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Abstract. Monochromatic synchrotron radiation was used to promote K -shell electrons of
nitrogen and carbon from the cyano group (C ≡ N) of gaseous acrylonitrile (C2H3 − CN) to
the unoccupied antibonding π∗

C≡N orbital. Photofragmentation of acrylonitrile molecules following
selective resonant core excitations of carbon and nitrogen core electrons to the π∗

C≡N orbital
were investigated using the electron-energy-resolved photoelecton-photoion coincidence (PEPICO)
technique. The fragment ion mass spectra were recorded in coincidence with the resonant Auger
electrons, emitted in the decay process of the core excited states. Singly and triply deuterated
samples were used for fragment identification. The results showed the initial core hole localization
to be of minor importance in determining the dissociation pattern of the molecular cation. The
participator and spectator Auger transitions produce entirely different fragmentation patterns and
the latter indicates that complex nuclear rearrangements take place. It is suggested that the
calculated kinetic energy releases are caused by the existence of metastable states, which appear
with the opening of the spectator Auger channels.
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1. Introduction

Acrylonitrile (also known as cyanoethylene, propenenitrile, and vinyl cyanide) may be regarded

as a derivate of ethylene (C2H4) by substituting one of the hydrogen atoms with the cyano group

(C ≡ N) or in other words it is olefinic nitrile containing one double bonded C = C moiety

together with a triple bonded CN group. This molecule is an important industrial chemical: it

is widely used as a monomer or comonomer for synthetic fibers, resins, plastics, elastomers and

rubber. Acrylonitrile contributes heat, chemical, solvent, and weathering resistance to polymers.

It is used in fumigants as well. On the other hand acrylonitrile plays an important role in

astrochemistry, since this molecule and its fragments caused by cosmic radiation are present in

interstellar medium. This has been a stimulus for investigations of the ion-molecule chemistry

of acrylonitrile and its fragments [1, 2, 3, 4]. There is a number of experimental and theoretical

studies concerning the inner- and valence-shell excitations [5, 6, 7, 8, 9, 10] and the core-level

photoemission of gaseous and adsorbed acrylonitrile [11, 12, 13, 14, 15, 16] as well. In the case of

solid acrylonitrile the non-radiative (electronic) decay channels at the nitrogen K-edge have been

studied by resonant Auger electron spectroscopy (RAES)[17] and for the gas phase acrylonitrile

have been published the mass spectrometric investigation results of ionization and appearance

energies for all detected cations [18]. Recently the kinetic energy release distribution for the

metastable decay reactions of ions formed by electron impact on acrylonitrile has been reported [19].

The possible molecular and radical elimination channels in acrylonitrile photodissociation in the

vacuum-ultraviolet region have been investigated by many different experimental techniques - flash

photolysis-kinetic absorption spectroscopy [20], laser-induced fluorescence spectroscopy (LIF) [21],

transient frequency-modulation spectroscopy [22], photofragment translational spectroscopy (PTS)

[23], time-resolved Fourier transform infrared emission spectroscopy [24]. Also the theoretical

calculations of reaction pathways for the unimolecular fragmentation of acrylonitrile in the ground

state were thoroughly examined and it was found that the H-atom migration reactions are rapid

and influence significantly the following dissociation processes [25, 26].

In the present study, the photodissociation and possible geometrical rearrangements of

acrylonitrile molecule induced by the core level electron excitations are explored and discussed

depending on the character of the preceding electronic relaxation channels and/or the kinetic

energy of ejected Auger (or photo-)electrons. The experimental data of recently published article

about the fragmentation patterns of doubly charged acrylonitrile following C 1s core ionization

has been collected with the same experimental setup as the spectra of present work [27].

