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Mass resolved REMPI spectra and electron and ion velocity map images were recorded for REMPI of
acetylene in the case of two-photon resonant excitations to low lying 3p and 4p Rydberg states.
Combined data analysis of ion signal intensities and electron and ion kinetic energy release distribution
revealed multiphoton-fragmentation processes in terms of photodissociation and photoionization
channels to form the molecular ion, C;H," and the fragment ions H*, C*, CH*, CH,", C,* and CH™*.
The ratio of fragment ion formation over the parent ion formation increases with excitation energy. To a
large extent, multiphoton-fragmentation involves the initial breakdown of the molecule into ground and
excited state neutral fragments by two-, three- and four-photon dissociation processes prior to
multiphoton ionization. The three-photon dissociation processes via superexcited molecular state(s) are
found to be the most important and electronically excited fragment species playing a significant role in
the overall multiphoton-fragmentation. Furthermore, the data are indicative of the involvement of
secondary photodissociation processes and provide information on fragment energetics as well as state
interactions. The question, whether acetylene could be an important source of building block fragments

rsc.li/pcecp

|. Introduction

Acetylene (C,H,), the smallest unsaturated organic molecule
with a triple bond between two carbon atoms, is of fundamental
importance in the fields of organic photochemistry,"?
astrochemistry”™* and organic synthesis.’ Synthesis involving
acetylene includes the preparation of heterocycles and con-
struction of a number of functionalized molecules with different
levels of molecular complexity.> Photochemical processes following
absorption of VUV light have been found to form C, + H,, C,H + H
and metastable acetylene." Multiphoton excitation studies have
revealed an important involvement of high energy molecular
Rydberg states, in photochemical processes,”*® different in nature
depending on the states symmetry (u or g) and/or energy. Acetylene
has long been known to exist in molecular clouds in interstellar
space,>'® where it could, upon radiation, be the source of
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for the formation of organic molecules in interstellar space, is addressed.

fundamental reactive fragment species (radicals and/or ions)
as building blocks for bigger organic molecules either via gas-
phase photofragmentation and/or surface reactions. Catalytic
conversion reactions of acetylene on a solid SiC grain surface
have been found to lead to the formation of polycyclic aromatic
hydrocarbons (PAHs) and are expected to mimic chemical
processes in certain astrophysical environments."*"*
Resonance enhanced multiphoton excitation and ionization
studies of acetylene reveal broad spectral lines due to transi-
tions via Rydberg states, a growing number of fragment ion
formations and weakening of ion signals as the excitation
energy is increased.”>®° These observations can be taken as
evidence for opening of increased numbers of predissociation
and fragmentation formation channels with excitation energy.
Virtually all possible fragment formations (H,>”° H,,>’ C,’
CH,” CH,,’ C,,>*”° and C,H>’) have been proposed, based
on direct or indirect observations. Furthermore, a number of
excited C, fragments (C,*) have been detected.®” It has been
proposed that fragmentation processes could be competing
with an isomerization into the vinylidene radical (H,C=C),
which is supposed to be a primary precursor for large polycyclic
aromatic hydrocarbons (PAHs).> Our previous work on mass
resolved (2 + n) REMPI of acetylene suggests that the parent
molecular ion is the primary ion product for resonant excita-
tions to the lowest grade Rydberg states in the two-photon
excitation region of about 72700-75000 cm ', whereas a
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significant amount of both fragments (H, C, CH, C,, and C,H)
and parent molecules are ionized via excitations to Rydberg
states in the intermediate region of about 75700-76 100 cm *
and mainly fragment species are ionized for transitions to
Rydberg states in the 82 500-83 050 cm™ " region.’

Recently we have been emphasizing multiphoton-fragmentation
(both photodissociation and photoionization) studies of halogen-
containing reagents (hydrogen halides (HX) and methyl halides
(CH3X)) by mass-resolved and velocity-map-imaging techniques in
association with REMPI for two-photon resonant excitations to
molecular Rydberg states.'>”"” The studies reveal various photo-
dissociation processes for one-electron excitations of the non-
bonding (nb) valence electrons localized on the halogen atoms,
depending on the number of photons absorbed. The one-
photon excitations, which cause transfer to repulsive valence
states, are found to form halogen atoms (X) in its ground
electronic state along with H (from HX) and CH; (from CH3X)
prior to multiphoton ionization of the fragments. Two-photon
excitations, which cause transfer to Rydberg states, have also
been found to form X along with H (from HX)'®'® and CH;
(from CH;X)'®?° by predissociation. An additional absorption of
the third photon excites the Rydberg states to metastable super-
excited states above the molecular ionization limit followed by
molecular autoionization and/or dissociation to form ground or
excited state fragments prior to further photoionization. Further-
more, interactions between the intermediate Rydberg states and
bound ion-pair/valence states have been found to affect further
photon excitations for the hydrogen halides.”>**'® Indications
of ion pair formation for CH;I (i.e. CH;"/I")" suggest that this
might also be the case for methyl halides.

In the work presented here we move a step further in light of
our experience from the work described in the previous para-
graph. Here we present multiphoton-fragmentation studies of
acetylene by mass-resolved REMPI (MR-REMPI) and the corres-
ponding velocity-map-imaging of electrons and number of frag-
ment ions for two-photon resonant excitations to molecular
Rydberg states (VMI-REMPI). The two-photon excitation of the
n-electrons in the C-C triple bond excites the molecules directly to
the Rydberg states. An additional absorption of the third photon
excites the Rydberg states to superexcited states above the mole-
cular ionization limit followed by molecular autoionization and/or
various dissociation processes to form the ground or excited state
of a number of fragments prior to further photoionization.
Analyses of ion mass-resolved spectra, kinetic energy release data
for electrons and ions and cross-correlation analysis of the data
allow us to derive a picture of the multiphoton breakdown of the
molecule into reactive fragments/radicals and ions. Relevant
details of the analyses are to be found in Section III, A-D, followed
by discussion in Section IV. Readers who wish to skip the details
should go directly to Section V (1st paragraph) for a summary.

ll. Experimental

The velocity map imaging (VMI) setup used in this work has
been described previously and only a brief description will be
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Table 1 Photoelectron (PE) images and the corresponding velocity map
images for fragment ions recorded for C,H, via resonant transitions to
specified Rydberg states

C,H, Rydberg states;  One-photon Two-photon
Image no.  nl; Ay, (v1v,vavavs)® excitation/nm  excitation/cm "
1 3p,1A (00020) 270.364 73969
2 3p, & (00000) 269.255 74279
3 3p; 'z ,(01000) 268.262 74554
4 3p, ,(01020) 263.992 75760
5 3p; 1T ,(01000) 262.864 76085
6 4p,lA , (00000) 242.245 82561
7 4p; ‘=, (00000) 240.947 83006

% n: principal quantum number for the Rydberg electron. 1: Rydberg
electron orbital. (v, v, v3 v, vs): vibrational quantum numbers referring
to vibrational modes: v; (C-H symmetric stretch), v, (C-C stretch),
vz (C-H asymmetric stretch), v, and vs (bend).

given here.”"®* A supersonic molecular beam of C,H, (99.6%

purity) was formed by expansion through a homemade piezo-
electrically actuated nozzle valve (1 mm orifice) and skimmed
(1.5 mm, Beam Dynamics) before entering the interaction
region. Typically a stagnation pressure of P, ~ 1 bar was used.
The photolysis/photofragment ionization laser beam (2.0-2.5 m]
per pulse) was generated by frequency doubling of the output of
an excimer laser (Lambda-Physik LPX300, operating with XeCl)
pumped Dye laser (LPD3000) using the appropriate dyes (C480,
C521, and C540A) and focused (f= 30 cm) on the geometric focal
point between single-electrode repeller-extractor plate arrange-
ment, where it intersects the collimated molecular beam at right
angles. The apparatus was operated in ‘“VMI mode” and the
repeller was always on. Ions traversed a field-free time-of-flight
region (45 c¢cm) and a gated, position-sensitive detector (dual,
imaging quality Micro-Channel Plates (MCP) array coupled to a
phosphor screen) imaged the photofragment sphere. The image
frame was recorded asynchronously each second (~10 laser
shots) by a CCD camera and several thousand frames were
averaged to form the images. A 2D slice of 3D ion distribution
from each final image is extracted by an inverse Abel transfor-
mation and integrated from its center over an angle to extract the
speeds and over the radius to extract the angular distributions of
the photofragments. For photoelectrons, the repeller was
negatively charged (—3 kV) and the detector was not gated. To
detect high-speed photoelectrons a negative charge of —5 kV was
used for recording images no. 6 and 7 (see Table 1).

