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We report a combined experimental and computational study of the near-edge X-
ray absorption fine structure (NEXAFS) spectrum of the propargyl radical, CsHj.
As a central intermediate in the formation of polycyclic aromatic hydrocarbons, the
propargyl radical is a species of considerable relevance in combustion and astrochem-
istry and was here generated by pyrolysis from propargyl bromide. The NEXAFS
spectrum shows a pronounced band at 282.2eV corresponding to transitions from
carbon 1s orbitals to singly occupied molecular orbitals. Ab initio calculations reveal
that two transitions to the lowest-lying states 1 2A; and 2 2A;, which take place from
the Cls orbital of the two terminal carbon atoms, contribute to this band. In addi-
tion, a 420meV spacing of the first band is visible and is assigned to a vibrational
progression in the symmetric CHy stretch. Transitions at higher energies are also
described reasonably well by theory. The fragmentation pattern was investigated at
the different resonant transitions and shows the cleavage of one as well as both C-C

bonds.

Keywords: propargyl, NEXAFS, X-ray spectroscopy, computation, carbon edge

2 E-mail: ingo.fischer@uni-wuerzburg.de (experiment)
P)E-mail: soco@kemi.dtu.dk (theory)


E-mail: ingo.fischer@uni-wuerzburg.de (experiment)
E-mail: soco@kemi.dtu.dk (theory)

AlP
Publishing

T

.

Propargyl radical

I. INTRODUCTION

The mechanism of the formation of polycyclic aromatic hydrocarbons (PAHs) is a major
research topic in astrochemistry as well as in combustion science™# In interstellar space,
PAHs and their cations are investigated as possible carriers of the diffuse interstellar bands
(DIB) as well as the unidentified infrared bands (UIB).”’ They have been postulated to
comprise a significant part of the carbon budget in space® However, the formation mech-
anism of PAHs in the low pressure and low temperature environment of space is an open
question.® Barrierless or low-barrier reactions, such as ion-molecule and radical-radical re-
actions, offer a possible explanation. In combustion, the dimerization of propargyl, CsHj,
was found to be an efficient reaction that proceeds in a sequence of barrierless steps to
benzene and phenyl radical ™ Propargyl, shown on the right-hand side of Scheme , is a
resonantly stabilized radical of Cs, symmetry with a X 2B, ground state.” For the nominal
resonance structures ethynyl methyl (H,C'—C=CH) and allenyl (H,C=C=C"H), a ratio of
61% to 39% was inferred from recent microwave measurements analyzing the spatial dis-
tribution of the unpaired electron™” Propargyl is a well-known intermediate in flames and
plasmas and has recently been detected in the cold dark Taurus Molecular Cloud (TMC-
1252 where the corresponding cationic species has been observed as well. X4 The detection
was based on prior laboratory microwave spectra.t? It was suggested that propargyl is “one
of the most abundant radicals detected in TMC-1, and it is probably the most abundant
organic radical with a certain chemical complexity ever found in a cold dark cloud.”™ Most
likely, it is also involved in the atmospheric chemistry of the Saturn moon Titan*® Given its
abundance, the propargyl radical may be involved in the synthesis of aromatic molecules in
space as well. For example, the ion-molecule reaction H,CCCH" + C3Hst — CgHs™ + H’
has been suggested to be an efficient source for formation of the phenyl cation*® Due to
the importance of the propargyl radical in astrochemistry and in combustion chemistry,
its spectroscopy and chemistry have been broadly investigated. Specifically, infrared, -
UV /Vist40 and photoelectron spectra,**d including a study that followed the steps to ben-
zene formation,** have been reported. The photodissociation has been studied by H-atom
photofragment spectroscopy,? high-n Rydberg atom time-of-flight (HRTOF) spectroscopy,

and in a Laval nozzle expansion?” Hydrogenation reactions of CsHs% and related cations

important for carbon chemistry in space have been studied in ion traps.?*# The bimolec-
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ular recombination of propargyl was studied in the gas-phase and branching ratios of the
isomeric CgHg reaction products were determined.*%3!' The further efficient growth of PAHs
by a subsequent addition of propargyl units to the first ring has been investigated by IR/UV
ion dip spectroscopy.®® Both the structure as well as reactions of the propargyl radical have
also been investigated computationally, with a focus on the propargyl dimerization.”% Pos-
sible mechanisms for PAH formation and growth reactions that include propargyl as one
32137

reactant have been studied experimentally and computationally*®™Y Propargyl has also

been investigated as precursor for the formation of nitrogen-containing PAHs (PANHSs) in

space.