Next, we present the background to the processes involved. Firstly, consider the evolution

of events following the interaction with soft x-rays. The subsequent description is confined to

core-level photoexcitation only, as is the case of this study. The photoexcitation of a molecule

promotes an electron from the core level to an initially unoccupied orbital creating a high-energy

intermediate core-excited state, the lifetime of which is a few femtoseconds. The subsequent

relaxation process leads to the autoionization of the excited neutral molecule and may be followed

by photodissociation of the molecular cation (see Figure 1):

M + hν → M∗ → m+ + n + e−Auger,

where M∗ is the excited molecule and e−Auger is the resonant Auger electron with the characteristic
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Figure 1. Single photoexcitation of the neutral molecule (M) to excited state (M?), the following
relaxation to the ionized state (M+) or/and to the fragments (m+ + n) depicted in the potential
energy space. The symbols IE(M+) and AE(m+) denote the ionization energy of the precursor
molecule and appearance energy of an ion fragment, respectively. Horizontal axis corresponds to
the internuclear coordinate.

kinetic energy. The dissociation products in the present case are a fragment cation and a

neutral fraction (m+ and n, respectively). In terms of energy redistribution, the above process is

represented as

Eint + EX = Ehν − Ekin(e−Auger),

where Eint is the internal energy of the system (molecular ion or ionized and neutral fraction)

and EX is the adiabatic ionization energy of the neutral precursor (or appearance energy of an

ion fragment). This formula implies that it is possible to extract very versatile information from

the electron-energy-resolved (Ekin) electron-ion coincidence experiments about the formation and

fragmentation dynamics of molecular cations formed by single ionization process (see, e.g., refs.

[28, 29] and articles in ref. [30]).

We have investigated the photodissociation of acrylonitrile (CHH2 = CCH − CN ≡ N)

molecules following resonant core excitations of nitrogen and carbon 1s electrons to the molecular

orbital of the localized π∗
C≡N character using the electron-energy-resolved photoelectron-photoion

coincidence (PEPICO) technique (the subscript letters used in the acrylonitrile formula indicate

the non-equivalent carbon atoms). Also the total ion yields at the N and C 1s absorption edges

were recorded in order to determine the exact energy values of the corresponding excitation. In

order to unravel the ambiguous pairs in the mass spectrum, also the experimental data from triply

deuterated (CD2 = CD − C ≡ N) and singly deuterated (CH2 = CD − C ≡ N) acrylonitrile

samples was recorded.

In addition, ab initio molecular orbital calculations for appearance energies of dissociated

fragments were carried out and the local equilibrium and the transition conformations of the

acrylonitrile molecule have been calculated for some dissociation pathways.
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2. Experimental setup

The detailed description of the joint PEPICO setup of Oulu and Turku Universities used for the

coincidence measurements is given in Reference [31]. In brief, the experimental PEPICO setup

consists of a modified Scienta SES-100 electron energy analyser [32] and a homemade Wiley-

McLaren-type ion time-of-flight detector with a 400 mm long drift tube. The original CCD-

camera-based detection system of the electron spectrometer was replaced by a resistive anode

detector (Quantar) in order to achieve fast single electron position-sensitive response signal in

nanosecond scale. The ion time-of-flight(TOF) spectrometer is equipped with a 77 mm active

area Hamamatsu MCP detector followed by 10 concentric anode rings to enable a registration

of the longitudinal and radial time-of-flight components of ions relative to the symmetry axis of

the ion spectrometer tube. The ion detection electronics is based on a 1 GHz waveform digitizer

card (Signatec PDA 1000). The PEPICO measurements were performed in pulsed field mode,

where the detection of electron by the electron analyzer triggers the clock for the TOF of the ions

(true coincidences), within a certain time window. However, the ion TOF spectrometer detects

also fragments (false coincidences or noncoincidences) which are not created from the initially

ionized molecule. For extracting the coincidence and noncoincidence events the experimental

setup contains also an additional pulse generator which provides artificial extraction pulses at a

constant frequency. During the PEPICO experiment both - the electron and artificially triggered

events, and the coincidence and noncoincidence data maps, respectively were recorded. Finally,

a custom made Igor Pro software based data analysis macros [33] were used to subtract the false

coincidence background from the initial coincidence map and retrieve the real coincidence data

pattern. The experiment was executed at the undulator based soft X-ray beamline I411 at MAX-

II synchrotron radiation storage ring (Lund University, Sweden) [34]. The synchrotron radiation

coming from undulator was monochromatized by a Zeiss SX-700 plane grating monochromator.