Mass-resolved REMPI (MR-REMPI) spectra were derived
from data which were recorded in a system which has been
described before.® In short, a 20 cm quartz lens was used to
focus about 10 ns laser pulses in the energy range of 0.05-0.30 m]
on a molecular beam.

lll. Results and analysis
A. MR-REMPI

Fig. 1a shows the mass spectra derived for two-photon resonant
excitations to a total of seven 3p and 4p molecular Rydberg
states in REMPI of acetylene (C,H,) (see also Table 1) along with
the derived REMPI spectra. Relative ion signal intensities
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Fig. 1 Mass-resolved REMPI of C,H,: (a) mass spectra (red) and corres-
ponding REMPI spectra (black, rotated to the left) of C;H, for two-photon
excitations to 3p and 4p molecular Rydberg states (C,H,™ REMPI spectra
for the 3p states/C,* REMPI spectra for the 4p states). The data is partly
from ref. 9. (b) Relative ion signal intensities, I[M*]/liow vS. excitations for
the ions indicated.

observed as a function of the excitations are shown in Fig. 1b.
Generally, the relative ion signal of the parent molecular ion
(C,H,") is found to decrease with excitation energy, while the
relative fragment ion signals (H', C*, CH", CH,", C," and C,H")
generally increase with energy. More precisely, the parent
molecular ion (C,H,") signal dominates for the lowest energy
excitations and gradually decreases with energy to become
virtually negligible for 83006 cm™'. On the contrary the C,"
signal gradually increases with energy, larger in intensity than
all the other fragment ion signals and dominates for the high-
est energy resonance. The H', C" and CH" ion intensities reach
maxima for the 82561 cm ™' excitation, while the C,H" relative
ion signal is at a maximum for the 75760 cm™" excitation.
Weak signals for CH," were detected for the highest energy
excitations only.

These observations are clear indications of multiphoton
excitation and ionization processes. Fig. 2 shows the relevant
energetics for the C,H, molecule and various fragment thresholds
as well as the minimum and maximum one- to four-photon
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excitations of the molecule (see Table 1). The figure gives an
indication of the number of photons that may be needed to form
the various neutral species directly or by photodissociation in
ground and excited states prior to further (photo)ionization. First,
one-photon excitation is not sufficient to break any chemical
bonds to form fragments and, therefore does not need to be
considered here in that respect. The one-photon intermediate
excitation step can be assumed to involve a transition to a virtual
state (C,H,*) with a character determined by bound valence states
close in energy,*

C,H, + 1hv —» C,H,*; one-photon “transition” to a virtual state

ey

Second, the two-photon absorption creates the molecular
Rydberg states (C,H,**; see Fig. 1a and Table 1) by resonant
excitations and could, energetically, create a number of low
energy fragment pairs (F1 + F2/F2*; F1, F2: ground states/F2*:
excited state; see also ref. 24) as,

C,H, + 2hv — C,H,**; two-photon resonant excitation

(2)

dissociation to form fragment pairs
(22)

C,H,** — H + C,H/C,H*;

C,H,** — H, + C,/Cy*; dissociation to form fragment pairs

(2b)

C,H,** — C + CH,/CH,*; dissociation to form fragment pairs

(2¢)

C,H,** —» CH + CH; dissociation to form fragment pairs
(2d)

Third, three-photon absorption could excite the molecule
beyond its ionization limit to form metastable/superexcited
state(s) (C,H,"). There will be a competition between autoioni-
zation of short lived C,H,” to form C,H," and dissociation to
form fragments. The fragment pairs, mentioned above (F1 + F2/
F2*; see (2a)-(2d)), of the same or higher energy, could be
formed as well as species from dissociation leading to three
fragments (F1 + F2 + F3/F3*) (see also ref. 24),

C,H, + 3hv — C,H,"; three-photon (2 + 1) REMP-excitation

via Csz** (3)

C,H,” - C,H," +e~; autoionization (3i)
C,H,” - H + C,H/C,H*; dissociation to form fragment pairs

(3a)

C,H,” — H, + C,/C,*; dissociation to form fragment pairs

(3b)

C,H,” - C/C* + CH,/CH,*; dissociation to form fragment

pairs (3¢)

C,H,” - CH + CH*; dissociation to form fragment pairs
(3d)

C,H,” > H+H+C,/C,*; dissociation to form three fragments

(3¢)

This journal is © the Owner Societies 2023
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Fig. 2 C,H, energetics and excitations: schematic energy diagrams and two-, three- and four-photon molecular excitations to the Rydberg states
(CoH,**), first superexcited states (CoH,*) and second superexcited states (C,H,**), respectively (see the main text). Energy levels for the C,H,** states
(see no. 1-7 in Table 1) and various fragment formation thresholds are shown. The red and blue vertical arrows correspond to the two-photon resonant
transitions of 73969 cm™* (no. 1; Table 1) and 83006 cm ™! (no. 7), respectively.

C,H,” - H,+ C/C*+ C/C*; dissociation to form three fragments
(31f)

dissociation to form three fragments
(3g)

The overall, inverse relationship between the ion signals for the
parent molecular ion (C,H,") and the fragment ions (Fi") with
excitation energy (Fig. 1b), fits a decreasing branching into
autoionizations vs. increasing branching into dissociation with

C,H,” - H+CH +C/C*;

This journal is © the Owner Societies 2023

excitation energy. This strongly suggests that the processes (3)
could be of major importance in the multiphoton-ionization of
C,H,. Observed maxima and fall in relative ion intensities as a
function of the excitation energy could be an indication of a
varying competition between the different dissociation processes
(3a)—(3g) with energy and/or due to a variation in the dissociative
branching with energy at the two-photon excitation step.

Due to the metastable/short lifetime nature of the superexcited
molecular state(s), C,H,”, formed by three-photon excitation (3)

Phys. Chem. Chem. Phys., 2023, 25,1690-1704 | 1693
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and the wealth of possible exit channels (3i), (3a)-(3g), there is a
reason to believe that further molecular photoexcitation is not
important under our experimental conditions used to record the
MR-REMPI (Section II). However, ion formations due to one-
(or few-) photon ionizations of highly excited fragment species
formed upon photodissociation by four photons cannot be ruled
out. Thus, for example, the H' signal could be formed by one-
photon excitation of H* (n = 2), after four-photon excitation of the
molecule (to form C,H,") rather than by three-photon ionization
of H (n = 1) following two- or three-photon dissociation (see also
ref. 24), etc.

C,H, + 4hv — C,H,™; four-photon (2 + 2) REMP-excitation

via C,H,** (4)
C,H,” - C,H + H*(n = 2); dissociation to form fragment pairs
(42)
C,H,™ — H, + C,/C,*; dissociation to form fragment pairs
(4b)
CZHZ## — C/C* + CH,/CH,*; dissociation to form fragment pairs
(4¢)
C,H,” —» CH + CH*; dissociation to form fragment pairs
(4d)
C,H,” — H+H + C,/Cy*; dissociation to form three fragments
(4e)
C,H,” — H, + C/C* + C/C*; dissociation to form three fragments
(af)
C,H,”™ — H + CH/CH* + C/C*; dissociation to form three fragments
(4g)

Notice that eqn (1)-(4), above, are marked as (nx) where 7 is the
number of photons required for each step and x are suitable
letters.