In contrast to the investigations in other spectral regions, the response of polyatomic
organic radicals to X-ray excitation has hardly been studied. The astrochemical relevance
of this topic originates from the X-ray emission in young stellar objects that might have a
significant influence on the circumstellar molecular composition#? So far, X-ray absorption
near the first Cls ionization threshold (XAS, NEXAFS) in hydrocarbon radicals has only

49 as well as

been investigated for allyl, C3Hs %% methyl, CH; #* and its isotopomer CDj),
tert-butyl, C,Hg *® A recent study focused on the Cls NEXAFS spectroscopy of different
isomeric C3Hs™ cations, including the propargylium ion. There, site-specific resonances and
fragmentation channels leading to doubly charged fragments were investigated 4"

In the present work, we address the NEXAFS spectroscopy of neutral propargyl, one of
the astrochemically most important radicals, in a combined experimental and computational

study. This work will also help to identify the propargyl radical in future studies using time-

resolved X-ray spectroscopy.

II. METHODS
A. Experimental

The experiments were carried out at the Gas Phase Photoemission beamline at the Elettra
Synchrotron, Trieste/IT. The setup has been detailed previously,*4? but a brief description
is given in the following. Synchrotron light at the Cls edge and at 21.2eV was provided by
an undulator and spectrally dispersed by a variable angle, spherical grating type monochro-

mator. Different gratings were used for different photon energy regions, and the photon

4
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energy resolution was controlled by the entrance and exit slit width.
AT . . .
BrH,C-C=CH — Br + | H,C-C=CH =— H,C=C=CH
Scheme 1. Generation of the propargyl radical, HL.CCCH’, by pyrolysis of propargyl bromide. On
the right-hand side the ethynyl methyl and allenyl resonance structures of the propargyl radical

are shown.

The precursor propargyl bromide (stabilized with MgO) was purchased from TCI and
used after several freeze-pump-thaw cycles. Propargyl bromide was cooled to —30°C, and
the vapor of the precursor diluted in helium (dilution of 0.1 %) passed through a resistively
heated SiC pyrolysis tube. Scheme [1| shows the pyrolysis of propargyl bromide that yields
the propargyl radical and a bromine atom.**%® The pyrolysis products were expanded into
the vacuum and entered the experimental chamber through a skimmer. The molecular
beam was crossed by the synchrotron radiation, and the resulting electrons and ions were
extracted in opposite directions. Electrons and ions were detected in coincidence by a single
start-multiple stop technique. The electrons were detected by an MCP detector, set close
to the ionization region, and used as start signal for the ion time-of-flight (TOF). Tons were

detected by a Wiley-McLaren TOF mass spectrometer.

The pyrolytic conversion of the precursor according to Scheme [I| was investigated by
valence photoionization mass spectrometry at 21.2eV. For Cls NEXAFS spectra the total
electron yield (TEY) was recorded while the photon energy was scanned. The photon flux
was monitored by a photodiode and used for normalization of the spectra. To correct
for the helium background in the spectra, a spectrum of pure helium was measured and
subtracted. In a diagnostic chamber in front of the experimental chamber, methane was
measured simultaneously to calibrate the photon energy by its Cls — 3p-Rydberg transition
at 288.00 eV 22 The photon bandwidth around the Cls edge was 50 meV. The C1ls NEXAFS
spectra in the region 280.3-297.2eV were measured with a step size of 20meV and an
acquisition time of 45s (pyrolysis at 35 W heating power) and 35s (pyrolysis off) per data
point. High-resolution spectra in the range 281.3-283.3 eV were measured with a step size
of 10meV and an acquisition time of 75s. Valence photoionization mass spectra at 21.2eV
were recorded with acquisition times between 300s and 1800s, while mass spectra at the

Cls edge were acquired for 6000 s.
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B. Computational

Two ab initio electronic structure approaches were primarily adopted for the compu-
tational study of the electronic transitions, namely the frozen-core core-valence-separated
equation-of-motion coupled cluster singles and doubles (fc-CVS-EOM-CCSD) method,?!
and the extended core-valence-separated second-order algebraic diagrammatic construction
(CVS-ADC(2)-x) method,” as implemented in Q-Chem.”® A preliminary basis set study was
performed at the fc-CVS-EOM-CCSD level using both restricted-open (ROHF) and unre-
stricted (UHF) Hartree-Fock reference orbitals, and the 6-311++G** 2456 cc-pVTZ 2" and
aug-cc-pVTZ?® basis sets on all atoms. Unrestricted Hartree-Fock reference orbitals and the
aug-cc-pV'TZ basis set were used at the CVS-ADC(2)-x level. Core ionization energies were
obtained at the fc-CVS-EOM-IP-CCSD level. The core-valence-separated coupled cluster
linear response (LR) approach® at CCSD and coupled cluster singles, doubles, and triples
(CCSDT) levels of theory, as implemented in the MRCC® code, was additionally used to
investigate how improvement of the electronic structure method by inclusion of triple ex-
citations impacted the spectra of the first four bright electronic transitions. The cc-pVDZ

basis set was used for this analysis.