The PEPICO system is operated in the pulsed extraction field mode and in the present experiment

the extraction pulse voltage was ±100 V across the sample region, with the drift tube held at

−525 V. The entrance slit of the electron spectrometer was 1.6 mm and the pass energy was

200 eV, which gives a resolution 1.2 eV. In order to minimize the signal of the false coincidences

the low counting rates of about 10 electrons/s have been used. The average number of ions per

electron trigger was 0.8 and number of ions per artificial trigger 0.2 (including detector noise

counts). The base pressure in the end-station chamber was less than 5 × 10−7 mbar. During the

experiment the chamber pressure was maintained below 5 × 10−6 mbar. The measurements were

made at room temperature. The samples of acrylonitrile and its isotopologues were purchased from

Sigma-Aldrich with purity greater than 98 %. The further purification process was performed only

through the degassing the liquid sample by multiple freeze-pump-thaw cycles before leading the

sample vapor into the measurement chamber.
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3. Results

3.1. Photoexcitation and resonant non-radiative decay

The acrylonitrile molecule is planar in its electronic ground state and belongs to the CS point

group. In the following notations the z axis is chosen perpendicular to the plane (x, y) of the

molecule. The occupied valence configuration of the ground electronic state of acrylonitrile is

given by

5a
′26a

′27a
′28a

′29a
′210a

′211a
′21a

′′212a
′22a

′′2

and the energy ordering of the unoccupied molecular orbitals is:

(3a
′′
)0(13a

′
)0(4a

′′
)0.

According to the earlier studies [35, 36, 6, 9, 8] the orientation, localization and orbital type of

these states are as follows:

the bonding MOs :

1) 5a
′
, 6a

′
, 7a

′
- inner valence σ character MOs,

2) 8a
′
- s-type orbital with C2s character localized in cyano group,

3) 9a
′
, 10a

′
, 11a

′
- correspond to σC−C , σCH2 and σC≡N , respectively,

4) 1a
′′

- mixed character of πz(C ≡ N) and πz(C = C),

5) 12a
′
- localized πxy(C ≡ N) character,

6) 2a
′′

- delocalized conjugation of πz(C ≡ N) and πz(C = C) orbitals;

the antibonding MOs :

7) 3a
′′

- π∗
z orbital, delocalized along the CH = CC − CN ≡ N chain,

8) 13a
′
- π∗

xy orbital, localized on cyano (C ≡ N) group

and

9) 4a
′′

- the highest π∗
z orbital, delocalized along the CH = CC − CN ≡ N chain.

On the basis of the character of abovementioned MOs and theoretical calculations [8], it

is clear, that core electron excitations to the initially unoccupied 13a
′

orbital can take place

mostly from the CN and N 1s orbitals, since there is considerable overlap only between the

1s wavefunctions of these atoms and the final wave function of the excited electron. It is also

noteworthy to mention that only these core level transitions (CN (and N) 1s → π∗
xy(C ≡ N))

have localized nature.

In the total ion yield spectra of acrylonitrile at the nitrogen and carbon K-edges (Figure 2),

we observed strong resonances at 399.84 eV and at 286.80 eV which correspond to the transitions

N 1s → π∗
xy(C ≡ N) and CN 1s → π∗

xy(C ≡ N), respectively. The beamline monochromator

resolution was 0.3 eV and 0.4 eV for incident radiation at corresponding C and N K-edges.

Resonant Auger decay spectra of these two excitations are shown in Figure 3 in comparison

with a direct photoionization spectrum taken at ionization energy of 60 eV and with 25 meV

photon energy resolution. Both resonant decay spectra possess a similar structure with two clearly

separated maxima. The structure in the binding energy range between 11 and 15 eV corresponds to
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Figure 2. Upper panel: total ion yield of acrylonitrile at nitrogen K-edge. Lower panel:total ion
yield of acrylonitrile at carbon K-edge. The labels indicate the corresponding excited states.

the participator transitions, where the photoexcited electron is directly involved in the deexcitation

process leading to the single-hole final states as in the direct ionization from 11a
′
and 12a

′
orbitals.