The minimum number of photons required to ionize the
fragment species (7,;,) formed according to the dissociation
channels (2) to (4) (see Fig. 2) range between 1 to 3,>*

H/H* + mhv — H" +e"; mpyn = 3/1 for H/H* (5a)
C/C* + mhv — C'+e7; Mpn = 3/1, 2, 3 for C/C* (5b)
CH/CH* + mhv — CH' +e”; muy, = 3/2 for CH/CH*  (5¢)
CH,/CH,* + mhv — CH," + €73 mumn = 3/1, 2, 3 for CH,/CH,*
(5d)
Co/Cy* + mhv — Cy' + €75 Mmin = 3/1, 2, 3 for C,/C*  (5€)
C,H/C,H* + mhv — C," +e™; mmin = 3/1, 2, 3 for C,H/C,H*
(5f)
H/H* (n=2)+mhv - H +€e7; mpuy, = 3/1, 2, 3 for H/H*
(58)

In addition to the photoionization channels (5a)-(5g) photo-
dissociation of the parent molecular ion (C,H,"(X)) to form H"
and/or C,H" also needs to be considered,

C,H,"(X) + 2hv — C,H + H'; ion photodissociation (5h)

1694 | Phys. Chem. Chem. Phys., 2023, 25, 1690-1704
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C,H,"(X) + 2hv — C,H" + H; ion photodissociation

(51)
Furthermore, autoionization and photodissociation of frag-
ment species (Fi = H, C, CH,...) according to,

Fi/Fi* + nhv — Fi*/Fi’ - Fi' +e7; photoexcitation/autoionization

(5))

photodissociation
(5k)

Fi/Fi* + nhv — Fi**/Fi** — Fil + Fi2;

also need to be considered.

In the subsections below (B-E) we present and describe data
and relevant analysis based on velocity map images of electrons
and ions (H, C', CH', C,", C,H") formed by the multiphoton
excitations of concern (Table 1 and Fig. 1). These are suitable
to characterize what photofragmentation processes (within
eqn (2)-(5)) are involved.

B. Photoelectrons; e-KERs

Photoelectron images were recorded for two-photon resonant
excitation of C,H, to all the molecular Rydberg states listed in
Table 1 and marked in Fig. 1a. Electron kinetic energy release
spectra (e-KERs)/photoelectron spectra (PES) were derived from
the images. Selected images, as three dimensional (3D) contour
diagrams, and the corresponding e-KERs are shown in Fig. 3(a—c)
(see also ref. 24). Fig. 4 shows all the e-KERs/PES. All the spectra
(images) show clear peaks (rings) varying in number and posi-
tions (KER) depending on the excitation energy. The spectra in
Fig. 4 have been shifted by one- (a), two- (b) and three- (c) photon
energy differences, (A(1av) = |1hy; — 1hv,|, (a); A(2Av) = |2hy; —
2hve|, (b); A(3Rv) = |3hv; — 3hv,|, (c); i refers to different spectra)
with respect to the spectrum derived for the highest energy
excitation (i.e. the “reference spectrum’; subscript 0) for the
one-, two- and three-photon excitations of no. 7 (Table 1). Thus,
spectral features due to one- (a), two- (b) and three- (c) photon
ionization of the same species will align. Calculated threshold
energies (i.e. maxima of kinetic energy release) for the various
ionization processes of relevance to our interpretation in the
following paragraphs are also marked in the figures.

C,H, three-photon autoionization. In the e-KERs for images
no. 1-7 relatively sharp peaks due to autoionization of C,H,",
following three-photon excitation of C,H,(X) via resonant exci-
tation to all the Rydberg states (3p and 4p), are identified
(Fig. 4c). These signals dominate for images no. 1-5. These
correspond to the formation of C,H,'(X) by eqn (3) and (3i),
above for different vibrational states (vy, vy, v3, v4) as indicated
in Fig. 4c. The threshold energies (Eg,(v1, V3, V3, v4)) shown in
Fig. 4c are the energy differences between the three-photon
excitations (3Av) and the ionization energies of C,H, in the
ground electronic state and the lowest vibrational energy,
C,H,(X; 0,0,0,0) to form C,H,"(X; vi,vs,v5,vy) (i.e. IE(v;,v5,v5,v5)),”>

Bane(V1,V2:V3,Va) = 3hv — TE(V1,V2,V3,v2) (6)

The peaks closely resemble those observed in the photoelectron
spectra by Ashfold et al.,® whereas our vibrational assignments
differ somewhat for the excitations/spectra no. 3-7.

This journal is © the Owner Societies 2023
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Fig. 3 Images and KERs: three-dimensional (3D) contour diagrams of
electron (a—c) and ion (H¥, (d)) images (right, bottom) and corresponding
kinetic energy release spectra (e-KERs (a—c) and lon-KERs (d); left top)
derived from the images, for the two-photon resonant excitations of
74554 cm™! (no. 3 in Table 1) (a), 75760 cm™* (no. 4) (b), 82561 cm™*
(no. 6) (c) and 74554 cm™ (no. 3) (d). The KERs are normalized to the
strongest peak in each spectrum. The laser polarization direction is
indicated by the axis labelled 0°.

Fragment (Fi) ionizations. The major signals in the images/
e-KERs no. 1-5 for the 3p Rydberg states are due to the three-

View Article Online
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photon autoionization of the parent molecule via resonant
excitations to the Rydberg states. The importance of signals
due to ionization of fragment species on the other hand
increases for the resonant excitations to the 4p Rydberg states
and dominates in the image/e-KER no. 7. Furthermore, some
broad features and weak spectral peaks in the e-KERs no. 4-5
are also attributed to fragment ionizations. Some relevant
threshold energies for ionization of various fragment species
(Een(Fi/Fi*)) are marked in Fig. 4a—c. These correspond to the
energy difference between photon excitations (mhv) and the
ionization energies of the fragments (IE(Fi/Fi*)),>

E(Fi/Fi*) = mhv — TE(Fi/Fi*); m=1, 2,3

)

The thresholds are arranged in Fig. 4a-c by the number of
photons (m) needed for the ionization as m = 1 in Fig. 4a, m = 2
in Fig. 4b and m = 3 in Fig. 4c. Judging from the comparison of
thresholds and spectral peaks or features the major observa-
tions are as follows.

H*. Weak, but significant peaks are seen in the e-KERs no. 4,
5 and 6 at KER, = 1.75 eV in Fig. 4a, which fits a one-photon
ionization (m = 1) of H* (n = 2),

CH* = + —.
. - ’ L]
(5a): H* (n=2)+1hv > H +e~; e-KERs no. 4, 5

H* (n = 2) could be formed by a minimum of four- (n = 4; via
C,H,*) photon dissociation of C,H, (eqn (4) and (4a)).

C*. A number of peaks associated with two- (m = 2) and one-
(m = 1) photon ionization of excited carbon atoms (C*)
(C*(2p%'D), C*(2p%'s) and C*(2s2p*’S) for m = 2 and
C*(3s;°P), C*(3s;'P) and C*(2s2p>;°D) for m = 1) were identified
in the e-KERs no. 6 and 7 (Fig. 4a and b),

+

)
(d) > C; (X)

C*(C) = C; (X)

CH*(A)

1

c('s)

[

C,H (B

Photoelectron Intensity (Arb.Units)
Photoelectron Intensity (Arb.Units)

A(1hv) shift

A(2hv) shift

b)

(0,0,0,0)

CH¥(C)
—(0,00,2)

(0,2,0,0)

Photoelectron Intensity (Arb.Units)

A(3hv) shift

0 4 0 1 2

2 3
Electron KER, [eV]

Electron KER, [eV]
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3 4 5 0 1 2 3 4 5
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Fig. 4 e-KERs: electron kinetic energy release spectra (e-KERs) derived from images no. 1-7 (Table 1) plotted as a function of the kinetic energy release
(KER) for no. 7 (KER), shifted by one- (a), two- (b) and three- (c) photon energy differences, (A(lhv) (a); A(2hv) (b); A(3hv) (c)) with respect to the
“reference spectrum”, no. 7 (see the main text). KER thresholds for the ionization of fragments, as specified, are indicated by sticks above the spectra
(a—c). KER thresholds for the ionization of C,H, to form the ground state ion C,H," in different vibrational states (CoH,™ (X, v, v3, v3, v4)) are indicated in (c).
The inset in (c) shows an expanded part of the spectrum no. 6 at high KER. The spectra are normalized to the strongest peak in each spectrum, whereas the

spectrum for no. 6 has been expanded by a factor of 7 in (a) and (b).
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(5b): C*('D, 'S, °S) + 2hv — C" +e7; e-KERs no. 6,7

(5b): C*(*P, 'P, °D) + 1hv — C" +e”; e-KERs no. 6,7

These could be formed by a minimum of three- (n = 3; via
C,H,") and four- (1 = 4; via C,H,") photon dissociation of C,H,,
to form the fragment pairs C* and CH,(X) according to eqn (3c)
and (4c), respectively.