We used the CCSD(T*)-F12a%2/cc-pVTZ-F12%Loptimized molecular geometry (planar
Cyy structure) from Botschwina and Oswald® in all calculations of the purely electronic spec-
tra. This structure is rather similar to the recently reported semi-experimental equilibrium
geometry of Changala et al.!” The bond lengths of both structures are reported in Table
in the SI. As observed by the authors of Ref. 10, the deviation of the C—C bond lengths in
the ground state of propargyl from pure single, double and triple bonds are “|...] evidence of

w-delocalization of the unpaired electron along the carbon backbone” *!

Natural transition orbitals (NTOs)**** were computed at the corresponding fc-CVS-
EOM-CCSD and CVS-ADC(2)-x levels of theory and used for the assignment of the spectral
peaks. The spectra were constructed from the computed excitation energies and oscillator
strengths using a Lorentzian convolution with a full width at half maximum (FWHM) broad-

ening of 200 meV. All calculations were carried out on DTU HPC resources.*”

Three different strategies were adopted to investigate vibrational effects in the spectrum.
In the first strategy, the nuclear ensemble approach (NEA)% we sampled 200 vibrational

structures of the ground state using a Wigner sampling at a temperature of 300 K. The

6
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ground state frequencies used for sampling the vibrational structures are calculated from a
B3LYP% /aug-cc-pVTZ optimized geometry. For all structures the NEXAFS spectrum was
then calculated using both fc-CVS-EOM-CCSD and CVS-ADC(2)-x with the aug-cc-pVTZ

basis set.

In the second and third strategy, both a time-independent (TI) and a time-dependent
(TD) quantum approach were utilized for the calculation of the vibrational structure of the
selected electronic transitions in the NEXAFS spectrum.®*¢¥ The (eigenstate-free) TD ap-
proach delivers directly the vibrationally resolved spectral profile, whereas the TI approach
is based on the individual stick transitions of all possible vibronic states, which are then
broadened. The potential energy surfaces (PES) associated with the electronic states in-
volved in the transition that are required by both methods were obtained from the harmonic
Vertical Gradient (VG)*®™0 L and Adiabatic Shift (AS)®®™ approximations, respectively.
FCclasses3® was used for these calculations. The VG and AS approximations both uti-
lize the ground state energy, gradient, and Hessian as well as the excitation energy and a
I-norm dipole moment along the same direction (z, y, and z) as the transition dipole mo-
ment. The two methods differ in the way they treat the excited state geometry and gradient
when reconstructing the PES of the final electronic state.”® For the VG approximation (also
known as linear coupling model™), the ground state geometry is used also for the excited
state, and the excited state gradient is calculated at this geometry. In the AS approxima-
tion, the excited state geometry is optimized, and the excited state gradient is practically
zero within the chosen optimization threshold. The ground and excited state(s) share the
same normal modes and frequencies, as the same Hessian is used for both®® The spectra
are scaled afterwards using the transition dipole strength. For the ground state we used a
UMP2/aug-cc-pVDZ optimized geometry obtained using Gaussian™ Excited state geome-
try optimizations at the ADC(2)-x/aug-cc-pVDZ level of the first three bright states were
carried out using PySCF™™ for the Hartree-Fock calculation, ADCC™ for the ADC(2)-x exci-
tation energy calculation, cvs-adc-grad™ for the excited state gradient, and geomeTRIC
for the numerical geometry optimization. The vibrationally resolved spectral bands were
broadened by a Voigt function with a Gaussian FWHM of 50 meV and a Lorentzian FWHM
of 100 meV, corresponding to the experimental photon bandwidth and the approximate life-
time width of the Cls core hole, respectively. We computed both TI and TD spectra at 0 K,
as well as TD ones at 300 K. We refer to Section in the Supplementary Information

7
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(SI) for additional computational details.
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III. RESULTS AND DISCUSSION
A. Experimental NEXAFS spectrum