The high binding energy side of the deexcitation spectra has a broad structure from 16 up to 30 eV

with the maximum at around 21 eV. In this region the nonresonant electron energy spectrum has

only weak inner valence and electron-correlation satellite ionization states. This spectral region

can be attributed to the different spectator decay channels, which are in more detail described in

Ref.[17]. This decay channel leads to a two hole-one electron final state where the excited electron

acts as a localized spectator and screens the final two hole states.

3.2. Photofragmentation pathways

Figures 4 and 5 depict the PEPICO maps with corresponding integrated ion TOF and electron

energy spectrum recorded at the N and CN 1s → π∗
xy(C ≡ N) resonant excitation energy,

respectively. The spread of electron kinetic energy window, which is determined by the pass energy

of electron spectrometer, was chosen to cover the range of corresponding resonant KV V Auger

structures. The coincidence measurement setup and extraction of real coincidence dissociation
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Figure 3. Electron spectra of gaseous acrylonitrile measured at marked excitation energies. The
labels above the lower spectrum indicate the ionization energies of acrylonitrile valence molecular
orbitals. Two upper spectra correspond to the resonant Auger decay after N 1s → π∗

C≡ N and
CN 1s → π∗

C≡ N excitations, respectively.

pattern has been expounded in the experimental setup section.

The ion TOF spectrum shows a large variety of different dissociation fragments including

the precursor molecular ion C3H3N
+. Unfortunately the equal mass fragment pairs like

(CH+
2 , N+), (CH+

3 , NH+), (C2H
+
2 , CN+), (C2H

+
3 , CNH+), (CNH+

2 , N+
2 ), (C3H

+
2 , C2N

+) and

(C3H
+
3 , C2NH+) are not discernible in time-of-flight ion spectrum. In order to identify the

ambiguous fragments from the coincidence ion TOF, we performed also the PEPICO measurements

of the deuterated acrylonitrile which has different fragment pairing. Using the curve fitting analysis

[33], we determined the intensities of all TOF peaks for both samples and composed the systems

of linear equations, where the variables were the abundancies of the possible fragments with the

same mass-to-charge ratio. The last step was to use least-squares minimization to achieve the

best agreement between the calculated abundancies and the curve-fitted TOF intensities. The list

of dissociation products according to this analysis is shown in Table 1. The light H+ and D+

fragments are not added to this table due to the unreliability of quantitative intensity information,

which is caused by the low detection efficiency of these fast fragments.
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Figure 4. Electron-ion coincidence (PEPICO) map of acrylonitrile from the Auger decay of the
N 1s−1π∗

xy resonance at hν=399.84 eV. The electron energy spectrum (top panel) and the ion TOF
spectrum (right-hand panel) are both integrated from the data of the PEPICO map (main panel).
The labels with arrows denote the main dissociation fragments.

The main fragments of acrylonitrile following the N 1s → π∗
C≡ N , and CN 1s → π∗

C≡ N

excitations can be divided into the heavy C3NH+
n and the light C2H

+
n groups, where n = 1 − 3.

The relative weights of these fragmentation groups constitute approximately 77 % and 66 % of the

recorded fragmentation pattern of acrylonitrile following the corresponding resonant excitations.

The comparison of relative intensity weights of fragment pairs (C2H
+, CNH+

2 ), (C2H
+
2 , HCN+)

and (C2H
+
3 , CN+) also implies that the singly ionized fragment cations are formed more probably

from the moieties containing vinyl (CH2 = CH−) than from the cyano (−C ≡ N) group.

3.3. Electronic relaxation channel dependent fragmentation

The main panels of Figures 4 and 5 display the fragment and molecular ion intensities depending

on the energy of electrons. These coincidence fragmentation patterns also allow to study, how the

fragmentation pathways depend on the atomic site of the core electron excitation, as the initially

unoccupied π∗
xy(C ≡ N) is strongly localized in the neighborhood of the cyano group.

Examination of both PEPICO patterns indicates no major variances between their dissociation

products (see also Table 1). This leads to the conclusion that, even in the present case where the

initial perturbation has a well localized nature, the atomic site of initial core excitation has no
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Figure 5. Electron-ion coincidence (PEPICO) map of acrylonitrile from the Auger decay of the
C 1s−1π∗

xy resonance at hν=286.8 eV. The electron energy spectrum (top panel) and the ion TOF
spectrum (right-hand panel) are both integrated from the data of the PEPICO map (main panel).

major influence to the following fragmentation process. In other words, the CN 1s and N 1s core

level excitations lead to the final electronic states with very similar populations (see the two upper

decay spectra in Figure 3) as a starting point of the dissociation.