CH*. A number of peaks associated with two- (m = 2) photon
ionization of the excited methylidyne radical (CH*(A, B, C))
were identified in the e-KERs no. 4-7 as, weak peaks at KER, =
2.51 eV in spectra no. 4-7 (CH*(A)), strong to moderate peaks at
KER, = 2.84 €V in the spectra no. 6 and 7, respectively (CH*(B))
and weak peak at KER, = 3.60 eV in the spectrum no. 7 (CH*(C);
see Fig. 4b),

(5¢): CH*(A) + 2w — CH' +e7; e-KERs no. 4, 5, 6, 7

(5¢): CH*(B) + 2hv — CH' + €; e-KERs no. 6, 7

(5¢): CH*(C) + 2hv — CH' + e”; e-KERSs no. 7

These could be formed by a minimum of three- (z = 3) photon
dissociation of C,H,, (via C,H,") to form the fragment pairs
CH* and CH(X) according to eqn (3d).

CH,. A weak but significant peak corresponding to three-
(m = 3) photon ionization of the methylene ground state radical
(CH,(X)) was identified in the e-KERs of no. 6 at KER, = 5.03 eV
(see Fig. 4c and ref. 24),

(5d): CH, + 3hv — CH," +e; e-KERs no. 6

These could be formed by a minimum of two- (n = 2) photon
dissociation of C,H,, (via C,H,**) to form the fragment pairs C
and CH,(X) according to eqn (2c).

Cy*. A clear vibrational structure due to autoionization of
superexcited C,” formed by two-photon excitation of C,*(d) is
seen in the low KER part of the e-KERs for no. 6 and 7 at
KER, < 0.88 eV (Fig. 4b). Analyses reveal that the structure
corresponds to two-photon transitions from C,*(d, v/ = 0, 1) to
C," followed by autoionization to form C,"(X; v = 0-6) according
to eqn (5j) for n = 2 and Fi* = C,*(d) (see ref. 24). Furthermore,
weak peaks in no. 1-3 (KER, = 2.45 eV) are also indicative of
autoionization of C,” following two-photon excitation of C,*(C),

(5)): Co¥(d, v/ =0, 1) + 2k — C,*/C," —» C'(X, v =0-6) +e7;
e-KERS no. 6, 7

(5§): C.*(C, v/ = 0) + 2hv — C,'IC," — C' (X, v =0-6) +e7;
e-KERs no. 1, 2, 3

A minimum of two- (n = 2) and three- (n = 3) photon dissocia-
tion processes to form the C,*(d) and C,*(C) species along with
H,, respectively, could explain these observations.

C,H*. Broad spectral features are seen in the low KER part of
the e-KERs no. 4 and 5. These match on the “A(2Av) shift scale”
in the region below KER, of about 2.3 eV (Fig. 4b), which
corresponds to the threshold for two-photon ionization of
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C,H*(B').”® This suggests that the broad feature is due to
autoionization of C,H” to form C,H*(X) after two-photon exci-
tation of C,H*(B’), by analogy to the observation mentioned in
the previous paragraph concerning C,*(d)/C,"/C,"(X),

(5j): C,H*(B') + 2hv — C,H¥/C,H” — C,H'(X) + e7;
e-KERs no. 4, 5

A closer look at the broad feature of the e-KERs for no. 4**
reveals an overlapping vibrational structure of a frequency close
to that of the e CC-vibrational stretching mode (v5) for C,H'(X; v5).>?
A minimum of two- (n = 2) photon dissociation processes to form
the C,H*(B’) along with H could explain these observations.

C. Ions; ion-KERs

H', C', CH', C," and C,H" ion images were recorded for the
two-photon resonant excitation of C,H, to the molecular Ryd-
berg states no. 1-2 and 4-7 as listed in Table 1 and marked in
Fig. 1la. Ion kinetic energy release spectra (ion-KERs) were
derived from the images. A selected image, as a three-
dimensional (3D) contour diagram and the corresponding
ion-KERs is shown in Fig. 3d (see also ref. 24). None of the
images show sharp rings and all the ion-KERs typically consist
of one or two broad peaks, peaking at low kinetic energy release
(KER) and tailing towards a high kinetic energy release. In cases
where the ions are formed by photoionization of fragments this
structure is indicative of an energy redistribution among the
molecule’s internal degrees of freedom prior to dissociation."®'”
The ion-KERs were displayed as shifted by two-, three- and four-
photon energy differences (A(2kv) = |2hv; — 2hv,|; A(3Av) = |3hy;
— 3hvgl; A(4hv) = |4hv; — 4hvy|; i refers to different spectra) with
respect to the spectrum derived for the highest energy excitation
(i.e. the “reference spectrum’, no. 7; subscript 0) on the energy
scale for the “reference spectrum” (KER,; eV) to allow compar-
ison of common spectral features due to two-, three- and four-
photon dissociation processes, respectively.">” Threshold
kinetic energies (E,), corresponding to the energy difference
between the photoexcitations (nhv) and the energies of the
various fragments (Fi) formed (E(Fi)) according to eqn (2)-(4)
above were evaluated,

Egy = nhv — E(Fi); n=2,3,4 (8)

and compared with the spectra to explore the signals origin.
The broad spectral features with tails towards the high kinetic
energy release, lower than the threshold, could, in principle, all
correspond to processes marked by the thresholds. In the
following subsections we collect possible fragmentation channels,
within eqn (2)-(4), which could be responsible for the ion-KERs
signals, based on these criteria. More relevant figures are to be
found in the supporting material,** whereas only a limited
number (see Fig. 5) are presented here, mainly for demonstration
purposes.

H' KERs. The H' signals show broad peaks, possibly with two
overlapping contributions in some instances, ranging typically
over about 3 eV on the total KER scale (see Fig. 5a and ref. 24).
The analyses revealed that the following fragmentation channels

This journal is © the Owner Societies 2023
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lon-KERs: ion kinetic energy release spectra (ion-KERs) derived from images no. 1, 2, 4-7 (see Table 1). The spectra are plotted as a function of the

total kinetic energy release for no. 7 (total KERg) and shifted by n-photon energy differences (A(nhv)) with respect to the “reference spectrum”, no. 7 (see
the main text) as, A(4hv) for H* (a), A(4hv) for C* (b), A(3hv) for CH™ (c), A(2hv) for C,* (d), ABhv) for Co* (e) and A(2hv) for CoH™ (f). KER thresholds for
fragment formations by n-photon-dissociation (n = 2, 3 and 4 for photodissociation via the CoHo**, CoH,* and CoH,*# intermediate species), as
specified, are indicated by sticks above the spectra. The spectra are normalized to the strongest peak in each spectrum.