Figure [1| shows the comparison of the valence photoionization mass spectrum without
pyrolysis (upper trace, a) and with optimized pyrolysis conditions (lower trace, b). The
spectra were recorded at 21.2eV to confirm the pyrolytic conversion of the precursor ac-
cording to Scheme [} Both spectra were normalized to the mass signal of the carrier gas
helium at m/z 4. Without pyrolysis the parent ion of the precursor, CsH3Br™, is observed
at m/z 118 and 120 with a double peak structure originating from the two isotopes ™Br
and 8'Br. Dominant signals at m/z 39, 38, and a weaker one at m/z 37 result from the
dissociative photoionization (DPI) of the precursor to C3Hz*, C3Hy™ and C3H™. For C3Hz™*
an appearance energy of 10.88 eV was determined previously™ and also C3H" was formerly
identified as a DPI product of the precursor in spectra taken at 15.77 eV ™ Measurements
with pyrolysis were performed at a power of 35 W, corresponding to a SiC capillary temper-
ature of approximately 1200 °C. The radical, which has a rich vibrational manifold of states
with many low frequency vibrational modes, is assumed to be in the interaction region vibra-
tionally cold, due to the efficient adiabatic expansion in the jet source. The corresponding
mass spectrum in Figure ) shows new bromine signals from the pyrolysis and only a negli-
gibly small C3H3Br* mass signal of the unpyrolysed precursor. The peak at m/z 39, which
is lower in intensity and narrower than in the spectrum of the pure precursor, is likely to
originate from both the pyrolytically generated propargyl radical CsHs and the DPI prod-
uct of the unconverted precursor. The latter shows a broad pedestal below this peak, which
results from the kinetic energy release in the DPI. Compared to the pure precursor spectrum
the relative intensity of both CsH,™ and CsH' to C3Hs™ is increased. CsHy™ and CsH™ are
known DPI products of the propargyl radical that are associated with appearance energies

of 12.5-13eV and >15.5eV .2

NEXAFS spectra at the Cls edge were recorded as TEY with and without pyrolysis and
are shown in the upper trace of Figure . The spectrum of the precursor (black line) sets
in above 284 eV and shows an intense signal around 286 eV with a double peak structure
characterized by a spacing of 300 meV. At higher photon energies several less intense signals

are observed, and the TEY increases above 291 eV, when the Cls ionization thresholds are
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FIG. 1. TOF mass spectra at 21.2eV with (a) pyrolysis off and (b) pyrolysis on. The spectra were

normalized to the He™ signal at m/z 4. Asterisks indicate water as impurity.

approached. The absorption spectrum with pyrolysis (red line) corresponds to the spectrum
of the precursor and the propargyl radical. A new band is found at 282.2eV and its shift
to much lower photon energies compared to the pure precursor is a fingerprint of an open
shell species. It is attributed to a transition from a Cls orbital into a singly occupied
molecular orbital (SOMO) of the unpaired electron of the propargyl radical (Section [[ITB)).
The spectrum of the pure radical was obtained by subtraction of the spectra with and
without pyrolysis, whereby the onset and the maximum of the band at 286 eV were used to
scale the spectrum of the pure precursor. The resulting spectrum of the propargyl radical
is shown in Figure [J(b). Band A corresponds to the transition into the SOMO and shows
a vibrational progression of 420meV. A broad structureless feature is found at 284.8eV
(B), which is red-shifted with respect to the main signal of the precursor. In contrast, new
signals at 286.0eV (C), 286.6eV (D) and 288.2eV (E) are located at the maximum or the

high energy flank of the precursor’s main signal and are visible from Figure [2(a).
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FIG. 2. (a) Cls NEXAFS spectra of the precursor propargyl bromide without and with pyrolysis.

(b) Cls NEXAFS spectrum of the propargyl radical obtained from subtraction.
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FIG. 3. High resolution NEXAFS spectrum of the Cls to SOMO transition (band A).

To investigate the vibrational structure of the lowest band in the propargyl spectrum,
band A was scanned with a smaller step size and is displayed in Figure[3] A progression with
three components was identified. The spacing of 420 meV suggests the excitation of a C-H

stretching vibration upon the Cls to SOMO excitation. The first component at 282.16 eV

11
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FIG. 4. Comparison between experimental NEXAFS spectrum (black line) and computed (a)
fc-CVS-EOM-CCSD/aug-cc-pVTZ and (b) CVS-ADC(2)-x/aug-cc-pVTZ NEXAFS spectra of the
propargyl radical using UHF reference orbitals. The sticks were convoluted with a Lorentzian
lineshape function with a FWHM of 200 meV. The vertical red dashed lines are the fc-CVS-EOM-

IP-CCSD ionization potentials to singlet ionic states and the dotted ones to triplet ionic states.

