frequencies
were taken from the W1BD calculations [45,46]. Fur-
thermore, optimisation and frequency analysis for the
Dy neutral, the S; and Ty cation states have been per-
formed using the cc-pVTZ and cc-pVQZ basis sets and
various flavours of coupled cluster calculations within
the frozen-core approximation. The neutral state was
addressed in ground-state CCSD calculations as well as
using the singlet cation ground state reference and the
equation-of-motion electron affinity (EOM-EA-)CCSD
approach. The triplet ground state can be calculated
directly, as done in the composite method calculations,
but the results are more consistent if an approach is cho-
sen that is applicable to the S; cation state, as well. Thus,
equation-of-motion excitation energy (EOM-EE-)CCSD
results are reported for the triplet and the first excited
singlet cation states. Combined with an EOM-EA-CCSD
neutral energy, this means that ionisation energies to the
S1 and T states are reported based on the fully relaxed
spin eigenfunction Hartree-Fock reference wave func-
tion of the Sy cation and EOM-CCSD electron affinity
as well as excitation energy calculations. The nuclear
geometries were optimised in each energy calculation at
the respective level of theory and a frequency analysis
was carried out to confirm that minima were found and
to include zero-point-energies in the reported adiabatic
ionisation energies. The threshold photoelectron spec-
tra have been simulated utilising ezSpectrum [45] and
were subsequently convoluted with a Gaussian function
(FWHM = 30 meV) to account for the energy resolution
of the experiment and the rotational broadening of the
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Figure 1. (a) TOF-MS as a function of the photon energy mea-
sured using ethene (< 10.4eV, top) and methane (> 10.4eV,
bottom) as precursors. The data have been normalised using the
m/z 27 signal and the colormap has been saturated to bring
out low intensity details. (b) TOF-MS integrated over the pho-
ton energy range corresponding to each precursor (8-10.4 eV for
CoHyq + Fand 10.4-12 eV for CHy +F).

spectrum. The vibrational modes are numbered accord-
ing to the Mulliken convention, i.e. by dividing them into
symmetry blocks and sorting them in descending order
according to energy.

3. Results and discussion

Figure 1 shows the time-of-flight (TOF) mass spectra as
a function of the photon energy for both methane and
ethene precursors. We deliberately added a relatively high
concentration of F atoms in the methane experiments to
produce C,H— 35 radicals, which increases the level of

Ele KE (eV)

Photon Energy (eV)

Figure 2. Signal intensity as a function of electron kinetic energy
and photon energy for m/z 27. The white line represents the total
ion yield. The signal-to-background ratio is markedly lower above
10.4 eV due to the decreasing signal in the m/z 27 channel in the
CH4 + F reaction, with respect to C;Hs + F.

chemical complexity in the reactor, as seen in the TOF-
MS where tens of species are seen, including the products
of multiple-H abstractions (CH,, CH, and C). In these
conditions, the m/z 27 channel corresponding to C,H3
amounts to a small fraction of the total signal. In contrast,
the TOF of the ethene reaction is much cleaner, because
the reactor conditions were set for a single H abstraction,
i.e. lower F concentration and shorter reaction time, and
the m/z 27 channel is dominant.

The number of events as a function of electron kinetic
energy and photon energy is depicted as a 2D colormap
in Figure 2 for the m/z 27 channel. In this representation,
diagonal lines of unity slope eKE = hv - IE;, where IE;
is the ionisation energy of a cationic state, correspond
to direct ionisation of the it state, while vertical features
correspond to autoionisation resonances that depend on
the photon energy, which are also seen as resonant fea-
tures in the total ion yield (TIY) represented alongside.
A number of direct and resonant features are indeed
seen in these data and will be further commented on
below. The 2D data can be reduced in several ways,
and in Figure 3(a), we present the slow photoelectron
spectrum (SPES). The method reveals the cationic states
by integration along the diagonal lines as previously
described [47]:

KEmax
SPES(hv) = / A(hv + KE,KE)dKE
0

where A is the 2D matrix in Figure 2, and KEp,,x = 0.075
eV is the integration bandwidth. Under these conditions,
the electron energy resolution was measured at 17 meV
on the C atom peak obtained within the same scan, lead-
ing to a combined electron and photon energy resolution
of 23 meV.
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Figure 3. SPES for (a) m/z 27, (b) m/z 26 and (c) C;Hs after sub-
tracting the contribution from H'3C = '2CH to m/z 27. The three
vertical axes have been normalised to the maximum signal of the
m/z 26 SPES to show the unfavourable signal ratios.