(nx) could, in principle, be responsible for H/H* formations,
prior to ionization:

(2a): C,Hy** —» H + C,H*(B’); Ion-KERs no. 6, 7, low KER
(2a): C,H,** — H + C,H(X)/C,H*(A); All ion-KERs

(3a): C,H,” — H + C,H*(Ry); Ion-KERs no. 6, 7, low KER
(3a): C,H,"” — H + C,H*(C, B); All ion-KERs

(3e): C,H,* - H+H+ C,*(d); Ion-KERs no. 4, 5, 6, 7, low KER

This journal is © the Owner Societies 2023

(3e): C,H,” — H + H + C,/C,*(A, a);  All ion-KERs
(32): C,H,” - CH + H + C*('D); Ion-KERs no. 6, 7, low KER

(3g): C,H,* - CH + H + C*(°P); Ion-KERSs no. 4, 5, 6, 7,
low KER
(42): CH,"™ — C,H + H*(n > 2); All ion-KERs

Furthermore, a molecular ion photodissociation could also be
responsible for the H" formation:

(3i): C,H,* —» C,H," + e7; followed by,
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(5h): C,H,"(X) + 2hv — C,H + H'; All ion-KERSs

C" KERs. The C" signals show broad peaks with overlapping
contributions in all spectra, ranging typically over about 4-5 eV on
the total KER scale (see Fig. 5b and ref. 24). The analyses revealed
that the following fragmentation channels could, in principle, be
responsible for C/C* formations, prior to ionization:

(2¢): C,H** — C + CH,/CH,*(a); Ion-KERs no. 1-7, low KER

(3¢): C,H," — C/C*(°S,'s,'D) + CH,/CH,*(b, a); All ion-KERs
(3f): C,H,* —» H, + C/C*(*D) + C/C*(*S,'D); All ion-KERs
(3g): C,H,* - H + CH + C/C*('D); Ion-KERS no. 6-7

(4c): C,H," — C*(°D,'P,’P) + CH,/CH,*(b, a);
Ion-KERSs no. 1-5

(af): C,H," — H, + C/C*('S) + C/C*(many);
Ion-KERs no. 6-7, low KER

(4g): C,H,* — H + CH + C*(°S,'S); All ion-KERs

CH' KERs. The CH' signals show broad peaks with clear
overlapping contributions in no. 1-5, ranging typically over about 3-4
eV on the total KER scale (see Fig. 5¢ and ref. 24). The analyses
revealed that the following fragmentation channels could, in princi-
ple, be responsible for CH/CH* formations prior to ionization:

(2d): CoH** —» CH(X) + CH(X); Ion-KERs no. 6, 7, low KER

(3d): C,H,” - CH + CH*(C,B,A); Ton-KERSs no. 1-5
(32): C,H,” - CH + H + C*('D); Ion-KERs no. 6, 7, low KER
(32): C,H,* > CH+H + C; All ion-KERs, low KER

(4g): C,H,* — H + CH/CH*(C,B,A) + C/C*(*D,'S);
Ion-KERS no. 1-7

C," KERs. The C," signals show broad peaks with some
overlapping contributions, ranging typically over about 4-5 eV
on the total KER scale (see Fig. 5d and ref. 24). The analyses
revealed that the following fragmentation channels could, in
principle, be responsible for C,/C,* formations prior to ioniza-
tion (see above):

(2b): CoH** — H, + Cy/Cy¥(d, A, a);  All ion-KERs
(3b): C,H,” — H, + C,/C,*(f, E, D, C); All ion-KERs
(3e): C,H,” —» H + H + C,/C,*(d, A, a); All ion-KERs
C,H" KERs. The C,H" signals show relatively narrow peaks at

low KER for no. 1, 2, 4-6, ranging typically over about 1-2 eV on
the total KER scale and a broad high KER contribution for all
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the images/spectra. The analyses revealed that the following
fragmentation channels could, in principle, be responsible for
the low KER contributions to the C,H/C,H* formations prior to
ionization:

(2a): C,H,** —» H + C,H/C,H*(B’, A); All ion-KERs, low KER

(3a): C,H,* — H + C,H*(Ry); Ion-KERs no. 6, 7, low KER

(3a): C,H,” — H + C,H/C,H*(C, B, B’, A); All ion-KERs

Furthermore, a molecular ion photodissociation could also be
responsible for the C,H" formation:

(3i): C,H,” —» C,H," +e7; followed by

(51): C,H,'(X) + 2hv —» C,H'(X) + H; All ion-KERs, low KER

D. Correlation analyses (A, B, C combined)

Based on the analyses described in Sections A (MR-REMPI), B
(e-KERs) and C (ion-KERs), above concerning possible origins
of the ion (A, C) and corresponding electron (B) signals the
following results, relevant to the ion formations, are derived
(correlation analyses) (see also Fig. 1b, 4, 5 and Table 1):

H'. H' signals were detected for the excitations no. 4-7 in
MR-REMPI with a maximum relative ion signal for no. 6 (A)
(Fig. 1b). e-KERs of images no. 4-5 suggest that one- (m = 1)
photon ionization of H* (n = 2) is occurring (B) (Fig. 4a).
Judging from the ion-KERs H' ions could, in principle, be
formed after four- (n = 4) photon dissociation of C,H,, via
C,H,*, to form H* (n = 2) along with C,H(X) (C) (see Fig. 5a and
ref. 24). In combination we conclude that the following
multiphoton-fragmentation processes are important:

(4a): C,H,”™ - C,H + H* (n =2); All excitations

(5a): H* (m=2)+ 1 —» H +e”; eKERsno. 4,5

C'. C" signals were detected for the excitations no. 4-7 in
MR-REMPI with a maximum relative ion signal for excitations
no. 6 (A) (Fig. 1b). e-KERs of images no. 6-7 suggest that two-
(m = 2) photon ionization of C*('D, 'S, °S) and one- (m = 1)
photon ionization of C*(°P, 'P, *D) is occurring (B) (Fig. 4a and b).
Judging from the ion-KERs C" ions could, in principle, be formed
after three- (1 = 3) photon dissociation of C,H,, via C,H,", to form
C*(°s,'s,'D) along with CH,/CH,*, H, and H + CH and after four-
(n = 4) photon dissociation of C,H,, via C,H,"™, to form
C*(’D,'P,’P) along with CH,/CH,* and H, as well as C*(’S,'S)
along with H and CH (C) (see Fig. 5b and ref. 24). In combination
we conclude that the following multiphoton-fragmentation pro-
cesses could be important:

(3c): C,H,* —» C*(°S,'S,'D) + CH,/CH,*(b,a); All ion-KERs
(3f): C,H,* - H, + C*(*D) + C*(*s,'D); All ion-KERs

(32): C,H,” - H + CH + C*('D); Ion-KERs no. 6-7

This journal is © the Owner Societies 2023
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(4c): C,H,™ - C*(°D,'P,’P) + CH,/CH,*(b,a); Ion-KERs no.1-5
(4f): C,H,™ — H, + C*(*S) + C*(many); Ton-KERS no. 6-7, low KER
(42): C,H,™ — H+ CH + C*(°S,'S); Ion-KERs no. 6-7, low KER
(5b): C*('D, 'S, °S) + 2hv — C" +e7; e-KERs no. 6, 7

(5b): C*(°P, 'P, °D) + 1hv — C" +e™; e-KERs no. 6, 7

CH". Maximum relative ion signals of CH" are observed in
MR-REMPI for excitation no. 6 (A) (Fig. 1b). e-KERs of images
no. 4-7 suggest that two- (m = 2) photon ionization of a number
of CH* species (CH*(A, B, C)) is occurring (B) (Fig. 4b). Judging
from the ion-KERs CH" ions could, in principle, be formed after
three- (n = 3) photon dissociation of C,H,, via C,H,", to form
CH*(C,B,A) along with CH and after four- (n = 4) photon
dissociation of C,H,, via C,H,", to form CH*(C,B,A) along with
C/C* (C) (see Fig. 5¢ and ref. 24). In combination we conclude
that the following multiphoton-fragmentation processes are
important:

(3d): C,H,* — CH + CH*(C); Excitations no. 4-7, low ion-KER
(3d): C,H,” - CH + CH*(B, A); All excitations, low ion-KER
(42): C,H,”™ — H + CH*(C, B, A) + C*('S); Excitations no. 6-7
(4g): C,H,"™ — H + CH*(C, B, A) + C/C*('D); All excitations

(5¢): CH*(C, B, A) + 2hv — CH' +e~; e-KERs no. 4, 5, 6, 7

CH,". The relative ion signals of low CH,' intensities
observed in MR-REMPI reaches maximum for no. 6 (A)
(Fig. 1b). The e-KER of image no. 6 suggests that three-(m = 3)
photon ionization of the ground state CH,(X) is occurring (B)
(Fig. 4c). Energetically CH,(X) could be formed along with C by
two- (n = 2) photon dissociation, via C,H,** and along with a
number of C* atoms as well as C by three- (n = 3) photon
dissociation, via C,H,” (Fig. 2c). In combination, we conclude
that the following multiphoton-fragmentation processes could
be important:

(2¢): C,H** — C + CH,;  All excitations

(3¢): C,H,” — C/C* + CH,; All excitations

(5d): CH, + 3hv — CH," +e7; e-KER no. 6

C,". The relative ion signals of C," observed in MR-REMPI
are found to increase gradually with excitation (A) (Fig. 1b).
e-KERs of images no. 6 and 7 suggest that two-photon ioniza-
tion of C,*(d; v/ = 0, 1) is occurring (B) (Fig. 4b). e-KERs of no.
1-3 suggest that two-photon ionization of C,*(C) is occurring
(B) (Fig. 4b). Judging from the ion-KERs C," ions could, in
principle, be formed after two- (n = 2) and three- (n = 3) photon
dissociation of C,H,, via C,H,** and C,H,”, respectively to form

This journal is © the Owner Societies 2023
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C,*(d) along with H, (n = 2, 3) and 2H (n = 3) for all excitations
(C) (see Fig. 5d, e and ref. 24). C," ions could also be formed
after three- (n = 3) photon dissociation of C,H, to form C,*(C)
along with H, for all excitations (C) (Fig. 5d). In combination,
we conclude that the following multiphoton-fragmentation
processes are important:

(2b): C,H** — H, + Cy*(d);  All excitations, low ion-KER

(3b): C,H,” — H, + C,*(C); All excitations
(3e): C,H,” — H + H + C,*(d); All excitations, low ion-KER

(5)): Co¥(d, v/ =0, 1) + 2l — C,*/C" —» C,'(X, v =0-6)+e;
e-KERs no. 6, 7

(5)): C2*(C, v/ = 0) + 2hv — G'IC," - C' (X, v =0) +e7;

e-KERs no. 1, 2, 3

C,H'. Maximum relative ion signals of C,H" are observed in
MR-REMPI for excitations no. 4 and 5 (A) (Fig. 1b). e-KERs of
images no. 4 and 5 suggest that two- (m = 2) photon ionization
of C,H*(B') is occurring (B) (Fig. 4b). Judging from the ion-KERs
C,H" ions could, in principle, be formed after two- (n = 2) and
three- (n = 3) photon dissociation of C,H,, via C,H,** and
C,H,", respectively to form C,H*(B’) along with H for all the
excitations (C) (see Fig. 5f and ref. 24). In combination we
conclude that the following multiphoton-fragmentation pro-
cesses are important:

(2a): C,H,** — H + C,H*(B'); All excitations, low ion-KER

(3a): C,H,” — H + C,H*(B"); All excitations, high ion-KER

(5): C,H*(B') + 2hv — C,H"/C,H* - C,H'(X) + e7;
e-KERs no. 4, 5

E. Angular distributions

All the ion images recorded display shapes corresponding to
either parallel or isotropic distributions depending on the ions
and the kinetic energy released (see Fig. 3d and ref. 24). Given
the number of photons and the multiple channels/pathways
involved in the production of each ion and electron angular
distribution recorded, a detailed fitting and analysis will not
provide easily interpretable results as the extracted anisotropy
parameters would be the average of multiple processes. How-
ever, to obtain an insight on the general trend, we fitted
selected KER ranges with the one-step (non-resonant) expres-
sion for angular distribution,

P(0) = A |1+ fa, Pru(cos(0)) 9

to derive anisotropy parameters f3,, (n = 1-3), where n is the
number of photons involved in the photolysis, P,, is the 2n-th

Phys. Chem. Chem. Phys., 2023, 25,1690-1704 | 1699


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp04467f

Open Access Article. Published on 09 December 2022. Downloaded on 5/9/2026 2:58:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

order Legendre polynomial and A is a scaling factor. f,,
parameters derived from the data are to be found in ref. 24.
f, which is a convenient parameter to indicate the degree of
anisotropy of the transitions involved, ranges from +2 (purely
parallel transition) to —1 (purely perpendicular transition), via
0 (isotropic). These were found to be in the range of +1.3 (H') to
—0.2 (C,H"). There is an overall tendency toward a decreasing
p. value with ion mass. Furthermore, a tendency of a gradual
decrease in f3, with the excitation energy is observed for all the
fragment ions except C,H', which shows a drop in the value
from about +0.75 £ 0.25 (for excitations no. 1, 2, 4) to about 0
0.15 (for no. 5, 6, 7). An attempt was made to derive f,
parameters for separate channels from images which appear
to display bi- (or multi-) modal contributions by evaluating f3,
for different KER ranges (low and high ion-KER). Significantly
different f, values were obtained for high and low ion-KER
contributions of the C" and CH' images (see ref. 24). No further
interpretations of the angular distribution data® in connection
with the fragmentation processes are attempted here.

V. Discussion
C,H*(B')/C,H"

Judging from our data (see Section III, D) low KER peaks seen in
the C,H" ion-KERs no. 4 and 5 (Fig. 5f) are likely to be due to two-
photon ionization of C,H*(B') after a “near-resonant” energy
transfer from the corresponding Rydberg states (C,H,**)
(Table 1) to form C,H*(B’) and H after two-photon excitation of
C,H, (eqn (2a)). This could be used to estimate the energy of the
C,H*(B') species, which is the subject of an uncertainty: The value
of the energy for the C,H*(B’) state (E(C,H*(B'))) reported in
NIST? of 3.640 eV (29360 cm™ ) is determined from an absorp-
tion spectrum recorded after photolysis of C,H, trapped in a solid
argon matrix.”® In addition, calculated values of 3.81 eV (thermo-
dynamic calculation)®” and 3.716 eV (ab initio calculation)*® have
been reported for E(C,H*(B')). An alternative estimate of
E(C,H*(B')), based on our data (gas phase condition), is as follows.

Conservation of the energy in the two-photon excitation
step gives,

2hv = Do(C,H-H) + E(C,H*(B')) + Egpr (10a)

where Dy(C,H-H) is the bond energy of C,H,(X) to form C,H(X)
and H*® and Eg, is the threshold energy for C,H*(B') + H
(eqn (8)). This gives,

E(C,H*(B')) = 2hw — Do(C,H-H) — Eg,y  (10b)

The threshold energies (Ey,,) refer to the upper limits of the low
ion kinetic energy release peaks for no. 4 and 5, which cannot
be determined due to overlap of spectral contributions (see
Fig. 5f) Using the low ion-KERs peak positions (Epcar) as an
approximation for Ey,;, however, allows estimates of the upper
limit for E(C,H*(B")),

E(C,H*(B")) < 2hv — Do(C;H-H) — Epearc. ~ (10¢)

of about 3.54 & 0.01 eV (see ref. 24).
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Cy*/Cy"

In what follows we will discuss the probable fragmentation
channels prior to C," formation according to our observations
(see Section III, D) in the context of other observations.

C,*(d)/C,". According to our data, C," could be formed by
autoionization of a superexcited state C,” formed by two-
photon ionization of C,*(d, v/ = 0, 1) (eqn (5j)) for the excita-
tions no. 6 and 7 (Table 1). It also shows that C,*(d, v/ = 0, 1)
could be formed by two- (n = 2) photon excitation of C,H, (via
C,H,**) along with H, (eqn (2b)) and/or by three- (n = 3) photon
excitation of C,H, (via C,H,") along with 2H (eqn (3e)) for all
the excitations (see Section III, D). The following observations/
arguments favor formation of C,*(d) along with 2H by three-
photon dissociation over the formation of C,*(d) along with H,
by two-photon dissociation:

(i) Fluorescence studies based on the Cy*(d) — C,*(a)
transition (the Swan band®) reveal no C,*(d) formation for
C,H, for one-photon excitation corresponding to the two-
photon excitation region of concern here (i.e. 73900-83100
em™1),*° whereas a significant C,*(d) fluorescence is detected
for excitation to the region of 110850-124 650 cm ', which
corresponds to the three-photon excitation here.*® This sug-
gests that three-photons are required for the C,*(d)
formation here.

(ii) A close correlation is found between the signals of
REMPI spectra derived for the molecular parent ion (C,H,")*°
and a fluorescence excitation spectrum due to C,*(d) — C,*(a)°
derived for multiphoton excitations via the Rydberg states no.
1-6 (see Fig. 6). This strongly suggests that the formations of
C,H," and C,*(d) are of the same origin, i.e. from the super-
excited state(s) C,H,*, formed by three-photon excitation.