(and possibly also the second one at 282.58eV) also reveals a high-energy shoulder that
may belong to a simultaneously excited bending vibration. To understand how electronic
and/or vibrational excitations influence the appearance of this first band (A), a theoretical

assignment of the spectrum is indispensable.

B. Computational results and spectral assignment

For the computational discussion, we denote the CH, carbon of the propargyl radical
as C1 and the CH as C3, with the carbon in between as C2. The bands in Figure [2{b)
are assigned based on ab initio calculations at the fc-CVS-EOM-CCSD and CVS-ADC(2)-

x levels of theory using the aug-cc-pVTZ basis set. All computed excitation energies and

12
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their associated oscillator strengths are summarized in Table[S2]of the SI. Additional fc-CVS-
EOM-CCSD results obtained with other basis sets are collected in Table |53 and displayed in
Figure[S2] NTOs are given in Tables[S4] and [S5| for fc-CVS-EOM-CCSD and CVS-ADC(2)-
x, respectively. A comparison of the simulated fc-CVS-EOM-CCSD spectra in Figure
shows that a change in basis set leads to a shift in the spectrum when compared to the
experimental results and the splitting of the first two transitions narrows when changing
from an open-shell restricted to an unrestricted Hartree-Fock reference. Overall, the fc-
CVS-EOM-CCSD spectral profiles are rather similar.

Comparing the unrestricted fc-CVS-EOM-CCSD /aug-cc-pVTZ spectrum to the CVS-
ADC(2)-x/aug-cc-pVTZ one in Figure [ we note that the energy separation of the first two
transitions narrows further at the CVS-ADC(2)-x level, and the third transition shifts in
position and increases in intensity, overlapping with the experimental band B at 284.8¢eV.

Based on the computed spectral data and NTOs, band A at 282.2eV is assigned to
a combination of the transitions to the 1 2A; state (C1 1s — SOMO) and to the 2 2A;
state (C3 1s — SOMO). These are located at 282.15eV and 282.36 eV, respectively, by
CVS-ADC(2)-x, and at 282.14 eV and 282.81 eV by fc-CVS-EOM-CCSD. We note that the
SOMO particle NTO is of (ethynyl methyl) p(C1)-m(C2-C3) character for the transition to
the 1 ?A; state, and of (allenyl) 7(C1-C2)-p(C3) character for the transition to the 2 2A;
state. This is suggestive of the core excitation taking place from either an ethynyl methyl
or an allenyl resonance structure (compare Scheme [1)).

The experimental band B at 284.8 eV overlaps with the CVS-ADC(2)-x transition to the
2 2A, state at 284.82eV, which consists of a core excitation from the 1s orbitals of C2 and
C3 to an in-plane 7* orbital (suggesting the presence of a triple bond between C2 and C3,
as expected in the nominal ethynyl methyl resonance structure). The third transition in
the fc-CVS-EOM-CCSD calculation is less intense and located at higher energy than the
experimental band B (overlapping with the less intense peak at its right) but has the same
character as the CVS-ADC(2)-x one.

Moving towards the region of bands C-D of the experimental spectrum (286.0-286.6¢eV),
we note that CVS-ADC(2)-x yields three dipole allowed transitions with sizable intensity,
whereas fc-CVS-EOM-CCSD gives only two. In both cases, our computed transitions are
slightly too closely spaced, yielding a narrower and more intense band when convoluted.

Above 285.5¢eV, the CVS-ADC(2)-x transitions are also more red-shifted than the fc-CVS-

13
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EOM-CCSD ones, and do not overlap well with the experimental bands. Nonetheless, the
C-D region of the experimental spectrum is dominated, according to our calculations with
both methods, by transitions from the C2 1s orbital (with some mixing of the C3 one) to
either the in-plane or the out-of-plane 7* particle NTOs (shown in Table [S4] and [SF).

As for the band E just above 288V in the experimental spectrum, several transitions,
some with rather low intensity, contribute. At fc-CVS-EOM-CCSD level, two transitions
are most intense, with the strongest one at 288.28 eV due to a C2 1s — (out-of-plane) 7*.
Similarly, several transitions contribute to the band E at CVS-ADC(2)-x level, with the
most intense one at 287.73eV (again red-shifted compared to experiment), and the same
character as the intense E transition from fc-CVS-EOM-CCSD.