In order to explore in detail the energy dependence of the creation of fragment cations, the

data of the PEPICO map in Figure 4 have been processed to the form of the coincidence ion yields

(CIYs), which represent the ion intensities as a function of the coincident electron′s binding energy

(or as a function of the total available excess internal energy of the parent molecular cation).

Also the experimental appearance energies for the main fragments have been estimated by linear

interpolation of the coincidence ion yield curves. In Figure 6 are shown the CIYs of the acrylonitrile

precursor ion and five main fragment cations, following the N 1s−1π∗
xy(C ≡ N) excitation and in

coincidence with the corresponding resonant KV V Auger electrons. The ionization of the parent

molecule starts at 10 eV binding energy and has the peak intensity at 12.4 eV, which coincides with

the maximum of the participator structure of the electron spectrum and is in resonance with the

direct ionization final state (12a
′
)−1. The participator transitions lead also to the fragmentation of

the acrylonitrile molecule. The pattern of the C3H2N
+ ion appears at around 12 eV and concurrent

loss of a neutral H atom starts to take place. The intensity distribution of the C3H2N
+ ion extends

up to 23 eV in the binding energy scale and has two maxima at 13.3 and 17.4 eV. The first one
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Table 1. Photofragmentation products of the C3H3N and C3D3N molecules following the
C1s → π∗ and N1s → π∗ core excitations. H or D are commonly denoted by X . Masses of
the deuterated fragments are given in brackets. Abundancies are given in percent together with
error bars in brackets.

Abundancy

Fragment Mass (a.m.u.) C1s → π∗ N1s → π∗

CX+ 13(14) 1.2 (0.1) 0.9 (0.1)

N+ 14 0.1 (0.2) 0.2 (0.3)

CX+
2 14(16) 1.9 (0.4) 1.3 (0.4)

NX+ 15(16) 1.3 (0.1) 0.8 (0.1)

CX+
3 15(18) 0.0 (0.1) 0.0 (0.1)

NX+
2 16(18) 1.1 (0.1) 0.9 (0.1)

C2X
+ 25(26) 7.4 (0.1) 5.2 (0.1)

C2X
+
2 26(28) 23.7 (0.7) 28.5 (0.8)

CN+ 26 2.2 (0.5) 0.0 (0.5)

C2X
+
3 27(30) 7.1 (0.3) 10.9 (0.4)

CNX+ 27(28) 2.0 (0.5) 2.2 (0.6)

CNX+
2 28(30) 2.6 (0.1) 3.3 (0.1)

C3X
+ 37(38) 4.0 (0.1) 2.4 (0.1)

C3X
+
2 38(40) 1.8 (0.5) 1.1 (0.5)

C3X
+
3 39(42) 0.0 (0.1) 0.0 (0.1)

C2N
+ 38 3.9 (0.4) 2.3 (0.3)

C2NX+ 39(40) 2.0 (0.2) 2.1 (0.2)

C2NX+
2 40(42) 0.3 (0.1) 0.7 (0.1)

C2NX+
3 41(44) 0.3 (0.1) 0.1 (0.1)

C3NX+ 51(52) 12.6 (0.3) 18.5 (0.3)

C3NX+
2 52(54) 5.7 (0.2) 5.8 (0.2)

C3NX+
3 53(56) 9.8 (0.2) 7.9 (0.2)

C+ 12 1.8 (0.1) 1.0 (0.1)

C+
2 24 1.2 (0.1) 0.8 (0.1)

C+
3 36 0.5 (0.1) 0.0 (0.1)

C3N
+ 50 3.9 (0.1) 3.0 (0.1)

coincides with the state (11a
′
)−1 and the second occurs in the low binding energy side of spectator

Auger region. The C3HN+ fragment appears at 11.5 eV with very slow intensity increase up

to 18.5 eV binding energy and then the intensity of this fragment starts to follow the shape of

the spectator structure of the electron spectrum. The co-product of this dissociation channel is

molecular H2 which is energetically more favored compared to the release of two atomic H.