(iii) Dissociation of C,H,** to form C,*(d) and H, (eqn (2b))
will involve a transition via a cis-conformation geometry.’
Calculations reveal an energy maximum for the lowest energy
singlet state cis-conformer of about 76 000 4 1000 cm ™', which
excludes a corresponding dissociation of C,H,** for no. 1-3
and limits the corresponding transition/dissociation probabil-
ities for no. 4-5 (energies 75760 cm™ ' and 76085 c¢cm ',
respectively). Furthermore, all the Rydberg states of concern
(CyH,**) are, to a first approximation, considered to be linear in
structure,® which limits the possibility of transformation to a
cis-geometry without additional state transfer processes.

We, therefore, conclude that C,*(d) is formed by the three-
photon dissociation mechanism (3e), rather than by the two-
photon dissociation mechanism (2b), for all the excitations.
While C,*(d) is formed for all the excitations according to the
fluorescence data,® C," signals from the ionization of C,*(d)
(Fig. 4) are only observed for the excitations no. 6 and 7, for
energetic reasons, since only two-photons are required to ionize
C,*(d) in no. 6 and 7 compared to three-photons for no. 1-5. A
striking difference, however, is seen in the C," signal intensities
for ionization of C,*(d) for no. 6 and 7 as (no. 7) » (no. 6) (see
Fig. 4). Most likely this is due to a significant difference in the
branching fractions for the C,*(d) formations (I'(C,*(d))) via
channel (3e) for no. 6 and 7, as (I'(Cy*(d)) for no. 7) >»
(I'(Cy*(d)) for no. 6). This is further evident from the striking

This journal is © the Owner Societies 2023
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Fig. 6 Fragment fluorescence and acetylene spectra. (a) Fluorescence quantum yield for C,H*(B’), due to the C,H*(B’) — CoH(X) + hr emission
transition in one-photon-dissociation of C,H».2” (b) Fluorescence excitation spectrum of C,H, for the Co*(d) — C,*(@@) + hv (Swan band) emission
transition following two-photon excitation to C;H,** Rydberg states.® (c) CoH,™ REMPI spectra for two-photon resonant excitations to C,H,** Rydberg
states, from ref. 9 (black), 8 (brown) and 6 (purple). (d) Absorption spectrum of CoH.2”

difference in the relative intensities of the C,H," REMPI signal
and the C,*(d) fluorescence signal as seen in Fig. 6 for no. 7 as
well as the relatively small C,H," signal in the e-KERs for no. 7
(Fig. 4(c)).

While (3e) is likely to be the dominant channel for the C,*(d)
formation, a contribution to the formation of C,*(d) from the
photodissociation of C,H*(B’) (see above) is worth an investiga-
tion. As mentioned above (subsection “C,H*(B)/C,H"”) our data
suggests that C,H*(B') is formed after a two-photon excitation
(via C,H,**) (channel (2a)). C,H*(B’) was found to be a long lived
species®® formed to an increasing extent with excitation energy
in one-photon excitation®” in the region of concern, reaching a
quantum yield of about 6.7% for the excitation to no. 7 (see
Fig. 6). Further photoexcitation of C,H*(B') (in no. 6 and 7)
could, energetically, form excited states (Rydberg®* and/or
valence states®?), which are known to exist in that energy region
and which could predissociate to form C,*(d) and H (channel
(5k)).** This could be an important additional contribution to
the C,*(d) formation, for no. 6 and 7 in particular.

C,*(C)/C,". According to our data, C," could also be formed
by autoionization of a superexcited state C,” formed by two-
photon ionization of C,*(C) (eqn (5j)) for no. 1, 2 and 3
(Table 1). It also shows that C,*(C) could be formed by three-
(n = 3) photon excitation of C,H, (via C,H,") along with H,
(eqn (3b)) for all the excitations (see Section III, D). This
matches the result of fluorescence studies by Han et al. who
observed C,*(C) fluorescence due to the C,*(C) — Cy*(A)
transition for one-photon excitation of C,H,, which corre-
sponds to an excitation within our three-photon excitation
region, above the threshold for C,*(C) + H, and below the
threshold for C,*(C) + 2H (see Fig. 2b).*°

This journal is © the Owner Societies 2023

C,*(B’, v/ = 3)/C,". A sharp peak sticks out in the e-KERs for
no. 6 on the low KER side of the threshold for the C,*(d, v/ = 0)
ionization (see Fig. 4b). A corresponding weak peak, which
matches on the “A(2Av) shift scale” was also found for no. 7,
depending on the image recording conditions.>* This suggests
that these peaks are of the same origin for two-photon ioniza-
tion. These could not be assigned to any ionizations of relevant
atom fragments or molecular fragments for zero vibrational
states. Instead we assign these peaks to ionizations of C,*(B’,
v’ = 3). This is based on the calculated potential energy curves
for and spectroscopic parameters for C,*(B’)** and
C,*(d),”® which suggest that the peak positions match an
ionization of C,*(B’, v/ = 3), which is close in energy to C,*(d,
v =0) (AE ~ 0.1 eV) (see also ref. 24). The appearance of peaks
due to ionization of the v’ = 3 level only and an absence of peaks
due to ionization of other v’ levels of C,*(B’) could be associated
with mixing between the two states, which will depend on the
Franck-Condon overlap of the vibrational wave functions and
be inversely proportional to the energy gap between the v’
levels for the two states,"*'® to exaggerate the ionization
process for C,*(B’, v/ = 3) due to near-degenerate mixing with
Cy*(d, v/ = 0), i.e. an “intensity borrowing” effect.

C2*34’35

CH*(C,B,A)/CH"

Judging from our data (see Section III, D) CH'(X) could be
formed by two- (m = 2) photon ionization of (CH*(C,B,A)
(eqn (5¢)) (possibly via autoionization of superexcited CH”
(eqn (5j)) for no. 4-7 and that CH*(C,B,A) could be formed by
three- (n = 3) and/or four- (n = 4) photon dissociation processes
along with CH (channel (3d)) and C* (4g), respectively. Our
prediction of the former photodissociation channels (3d)

Phys. Chem. Chem. Phys., 2023, 25,1690-1704 | 1701


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp04467f

Open Access Article. Published on 09 December 2022. Downloaded on 5/9/2026 2:58:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

matches observations in fluorescence studies by Han et al., who
detected CH*(C,B,A) fluorescence due to transitions from
CH*(C,B,A) to CH(X) in the case of one-photon excitation of
C,H, in the excitation region corresponding to our three-
photon excitations (see Fig. 2b).>° The latter channel (4g),
however, cannot be ruled out. Thus, the broad range of the
ion-KERs for CH' for no. 7, in particular (see Fig. 5c¢) and
observation of strong C*('S) and CH*(B) two- (m = 2) photon
ionization signals in the e-KER for no. 6 (Fig. 4b) suggest its
involvement.

c*/c*

Based on our data (see Section III, D) C* could be formed by
two- (m = 2) and one- (m = 1) photon ionization of lower (C*('D,
'S, °S)) and higher (C*(°P, 'P, >D)) energy C* atoms, respectively,
for no. 6 and 7. The lower energy carbon atoms (C*('D, 'S, °S))
could be formed by three-photon dissociation channels ((3c),
(3f) and (3g)), whereas the higher energy atoms (C*(*P, 'P, *D))
would be formed by four-photon dissociation channels ((4c),
(4f) and (4g)). In both cases the total number of photons (n + m)
would be 5. The byproducts are either CH,/CH,* (channels (3c)
and (4c)), H, (channels (3f) and (4f)) or H and CH (channels (3g)
and (4g)). The observation of a CH,(X) ionization according to
the e-KERs for no. 6 supports the existence of channels (3c)
and/or (4c), as the source for the lower energy (C*) species. An
additional contribution to the source of C*('D) could be a one-
photon dissociation of CH*(A) (channel (5k)), which is found to
be formed for no. 6 and 7 (see above). It has been shown by
calculations®® and experimentally®”-*® that high lying Rydberg
states of CH (CH**), which could be accessed by one-photon
excitation of CH*(A) in the excitation energy region of concern,
could be predissociated by a repulsive *IT state to form C*("D) +
H. Thus, for example, CH*(A) could be formed by three-photon
dissociation of C,H, (along with CH(X)) followed by one-photon
excitation of CH*(A) and predissociation to form C*('D) (i.e.
total number of photons in the excitation of n = 3) prior to two-
(m = 2) photon ionization of C*('D) (i.e. n + m = 5).