We also computed core ionization energies for all three carbon atoms by the fc-CVS-EOM-
[P-CCSD approach, summarized in Table and given as red vertical lines in Figure 4| (UHF
results). For the formation of a singlet cation, the lowest ionization energy of 291.5eV was
found for the central carbon, and the value of the acetylenic carbon (C3) is only slightly
higher by 0.2 eV. For the C1 carbon, the highest value of 292.5eV was found. The ionization
energy value for the formation of a triplet cation is found to be higher than the one of the
singlet state for C2, while the reverse is observed for the terminal carbon atoms.

We further investigated the impact of the electronic structure treatment by computing
the vertical energies and oscillator strengths of the first two electronic transition using the
LR~-CCSDT method (and cc-pVDZ basis set) and compared them with corresponding LR-
CCSD results. The results are tabulated in Table [S7] and illustrated in Figure [S3] The
separation between the first two electronic excitations, clearly overestimated at CCSD level,
is significantly reduced at CCSDT level and close to the experimental value. Moreover, the
intensity ratio between the two states changes from 0.58:0.42 to 0.61:0.39.

To conclude this section, we return to the first electronic transitions associated to band
A, and discuss the results of our calculations of its vibrational structure. The Wigner
samplings shown in Figure [S4] indicate a vibrational splitting of the A band. This splitting
becomes even more evident in the vibrationally resolved spectra that were obtained from
the TT calculations based on the VG and AS potential energy surfaces and that are shown
in Figure p| for CVS-ADC(2)-x. The TD calculations for both fc-CVS-EOM-CCSD and
CVS-ADC(2)-x are presented in Figure

Figure [p(a) and (b) show that the first electronic transition has a vibrational splitting

14
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FIG. 5. Comparison between the high-resolution experimental NEXAFS spectrum (black line)
and vibrational structure of the (a, b) first, (¢, d) second and (e, f) sum of both first and second
CVS-ADC(2)-x electronic transitions at 0K, with PES obtained from the Vertical Gradient (left)
and Adiabatic Shift (right) approximations. Vertical lines show the vibronic stick transitions from
the vibrational ground state in the initial electronic state obtained using the time-independent
formalism 8 The labels correspond to the vibrational state in the final electronic states, represented
as X", where X is the normal mode index and v is the number of quanta. All VG results have been
shifted by +175 meV and all AS ones by +318 meV to align with the first experimental peak. The
spectra have been scaled such that the intensity of the 0-0 band of the first electronic transition

overlaps with experiment.
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(three bands) consistent with the experimental results. Assignment of which vibronic tran-
sitions contribute to each vibrationally resolved band can be done based on the stick tran-
sitions from the TI results (with labels XV, where X indicates the mode involved and v
the number of quanta in the mode). The most intense band at 282.16eV is dominated by
the 0-0 transition, with a smaller contribution from the transition from the v = 0 level of
the electronic ground state to the 7! vibrational state of the core excited state. The second
band of the progression at 282.58 eV is dominated by the 10! vibrational state of the core
excited state, with a smaller contribution from 9'. The third band is mainly 102, ie., a
two-quanta vibrational state transition of mode 10. As summarized in Table (and Fig-
ure [S8)), normal mode 10 is the symmetric CH, stretching (of C1), mode 7 is dominated by
the C1-C2 stretching and mode 9 by the C2-C3 stretching. Inclusion of temperature effects
in the TD treatment does not seem to have any visible effect, see Figures [S6HS7], which is

not surprising giving the level of approximation used for the vibrational calculations.

The vibrationally resolved spectrum of the second electronic transition shown in Fig-
ure[5|(c) and (d) is an asymmetric band that overlaps with the 10! band of the first electronic
transition. The band is not peaked at the 0-0 transition, but rather at the 7' transition,
with its additional quanta v = 2,3,4, and 5 (together with some excitation of mode 12,
which is the C3-H stretch) contributing to the long tail. The sum of the spectra of both the
first and second electronic state in Figure [f|(e) and (f) indicates that the overall intensity
of the band at 282.58 eV is overestimated. As noted earlier, using CCSDT brings the sepa-
ration between the two electronic states close to the experimental value and also improves
their intensity ratio (see Table |S7|and Figure . While these improvements are per se not
enough to bring the theoretical and experimental spectra to a quantitative match, they do
suggest that the mismatch between theory and experiment is due to the combined effect of
approximations in electronic structure used to obtain the input data for the vibronic model,

and the choice of vibronic model itself.