In addition to the production of heavy fragments at the energy region of the participator

transitions, the rise of lighter C2H
+
2 ion pattern and the loss of neutral hydrogen cyanide (HCN)

molecule starts. The appearance threshold of this fragment is at 11.8 eV and the first intensity

maximum is located at 13.3 eV. It can be seen from Figure 6 that the elimination channels of
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Figure 6. Coincidence ion yields (CIY) of acrylonitrile main fragments following the Auger decay
of the N1s−1π∗ resonance at hν=399.84 eV and the electron energy spectrum on top panel. The
calculated appearance energy values for each CIY curve are given by vertical (black) bars. Labeled
appearance energy bars (A), (V) correspond to the acetylene (H − C ≡ C − H) and vinylidene
(: C = CH2) isomeric configurations of C2H

+
2 cation, respectively. The horizontal bars denote the

zero level of signal for each CIY curve.

the H atom and the HCN molecule are competing at the high binding energy shoulder of the

participator peak in the electron spectrum. The creation of H can be explained by simple rupture

of the bond between hydrogen and carbon (CH or CC) atoms if the molecular ion has got enough

excess energy for this process. The HCN elimination can be explained as follows: when the core

electron is promoted to the πC≡N orbital, the hybridization of the CN atom changes from sp to

sp2 and thus gives rise to the change of geometry of the acrylonitrile molecule [37]. Subsequently,

the bond between H and CC (or CH) atoms weakens and the hydrogen atom starts to form partial

bond(s) with the CN (and N) atom(s). Finally, the bond between the migrating H atom and vinyl

group (C2H2) breaks and the HCN molecule separates from the parent acrylonitrile molecular

ion.

In the binding energy range corresponding to the spectator transition, three strong fragments

are observable: C3HN+, C2H
+
2 and C2H

+
3 . The co-product of the latter is the neutral CN radical

caused by the simple bond cleavage between vinyl and cyano group.
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Figure 7. Coincidence ion yields (CIY) of acrylonitrile-2-d (CH2 = CD − CN) main fragments
following the Auger decay of the N1s−1π∗ resonance at hν=399.84 eV and the electron energy
spectrum on top panel. The calculated appearance energy values for each CIY curve are given
by vertical (black) bars. Labeled appearance energy bars (A), (V) correspond to the acetylene
(H−C ≡ C−H) and vinylidene (: C = CH2) isomeric configurations of C2H

+
2 cation, respectively.

The horizontal bars denote the zero level of signal for each CIY curve.

4. Nuclear rearrangements caused by the core level excitations and metastability of

fragments

This section will discuss the acrylonitrile fragmentation preceded by the cyano group core level

excitations, concerning the possible geometrical changes during the evolution of these processes. In

addition, ab initio molecular orbital calculations for appearance energies of dissociated fragments,

carried out by the unrestricted Hartree-Fock (UHF) theory with the split-valence 6-311(dp)

basis set [38] containing polarization functions for all atoms will be reported. Computational

studies presented in this work were executed with GAMESS (The General Atomic and Molecular

Electronic Structure System) program [39]. The theoretical appearance energies were estimated

by substracting the total energy of the neutral parent compound from the sum of total energies of

its isolated fragments. These fragments are the isomers corresponding to the conformations which

have the (globally) lowest energy. The careful exploration and analysis of PEPICO maps together
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with calculations shows the relevance of geometrical readjustment to the coincidence dissociation

pathways.

4.1. Molecular dissociation pathway: (C2H
+
2 , HCN)

Let us turn back to Figure 6, where every CIY is presented together with the corresponding

ionization or appearence energy (AE) bar. The overall agreement between experiment and

calculation is excellent, except in the case of the strongest fragment (C2H
+
2 ), for which we

calculated AEs for two possible configuration – acetylene (H − C ≡ C − H) and vinylidene

(: C = CH2). It has been observed earlier that the acetylene molecular ion induced by the

ionization of carbon 1s electron often rearranges from the acetylene configuration to the vinylidene

form prior to the dissociation in a time scale estimated to be less than 60 fs [43]. According

to the calculations [37] the periods of the C − H vibrational stretching modes in acrylonitrile

are comparable to the intrinsic lifetime of the core excited molecule (5-10 fs). The non-zero

probability for a hydrogen atom migration may cause the complete geometrical rearrangement of

excited molecule during the processes following the initial excitation.

