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Symmetry breaking and competition between electronic decay and nuclear dynamics are major
factors determining whether the memory of the initial core-hole localisation in a molecule is
retained long enough to affect fragmentation. We investigate the fate of core holes localised
at different sites in the free 1,3 trans butadiene molecule by using synchrotron radiation
to selectively excite core electrons from different C 1s sites to π∗ orbitals. Fragmentation
involving bonds localised at the site of the core hole provides clear evidence for preferential
bond breaking for a core hole located at the terminal carbon site, while the signature of
localisation is weak for a vacancy on the central carbon site. The origin of this difference
is attributed to out-of-plane vibrations, and statistical evaporation of protons for vacancies
located at the central carbon sites.

1 Introduction

Ultra rapid processes in molecules are of fundamental im-
portance for chemical reactions, but the interplay between
electron wave-packet dynamics and nuclear motion, in-
cluding proton transfer, bond rearrangement and dissoci-
ation, are found to be at the nexus of a growing num-
ber of key processes in photobiology and photochemistry
in a wide range of different types of molecules1–3. New
methods involving pump-probe schemes and diffraction
are routinely utilized to illuminate processes where elec-
tronic states can be connected to dynamics4–6, but another
approach involves excitation of highly localized core elec-
trons in order to initiate dynamics. In the latter approach
core-excited states relax to multiply ionized states, allow-
ing for direct imaging studies of molecular dynamics. Since
Auger decay, the primary channel for electronic relaxation
in hydrocarbons and organic molecules, takes place in less
than 10 femtoseconds electronic decay competes directly
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with nuclear motion.

Soft x-ray excitation provides additional insights into
dynamics as the site of core-hole creation can be se-
lected by frequency detuning, both to different elements
or subshells, but even to identical atoms with chemically-
shifted binding energies7. Early studies identified element-
selective bond dissociation over 3 decades ago8,9, but a
growing body of work points at a weak correlation between
localized core holes and bond dissociation at the core-hole
site10–13, likely due to population of delocalized valence
orbitals via Auger decay which erase the signature of the
initial core-hole site14.

1,3 trans butadiene is an important prototype as the
smallest π-conjugated system capable of absorbing visible
light, with optical properties due to π electrons along the
chain and to conformational changes upon photoexcita-
tion15. Core-electron excitation to the π∗ orbital is known
to induce nuclear dynamics leading to symmetry breaking
coupled to conformational changes16–19. We have shown
on the one hand that localization of the core hole is con-
firmed by selective population of valence states via partic-
ipator Auger decay originating from the terminal and the
central carbon sites20. On the other hand we find that dou-
ble ionization from π orbitals selectively triggers a confor-
mational change about the terminal or central C-C bonds21

similar to the result for ethylene22. This conformational re-
arrangement is coupled to the population of dication elec-
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tronic states, and is reflected in the appearance of partic-
ular fragmentation channels in the inner-valence region21.
Butadiene thus offers the possibility to gain insight into the
correlation between nuclear dynamics and electronic de-
cay of core-excited states in longer π-conjugated systems;
whether the symmetry is broken during the core-hole life-
time, and if so, whether hole/charge localisation competes
with charge transfer resulting in thermodynamical dissoci-
ation23. The basic principle of our experiment is illustrated
in Fig. 1. After core-electron excitation at the terminal or
central carbon sites [geometries shown in Fig. 1(a)] elec-
tronic relaxation populates dication states. The first elec-
tron is ejected within 10 fs, while the second ionization
step takes place within picoseconds, but before molecular
rotation occurs. These states dissociate preferentially into
fragment pairs that reflect the conformer, shown in Fig.
1(b). Dissociation pathways (1), (2), and (3) can be moni-
tored separately as the core-excited state is localized at the
central or terminal carbon atom.

In the present study we elucidate the connection be-
tween symmetry breaking and nuclear dynamics in 1,3
trans butadiene. Site-selective resonant excitation initiates
nuclear dynamics at the central and terminal carbon sites
and we probe localised bond breaking and hydrogen trans-
fer following C1s electron excitation. We find clear site-
dependent bond dissociation, and trace the origin of these
to a) symmetry breaking at the terminal carbon site b) out-
of-plane bending vibrational modes. The symmetry break
motivates the use of the equivalent cores-model, so inter-
pretation of the measured spectra is supported by calcu-
lations utilizing the Z+1 approximation. The equivalent-
cores calculation places the core hole at the terminal and
central sites with the LUMO occupied.

2 Methods

The measurements were carried out at the soft-X ray
beamline I411 at the MAX IV-Laboratory in Lund, Swe-
den24,25. A multi-ion coincidence three-dimensional mo-
mentum imaging spectrometer was used to perform both
ion yield and coincidence measurements21,26. Synchrotron
radiation intersected an effusive gas jet of 1,3 trans bu-
tadiene in the center of the spectrometer. Emitted elec-
trons and ions were extracted from the source region with
a strong electrical field (∼ 400 V/cm) and guided towards
position-sensitive detectors. The electrons start the acquisi-
tion timing system and all ions are collected in coincidence
within an acquisition time window of 10 µs. Three differ-
ent isotopic sample gases were used. 1,3 trans butadiene
was purchased from Air Liquide and the two deuterated
isotopes were obtained from Cambridge Isotope Labora-
tories Inc (98%), namely C4D6 and C4H2D4. The back-