By analyzing the spatial distribution of the unpaired electron in microwave measurements,
Changala et al.| recently inferred a 0.61:0.39 ratio between the two nominal resonance struc-
tures of propargyl1? According to our ADC(2)-x and CCSD calculations, the ratio of the
oscillator strengths between the first and second excited states is 0.58:0.42. Using the in-
tensity values obtained from the LR-CCSDT/cc-pVDZ calculations reported in Table ,

we obtain the same ratio of 0.61:0.39 as (Changala et al’ In a simplified one-electron pic-
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ture of the electron excitation, this connection between the resonance structures and the
lowest core excited states can be qualitatively expected: in the first and second transition
the core electron is promoted from Cls orbitals, which differ in the carbon atom localiza-
tion, to the SOMO. This latter orbital can be considered a weighted linear combination
of the two different p-electron systems of the resonant structures shown in Scheme [T} with
the p-electron vacancy (unpaired electron spin in the Lewis’ structure) located either at C1
(ethynyl methyl resonance structure) or C3 (allenyl resonance structure), respectively. The
main contribution to the transition probability will be given by the resonance structure that
corresponds to the p-electron system with the core hole/p-electron vacancy space matching.
This qualitatively explains the very similar ratios of the calculated oscillator strengths of
the first two core electron excitations and the resonance structure weights.

Moreover, the dominant excitation of vibrational mode 10 (symmetric CHy stretch of C1)
and of mode 7 (C1-C2 stretch) upon transition into the first and second core excited state,
respectively, can be related to the change in the molecular geometry upon the Cls excitation.
Comparing the structure of the ground state with those of the lowest core excited states
(given in Table , we note that for the first electronic transition the strongest geometry
change is the reduction of the C1-H bond length, and of the C1-C2 bond length upon
excitation of the second electronic transition.

From these results, we conclude that the splitting of band A in the experimental spectrum
mainly results from the vibrational structure of the first electronic transition (from the
ethynyl methyl radical form), specifically the 0-0 transition and the symmetric stretching
of the two C1-H bonds, possibly with contributions from the vibrational structure of the

second electronic transition (allenyl radical form), due to 0-0 and 7" transitions (v = 1 —5).

C. Comparison of the propargyl and allyl radical

As both propargyl (C3Hy) and allyl (C3Hg ) are resonance-stabilized hydrocarbon radicals,
it is worth to briefly compare their NEXAFS spectra. Both radicals are characterized by
a terminal Cls — SOMO transition at around 282eV. The presence of a transition shifted
to lower photon energies compared to closed-shell molecules is a characteristic of radicals
and has also been observed for the tert-butyl radical ®® In fact, also the shape of band A at

282.2eV resembles one of the lowest-energy core excitation of the allyl radical, which was
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observed at 281.99eV*¥ and shows a progression that was assigned to a combination of a
C—H stretch and an out-of-plane bending mode. However, as the terminal carbon atoms
are equivalent in allyl (two equivalent resonance structures), the band is somewhat simpler,
as it can be described by a single electronic transition (whereas two electronic transitions
contribute to band A of propargyl). In addition, its NEXAFS spectrum shows fewer bands.
However, transitions B-E in Figure 2(b) can be related to the central and terminal Cls to

LUMO transitions in allyl that were observed at 285.27 eV, 285.71 eV and 287.50 eV 42

D. Fragmentation after core excitation

After the resonant core excitation, the core excited states decay via Auger-Meitner pro-
cesses. The resulting ions were detected by TOF mass spectrometry, and the coincidence
setup was used to differentiate between ions from single, double or triple ion events. The
fragmentation of the propargyl radical after Cls — SOMO excitation was investigated at
282.2¢eV (band A). Figure |§| shows the corresponding mass spectrum for single ion events
that was corrected for contributions from off-resonant excitation and unpyrolyzed precursor.

The observed fragments and their branching ratios are summarized in Table [I}

Apeas . . . . . .
CH*

El CH,*

E CH* C3|,_|32+ C,"-CH," G’ CaHy"

§ CSHZZ\ ,—‘

: cH’

m/z /amu
FIG. 6. TOF mass spectrum of single ion events upon excitation of the propargyl radical at band

A at 282.2¢V (Cls — SOMO).