In order to ascertain the possible geometrical configurations of C2H
+
2 , we performed the

coincidence measurements also with singly deuterated acrylonitrile (CH2 = CD − CN or

acrylonitrile-2-d). The curves of CIYs of main fragments and parent ion are depicted in

Figure 7. The analysis of experimental data (which method is already given in subsection 3.2)

shows that the abundancy ratios of fragment pairs {(C3HDN+)M/Q=53/(C3H2N
+)M/Q=52} and

{(C2HD+)M/Q=27/(C2H
+
2 )M/Q=26} approach the ratio of 2 : 1, which can be deduced by calculating

the number of the 2-combinations of the 3-element set (H, H, D). Secondly, the experimental

appearence energies of fragments M/Q = 26 and M/Q = 27 are equal. The last circumstance

indicates that the geometrical structure of the precursor molecular ion has undergone significant

rearrangement process before the dissociation to these two fragments.

Our calculations confirm clearly this interpretation. Two possible dissociation pathways with

minima and corresponding characteristic transition states are traced in Figure 8. The upper

pathway conforms to the fragmentation channel, which leads to the creation of C2H
+
2 and lower

corresponds to C2HD+ fragment product.

It is quite obvious that the hydrogen bonded with CC carbon would most probably attach itself

to CN part in the C2H
+
2 and HCN dissociation process (Figure 8a). However, the strong CIY

corresponding to M/Q = 27 in Figure 7 together with the theoretical appearance energy indicate

that the above mentioned dissociation channel is not the only possibility. This implies that the

parent compound should go through an isomerization process before the fragmentation (Figure 8b).

The calculated appearance energy matching to the experimental appearance threshold of M/Q=27

was acquired by substracting the total energy of the neutral parent molecule from the sum of total

energies of geometry-optimized singly charged acetylene (HCCD+), which is the global minimum

of all the possible C2H
+
2 conformations) and neutral HCN . Accordingly, using modelling result

of HCCH+ compound to attempt to describe the singly deuterated one (HCCD+) is reasonable,

since the effect of deuterating the sample is assumingly minimal [4] and of course negligible in

sense of the Hartree-Fock theory. The isomerization process can be qualitatively modelled by

examining the potential hypersurface of the molecule. The hypersurface is the function of (3*7-6=)
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Figure 8. Two possible photofragmentation and isomerization pathways of the acrylonitrile parent
ion leading to the creation of the C2H

+
2 ion and the loss of HCN molecule. The minima (Min)

and corresponding characteristic transition states (TS) are given together with their total energy
values in electronvolts and hartrees. The hydrogen atom (replaced with D in singly deuterated
sample) initially located at central carbon atom (CC) is denoted with asterisk (?)

.

15 degrees of freedom representing nuclear coordinates of the atoms in the molecule. Here, our main

interest lies in the local equilibrium and the transition conformations of the parent ion and also the

potential barriers between the stationary points. The equilibrium conformations were located by

quasi-Newton algorithm [40] and the transition structures were found by following the minimum

energy path on the potential surface of the parent ion. The intermediate structures were also

verified by a vibrational frequencies analysis - the vibrational motion associated with the negative

frequency is the one oscillating back and forth between the initial and the final equilibrium state.

Figure 8 illustrates two of the possible internal rearrangements of the dissociating acrylonitrile ion,

which lead to the same final state, but the hydrogen atom initially located at central carbon atom

(CC) ending up in different fragments.