V. Summary, conclusions and closing
remarks

Data of mass-resolved (MR) REMPI (Section III, A) and velocity
map images (VMI) of photoelectron and ion products following
two-photon resonant excitations of C,H, to seven Rydberg
states (VMI-REMPI) (Section III, B and C) (Table 1) were
recorded and analyzed. The analyses involved determination
of relative ion intensities, derivation of electron- and ion KER
spectra (e-KERs and ion-KERs) and angular distributions for a
number of ions formed as a function of the excitation. Thresh-
old energies corresponding to the maxima of kinetic energy
release for electrons formed in multiphoton ionization as well
as fragments formed in multiphoton dissociation processes for
various species (both in ground and excited states) and dis-
sociation channels were determined (Fig. 4 and 5). These were
compared systematically with electron- and ion-KERs signals/
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spectral features in our attempt to explore the signal origin. In
combination, the analyses revealed multiphoton-fragmentation
(photodissociation and/or photoionization) processes relevant
to the formation of the parent molecular ion (C,H,") and the
fragment ions H', C*, CH", CH,", C," and C,H" (Section III, D).
Whereas, the parent molecular ion formation dominated for
the lower energy excitations, the fragment ion formation gra-
dually increases with energy and was found to dominate for the
excitation no. 7 (Table 1). The major photodissociation chan-
nels observed are summarized schematically in Fig. 7 and
collected in Table 2. First, C,H," is formed by autoionization
of superexcited molecules (C,H,”) formed by three-photon
excitation for all the cases (no. 1-7; Table 1). This appears to
be the major channel for no. 1-5. Second, various neutral
fragments are formed either in ground or excited states by
two-, three- or four-photon dissociation processes via the Ryd-
berg states (C,H,**) or superexcited states (C,H,* and C,H,*),
respectively (marked as nx, where n = 2, 3, 4/number of photons
in the excitations and x = a-g in Fig. 7 and Table 2), prior to
photoionization. All in all, the three-photon dissociation pro-
cesses, via the first superexcited state(s) (C,H,"), are found to
play the biggest role in the overall multiphoton-fragmentation
process. Although all the photoexcited molecular states
(C,H,**, C,H,” and C,H,") are found to be involved in
multiphoton-fragmentation, their involvement and importance
will vary, depending on the photon density. The first super-
excited state(s) (C,H,"), being metastable, hence short lived,
with respect to both autoionization and dissociation, is an
important gateway for fragment formation in competition with
molecular autoionization. Further excitation to the second
superexcited state(s) (C,H,"), will compete with these fast
fragmentation and autoionization channels and, therefore,
largely diminish with decreasing photon density. The resonant
excitation to the Rydberg states, to a large extent, acts as an
enhancement step for further transitions to the C,H,” state(s).
Thus, in combination, it makes sense that the “intermediate”
excited state/first superexcited state (C,H,") plays the most
important role as a gateway towards the fragment formation,
prior to ionization under our experimental conditions. Thus,
for example, the formation of C,*(d) along with two hydrogen
atoms (2H) by three-photon dissociation is found to be favored
over two-photon dissociation to form C,*(d) along with H,.
Overall, the involvement of ionization of electronically excited
state fragment species (Fi*) in the multiphoton-fragmentation
processes is found to be important (Table 2) and the e-KER
spectra reveal a characteristic vibrational structure for the
C,*(d) ionization indicative of autoionization processes of
superexcited C,”. In addition to the major processes detected
and shown in Fig. 7 and Table 2, further photofragmentation
processes involving secondary photodissociation channels (i.e.
photodissociation of fragment species C,H*(B’) and CH*(A);
eqn (5k)) followed by photoionization processes (eqn (5x)) are
also proposed (see Section IV). Furthermore, the data allowed
evaluation relevant to the energetics of the C,H*(B’) state,
which is the subject of uncertainty in the literature®®>® (see
Section IV, “C,H*(B')/C,H"") and revealed a state interaction in
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Fig. 7 Multiphoton-fragmentation processes: schematic energy diagram for multiphoton-excitation processes of C,H, according to this work. Vertical
black arrows denote photon absorption. Blue, red and green arrows denote fragmentation processes after the two-, three- and four-photon excitations,
respectively. The fragmentation processes are marked by the number of photons (n) required for the excitations and letters (nx) (see Section Ill, A).
CoHa(X), CoHo**, CoHo* and CoHL*# are the ground-, Rydberg- and first and second superexcited states, respectively.

Table 2 Fragment ion (Fi*) formation processes detected

Photofragmentation Photoionization

Fi' (nx)" No. excitations” m° Species ionized No. excitations”
H" 4a 1-7 1 H*(n=2) 4,5

c' 3¢, 3f 1-7 2 C*(low energy)? 6,7

¢t 3g 6,7 2 C*(low energy)’ 6,7

Cc" 4c 1-5 1 C*(high energy)’ 6,7

ct 4 4ag 6,7 1 C*(high energy)? 6,7

CH' 3d,4g 1-7 2 CH*(A, B, C 4-7

CH," 2c,3c 1-7 3 CH,XY 6

G, 3¢ 1-7 2 CrdY 6,7

c,” 3b 1-7 2 CXcy 1-3

C,H' 2a,3a 1-7 2 CH*BY 4,5

¢ (nx) refers to the eqn numbers given in Section III, A; n = number
of photons in photon-fragmentation; x = letter, a, b,.... ° See Table 1.
“m = number of photons in photoionization. 4 C*(low energy):

C*(’s,'s,'D); C*(high energy): C*(*D,'P,’P). ¢ Channel (3e) is favoured
over (2b): see Section IV, “C,*/C,"./ CH*(A, B, C): CH valence states
A’A, B2, C*Z*; CH,(X): CH, ground state X*By; C,*(d, C): C, excited
states dZHg, CZHg; C,H*(B'): C,H B'?A,.

C,* between C,*(d, v/ = 0) and C,*(B/, v/ = 3)***° (see Section IV,
“Co*(B, v/ = 3)/C,"™).

The acetylene molecule (C,H,), which is the smallest organic
molecule in terms of the number of atoms, has been observed in
interstellar space.>'® The question arises whether it could be an
important source of reactive organic intermediate species (radi-
cals and ions) such as those observed in this work, upon UV
radiation in space. Thus, it could act as a source of important

This journal is © the Owner Societies 2023

building blocks for further creation of bigger organic molecules
formed by radical and/or ion reactions either on surfaces or in
space. The triple bond of the molecule is an underlying reason
for the large number of possible transitions by photoexcitation
of the m valence electrons to Rydberg orbitals, hence the for-
mation of Rydberg states. These belong to Rydberg series which
either converge to the ground ionic state (i.e. C,H,**) or excited
ionic states (i.e. superexcited states CZHZ#), the latter of which
are found to be important gateways for radical and excited state
fragment formations. Thus, it can be argued that the “unsatu-
rated nature” of acetylene makes it particularly suitable for the
formation of small organic radicals and ion species upon UV
radiation corresponding to excitation to superexcited Rydberg
states beyond its ionization limit (11.4 eV), corresponding to A <
109 nm, one-photon excitation. Although our excitation scheme
involves three-photon excitation of C,H, to C,H,”" via C,H,**
rather than one-photon excitation directly to C,H," the domi-
nant selection rule of g < u per photon excitation (hence g < u
for three- and odd number-photon excitations) for C,H, ensures
similarity for both one- and three-photon excitations to the
superexcited state(s) (C,H,") region. We, therefore, feel that
our observations are of important relevance to understanding
one-photon UV excitation of acetylene as well as for (multi)-
photon-fragmentation processes in molecules in general.
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