Also shown in Figure 3(b) is the SPES obtained for
the C;Hj, m/z 26, which is formed in large quantities in
the CH4 + F reaction (see Section 2.1). The most promi-
nent features in the SPES correspond to the vy” (C=C
stretch) progression in the X" %[y, including a hot band
at 11.15eV from X' 2M,(vf =0) « X 'SFy(v, =
1). Regrettably, the C,H; signal is nearly 50 times that
of C,H3 above the acetylene ionisation energy, 11.4 eV.
Therefore, as apparent when comparing the spectra in
Figure 3(a,b), there is a non-negligible amount of acety-
lene contaminating the C;H3 spectrum due to the 2.2%
natural abundance of the H'*C = !2CH isotopologue. In
Figure 3(c), we have subtracted this contribution, within
the limits of the signal-to-background ratio and the slight
frequency downshift of the H'*C =12CH isotopologue.

As mentioned in the introduction, Wu et al. [9] pre-
pared the vinyl radical in a hot pyrolysis microreactor,
and attributed the rising edge of the first band, spanning
the 8.2-10.4 eV range, to transitions from the vicinity of
the straight-Y geometry, a transition state in the neu-
tral, to the bridged global and straight-Y local mini-
mum of the cation. At slightly higher energies, transi-
tions from the bent-Y neutral minimum to the straight-Y
local minimum of the cation may also contribute, but the
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FC overlap between the neutral and cation global min-
ima, i.e. corresponding to the adiabatic ionisation energy,
were found to be negligible. Indeed, the structure of the
cationic ground state has been discussed at length in
the literature, both experimentally [12,48-53] and the-
oretically [54-56], with the non-classical bridged form
being the most stable one, precluding the direct observa-
tion of the adiabatic transition by one photon ionisation
from the bent-Y neutral minimum. The energy difference
between the classical and non-classical geometries was
experimentally estimated at about 0.2 eV [49], but due
to the unfavourable FC factors to the non-classical one,
the importance of the higher energy straight-Y struc-
ture in the FC envelope means that temperature plays
an important role in the shape of this band, and hence
influences the observed ionisation energy. It is then inter-
esting that the SPES in this region, recorded at room
temperature in our flow-tube reactor, is very similar to
the one of Wu et al. [9], which suggests the presence of the
straight-Y neutral in our reactor in comparable amounts
to the pyrolysis study, which was performed at 800°C.
This is, however, easily explained by the exothermicity
of the C,Hy4 + F reaction, since an energy of 1.14 eV will
be shared between HF and C,Hj3. Indeed, although the
translational (= rotational) temperature of the flow-tube
species is measured via ion imaging at around 160 K due
to the mild expansion through the nozzle and skimmer,
it is common to observe electronically excited species or
high energy isomers in our reactor [57,58].

At 10.743 eV, a progression starts with a spacing of
170 meV (1370 cm™!), which is assigned to the a* 3A”
< X %A’ transition and confirmed by composite meth-
ods calculations as summarised in Table 1. The clear
vibrational structure speaks for a small change in geom-
etry upon ionisation, which is also confirmed by the
FC simulations. The latter were performed using the
geometries and force constants from the W1BD cal-
culations. Upon forming the triplet cation state, the
electron is removed from the least stable orbital below
the Singly Occupied Molecular Orbital [9], (SOMO—1),
which has binding character along the C=C bond and,
thus, removing an electron elongates this bond in the ion-
isation process. The FC simulation is depicted in Figure
4 and nicely reproduces the experimental spectrum with
the dominating C=C stretching vibration (vs5) with a
calculated vibrational wavenumber of 1330 cm™!. The
second peak at 10.91 eV has a smaller contribution of the
v4 mode and is assigned to the H-C-H bending vibration
(scissoring mode) at 1466 cm~!. Overtones and combi-
nation bands are responsible for the increased broaden-
ing of the progression above 11 eV, but only the v4 and
V5 modes are active upon ionisation into the triplet state.
The FC simulation extents to roughly 11.3 eV where the
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Table 1. Summary of the experimental and theoretical (includ-
ing zero-point correction) adiabatic ionisation energies (AIE) in eV
for both the a+ 3A” and A* 'A” cation states of the vinyl radical,
obtained in this work.

Method AIE@*3A")  AIE(R*TAY)
Experimental:

ms-SPES? 10.747 £+ 0.008

Theory:

CBS-QB3 10.79

CBS-APNO 10.77

G3 10.76

G4 10.78

W1BD 10.74
EOM-EA/EE-CCSD/cc-pVTZP 10.51 11.31
EOM-EA/EE-CCSD/cc-pvQZP 10.59 11.86
CCSD/cc-pVTZ and EOM-EE-CCSD/cc-pVTZE 10.58 11.37
CCSD/cc-pVQZ and EOM-EE-CCSD/cc-pVQZ© 10.65 11.93

The value has been corrected up by the 4 meV Stark shift due to the 35V
cm~" extraction field.”? The statistical error bars include the precision of
the energy calibration and the errors from the fit by a Gaussian profile.

bUsing the singlet cation ground state as reference wave function together
with an EOM electron affinity calculation to the neutral ground state X 2A’
and an EOM excitation energy calculation to the at 3A” and AT 'A” cation
states. .