RAEPICO study of the fragmentation dynamics of acrylonitrile molecule 15

4.2. Kinetic energy release of fragments depending on the electronic state

The kinetic energy release (KER) during the dissociation results in an additional velocity spread

of the fragment ions and this velocity change is reflected in the broadening of the TOF peak

of fragment. The coincidence measurements permit to examine the KERs of different cations

depending on the excess internal energy of parent ion. In the present case we have determined

the FWHMs of TOF peaks for the C3H2N
+ and C2H

+
2 fragments; both of them were detected

in participator and also in spectator range of the electron spectrum. We used the pseudo-Voigt

function for curve fitting [33] of the experimental data, since the shapes of these TOF peaks

resemble more a Gaussian than flat-topped (or dish-shaped) distributions that arise at high KER

values. This curve fitting approximation gives one representative value of the KERs, possibly

combining several channels each with a different KER [41]. The KERs were obtained by comparing

the experimental widths of peaks with Monte-Carlo simulations of the ion TOF spectra using the

values of experimental extraction and acceleration voltages and the corresponding dimensions of the

ion-TOF spectrometer′s regions. The results of KER values of these two fragments are presented

in Table 2. The simulation also shows that under the present experimental conditions the C2H
+
2

fragments stay in the spectrometer′s extraction region only during the first 0.37 µs, which is a

small fraction of the whole time-of-flight. The similar observation is also valid for the C3H2N
+

fragment. According to general classification, fragment ions can be divided to three groups -

stable, metastable and unstable, where the decomposition rate for metastable ions lies between

105 and 106 s−1 [42]. So, stable ions will reach the detector without fragmentation, but instead

of unstable ions their fragments will be detected. In terms of TOF measurements, the metastable

ion is a fragment dissociating in flight from the extraction region to the field-free region of the

mass spectrometer. In the case of acrylonitrile we have detected an abrupt increase of FWHM of

time-of-flight peaks at around 15 eV in binding energy scale (Table 2). We suggest to attribute the

increase in KERs of C3H2N
+ and C2H

+
2 fragments in spectator energy range of electron spectrum

to the existence of metastable states, which cause the decomposition of corresponding fragments

in flight from the extraction region to the field-free region of TOF analyzer. In both cases the

KER values are below 100 meV, which indicates the absence of reverse activation barrier and

simple bond cleavage dissociation reaction. The metastable state of protonated cyanoacetylene

(HC ≡ CH − CN) (or cyanovinylidene (CH2 = Ċ − CN)) is probably the precursor for C3HN+

fragment, which appears to PEPICO map in this excess energy region. In the case of metastable

fragmentation of C2H
+
2 , we expect the following reaction

C2H
+
2 → C2H

+ + H.

This channel is most likely , if we consider the experimental and theoretical appearance energy of

the C2H
+ fragment on PEPICO map. In other words, the metastable decay of the C2H

+
2 fragment

appears if the internal excess energy exceeds the appearance energy of the C2H
+. This assumption

is also confirmed by earlier theoretical calculations and PEPICO experiment for C2H2 molecule

[44, 45], where it was concluded that C2H
+
2 ions with internal energies ≥ 17.40 eV decompose

overwhelmingly into C2H
+ in a temporal scale < 12µs.
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Table 2. KERs values of C2H
+
2 and C3H2N

+ fragments determined from the data depicted in
Figure 4. The error bars are given in brackets.

Fragment Binding energy (eV) FWHM (ns) KER (meV)

C2H
+
2 27 .. 19 46(3) 60(12)

C2H
+
2 15 .. 12 20(1) 10(2)

C3H2N
+ 20 .. 15 29(2) 9(2)

C3H2N
+ 15 .. 12 18(1) 0(1)

5. Conclusions

The investigation of acrylonitrile dissociation following the core level excitations of cyano group

atoms to the π∗
xy(C ≡ N) orbital have been performed. The comparison of the electron-ion

coincidence maps of the N 1s−1π∗ and C 1s−1π∗ Auger decay shows that in both cases the

fragmentation channels are the same and the energy dependency on the initial site of core hole

creation is very weak. On the other hand, the main features of these PEPICO maps strongly depend

on the final cationic state reached by Auger decay of the core excited states. The fragmentation

pattern clearly depends on the nature of resonant decay channel and/or the presence of excited

electron. Also the migration of light H atoms during the excitation and after that plays an

important role for the geometrical rearrangement of parent ion. Additionally, we have reported the

existence of metastable states of acrylonitrile fragments, which depend on character of electronic

decay channels and appear with the opening of the spectator Auger channels.
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