The parent ion C3Hs™ is observed as a sharp signal at m/z 39. Signals at m/z 38, 37
and 36 result from a loss of neutral hydrogens. The signals at m/z 19.5 and 19 belong to
the dications C3Hs?" and C3Hy?" that are produced by double Auger decay. Most of the

fragmentations include the cleavage of one (27%) or both (34%) carbon-carbon bonds. Mass
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signals for CoHy™t to Co™ and CH,™ to CT are broader because of the kinetic energy released
in the fragmentation. From the absence of C; or C, fragments carrying three hydrogens in
the mass spectrum we conclude that no rearrangement of the hydrogen atoms to the higher-
energy isomer 1-propenyl cation, [H3C-C-C|** takes place in the cationic state. For this
isomer the detection of CoHst or CHs™ would have been expected. However, we cannot
exclude an isomerization to the lower-energy cyclopropenyl, CsHs™, on the cationic surface
based on our mass spectrometric data.

We also investigated excitations into higher core excited states at 286.0e¢V (band C),
286.6eV (band D) and 288.1eV (band E). The corresponding mass spectra and branching
ratios can be found in Section [S1]in the SI. Compared to the Cls — SOMO transition these
excitations show a stronger fragmentation tendency with less Cs fragments. This is similar
to our previous observations for the tert-butyl radical and was explained by a preference for

spectator decay over participator decay for higher excitation energies.*®
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m/z species branching ratio /%
39 C3H3™ 4
38 C3Hy™ 8
37 CsH™ 13
36 Cst 10
26 CoHo™ 6
25 CoHT 12
24 Cot 9
19.5 C3H32t 2
19 C3Hy%t -
14 CH,* 4
13 CH" 13
12 ct 17
6 C2+ _
others 2

TABLE I. Branching ratios of single ion events after excitation of the propargyl radical at 282.2 eV

(band A). Relative intensities were determined from the mass spectrum (Figure @ by integration.

Integrals of overlapping masses were derived from fitting with Gauss functions. The branching

ratios were normalized so that all channels sum up to 100%. Very low branching ratios are not

specified and are summarized in “others”. The error of each branching ratio is estimated to be

around £20% of the respective branching ratio.
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IV. CONCLUSION

The NEXAFS spectrum of the propargyl radical at the Cls edge has been recorded
using synchrotron radiation. The radical was generated by pyrolysis of propargyl bromide.
Although the radical is converted cleanly, conversion of the precursor was not complete and
the spectrum of propargyl bromide had to be subtracted. Upon pyrolysis, a new feature
emerges at 282.2eV that is due to Cls — SOMO transitions. By comparison with CVS-
ADC(2)-x and fc-CVS-EOM-CCSD computations, it was found that two core excited states
(1 2A; and 2 %A;) contribute to this band, the first originating from the excitation of a
1s electron from the terminal C1 atom into a SOMO of ethynyl methyl character, and the
second from the excitation of a 1s electron from the terminal C3 atom into a SOMO of allenyl
character. Our results are consistent with those of a recent study using hyperfine-resolved
microwave spectroscopy and accurate ab initio computations,*’ indicating that propargyl
possesses a m-delocalized resonance structure of intermediate ethynyl methyl and allenyl
character, with non-equal 0.61:0.39 balance between the relative weights of the two resonance

structures.

This first band at 282.2 eV exhibits a vibrational progression with a spacing of 420 meV.
By means of vertical and adiabatic harmonic calculations, this is mainly assigned to the
symmetric CHy stretching mode of the first core excited state (C1 1s — SOMO of ethynyl
methyl), possibly with contributions from the vibrational structure of the second core excited
state (C3 1s — SOMO of allenyl). In addition, several bands at higher photon energy can
be assigned to transitions from C2 and C3 into the 7* orbitals. Overall, the appearance of

the spectrum resembles the one of the allyl radical, C5Hs .

Core ionization energies between 291.5 eV and 292.6 eV for ionization into the singlet
cation were computed for the different carbon atoms. Compared to the singlet cation, the
ionization energy to the triplet cation is lower for the two terminal C atoms, but is slightly

higher for the central one.

The fragmentation pattern upon (terminal) Cls — SOMO excitation shows peaks of the
molecular parent cation and dication, but also a broad distribution of fragments including
loss of one to three H-atoms, and cleavage of one or both C-C bonds. Interestingly, no
CH; is observed, indicating the absence of an isomerization to the 1-propenyl cation. In

comparison, excitation to higher core excited states is associated with a more pronounced
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fragmentation dominated by the almost complete disappearance of the molecular cation and

an increasing dominance of C; fragment ions.

V. SUPPLEMENTARY MATERIAL

See supplementary information for mass spectra at higher photon energies, additional

computational details and results.
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