¢Same as (b) but with an unrestricted CCSD calculation for the neutral X 2A”
state.

intensity vanishes. Note that the vibrational structure of
thea® 3A” state is similar to the autoionisation structures
seeninthe 9.4-10.4 eV region (Figure 2), as already noted
by Wu et al. [9], suggesting that these structures arise
from Rydberg states converging to thea® A’ state which
then autoionise towards the X | A, ground cationic state.

Above 11.4eV, the experimental SPES signal rises
again, but, as mentioned above, the signal-to-noise ratio

— SPES i
- FC simulation
7 |aAr e XA
g | A+ 1A,, - X 2A, o
g
S
2
‘@
C
2 |
< \
T T T T T | L T T "\\‘\“’7”’\7“‘. - T T v —r
10.0 10.5 11.0 11.5

Photon Energy (eV)

Figure 4. SPES of CyH3 (black) in the photon energy region
around the first triplet state of the cation. The simulated SPES for
the transitions to the triplet at 3A” (red dashed line) is plotted
alongside the FC factors for the C= C stretch (green sticks), HCH
bending (forest green sticks) and C=C stretch/HCH bend com-
bination bands (orange sticks). The simulated transition to the
singlet AT 'A” state (blue dashed line) is plotted too (see text for
details).

deteriorates in this region because of the need to sub-
tract the H'>C ='2CH signal. Nevertheless, in order to
evaluate potential contributions from the At 1A” «
X 2A’ transition of vinyl, we have carried out additional
(equation-of-motion) coupled cluster calculations. The
FC simulation of this transition presented in Figure 4 and
Figure S1 of the ESI show a similar progression to the one
into the a* 3A” ion state, indicative of a small change
in geometry upon ionisation with significantly high FC
factors. However, a good fit with the features appear-
ing above 11.4 eV could not be achieved. The calculated
ATT1A” « X2A’ ionisation energy strongly depends
on the basis set with the quadruple-¢ results being ca.
0.55 eV higher than the triple-¢ ones, but are consistent
whether a separate CCSD calculation or an electron affin-
ity calculation is used for the neutral (Table 1). Extrap-
olation to the basis set limit would further increase the
AT1A” « X 2A’ jonisation energy. Furthermore, com-
posite methods yield accurate ionisation energies into
the at 3A” state, while coupled cluster EOM approaches
underestimate the IE by up to 200 meV. Thus, the CCSD-
computed A* 'A” ionisation energy is likely underesti-
mated by more than 0.3 eV using the quadruple-¢ basis,
and is likely above 12 eV. The signal at 11.4 eV is probably
caused by the imperfect subtraction of the *C compo-
nent of acetylene or is due to the autoionising Rydberg
states converging to the A™ ' A” state. The full FC simula-
tion for transitions to the A* ' A” state is shown in Figure
S1.

4. Conclusion

We have produced the vinyl radical by two different reac-
tions in a microwave discharge flow-tube and recorded
the threshold photoelectron spectroscopy up to a photon
energy including the first electronically excited state of
the vinyl cation. Adiabatic ionisation energies have been
calculated to assist the assignment and to benchmark dif-
ferent theoretical approaches and basis sets, and the FC
simulation provides excellent agreement with the experi-
mental spectrum, providing an unambiguous assignment
of the a* 3A” band and a precise value for the AIE of
this state at 10.747 & 0.008 eV. Our analysis shows that
vibrationally resolved excited state spectra can be used to
increase the selectivity, sensitivity and detection capabil-
ities of PEPICO techniques even if the ion ground state
does not show a pronounced vibrational structure. Fur-
thermore, by using the enthalpies of formation at 0K
of the bridged-shape C;H3™ from the Active Thermo-
chemical Tables (ATcT), an AIE of 8.478 & 0.007 eV is
extracted for the X* 'A; < X 2A’ transition, leading to
a singlet-triplet gap of 2.27 of £ 0.01 eV (218.9 k] mol 1)



of the vinyl cation. The transition energy to the first sin-
glet excited state of C;H;t AT1A” < X 2A’ has also
been calculated, and extrapolation to the basis set limit
would place the AIE 1.3eV above the triplet state, i.e.
slightly above 12 eV and outside of the energy range of
the present experiment.
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