Fig. 1 We investigate how core holes localized on the terminal
or central carbon atoms in 1,3 trans butadiene influence popula-
tion of dication states and subsequent fragmentation. (a) Different
equilibrium geometries for the terminal and central C1s-π∗ excited
states are calculated using the "Z+1" model (see SM). (b) Differ-
ent equilibrium geometries of π−2 dication states and the subse-
quent dissociation pathways are taken from Ref.21. Measuring the
branching ratios of these three dissociation pathways as a function
of the photon energy provides a means to probe the effect of core
hole localisation on fragmentation.

ground pressure in the experimental chamber was main-
tained at about 10−6 mbar during measurement. The iso-
topic species were measured separately, and no effects of
contamination were visible. We also performed ab initio
quantum chemical calculations using the MOLCAS pack-
age27. To infer the dynamics of the resonantly excited core-
hole states, we investigated the geometry these states using
the (Z+1) model16. More information about calculations
and data analysis can be found in the supplementary ma-
terial, SM.

3 Results and discussion
First we investigate nuclear motion in the core-excited
states by comparing total ion yield (TIY) spectra of C4H6,
C4D6, and C4H2D4 in the region of the C 1s−1π∗1 resonance
features peaks [see Fig. 2]. The adiabatic excitation en-
ergy, labelled as 0, is found to be 284.17(±0.05) eV for
the terminal carbon and 284.83(±0.05) eV for the central
carbon. Butadiene belongs to the C2h symmetry group, so
the C 1s orbitals are of ag and bu symmetries, and features
arising from two different unoccupied valence states were
identified by de Brito28in the absorption spectrum. The
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Fig. 2 Ion-yield spectra of normal, partially (C4H2D4) and fully
deuterated (C4D6) butadiene for C1s-π∗ excitation. The locations
of the deuterium atoms on the isotopes are indicated by orange, and
hydrogen atoms by white in the upper panel. The peak positions
of resonant features in the terminal (CT ) and central (CC) carbons
are indicated by the solid vertical lines and labelled as discussed in
the text. The photon energy was calibrated using the known argon
2p resonance energies, and the photon band width is 90 meV, also
indicated in the figure.

features in the ion-yield spectrum in Fig 2 arise from the
C1s-π∗(au) transitions for the two chemically-shifted C1s
electrons. Excitations from CC and CT to the π∗(bg) state
lie at 287.8 and 288.5 eV (not shown). Fine structure is
due to vibrational excitations associated with the 1s−1π∗1

electronic transition, labelled as A, B, and C. Substitution of
hydrogen atoms by deuterium allows us to unambiguously
distinguish vibrational excitations involving hydrogen from
those of the C-C modes.

Feature C, and to a lesser extent feature A, shifts towards
lower energy in both deuterated samples, while the energy
of feature B for all species is unchanged, in partial agree-
ment with the analysis of de Miranda et al.29. Features A
and C are assigned to the excitation of C-H group motions,
and feature B is assigned to excitation of C-C stretching
vibrations. We can compare to ethylene30, whose vibra-
tional fine structure resembles structures associated with
the butadiene CT 1s core electron. By analogy feature A
is associated with a C-H out-of-plane bending (or twist-
ing31) mode, with 100-120 meV vibrational energy, and
feature C is related to a C-H stretching mode, with 375-

Fig. 3 Ion-ion correlation maps measured at 284.17 eV photon
energy (terminal carbon excitation) for C4D6 and C4H2D4. In the
latter molecule the hydrogen atoms are bonded to central carbons.
(a) Asymmetric fragmentation processes, where the carbon bond
at the terminal carbon site is broken, and symmetric fragmentation
processes, where the central carbon bond is broken, are sketched. In
the upper part pathways (1) and (3) are identified as being initiated
by C4D2+

6 symmetry breaking, as sketched in Fig. 1. pathways (2)
and (4) arise from symmetric fragmentation of C4D2+

6 . In (b)
pathway (4) separates into two (4H) and (4D) pathways for the
C4H2D2+

4 isotopic species depending upon whether the evaporated
hydrogen originates at the terminal or the central carbon site. The
hydrogen atoms are initially bonded to the central atoms and the
deuterium atoms are bonded to the terminal carbon atoms. Thus
4H indicates evaporation from the central site, and 4D from the
terminal carbon. The intensity color scale is shown in the figure.
The measured ionic species are shown in the panels to the right.

385 meV vibrational energy. The spectra of C4H6, C4D6,
and C4H2D4 show no difference in vibrational excitation at
the CC1s−1π∗1 transition, suggesting that there is no C-H
vibration associated with the CC1s to π∗ resonance. This is
in line with the interpretation by Sodhi and Brion in their
EELS study32, while de Miranda attributed all vibrations to
C-C and C-H stretch vibrational modes29.

In order to support this observation, we calculated the vi-
brational frequencies of the core-excited states within the
"Z+1" model (see SM). As in other alkenes30, the bond-
ing/antibonding character of the activated π-type orbitals
primarily determines the out-of-plane motion around the
carbon atoms. Note that the symmetries of the two core-
excited states are different, thus dipole allowed excitation
is to different valence orbitals. The terminal carbon excita-
tion is to the antibonding π orbital: C1s (ag)-π∗(au) and the
central carbon C1s (bu)-π∗(bg) fills the bonding π∗ orbital.
We find that the frequency of transition between trans to
gauche conformations increases upon excitation to the π∗

state.
Although the "Z+1" model suggests that nuclear relax-

ation in both the terminal and central core-excited states
occurs through the trans-gauche conformation, only the vi-
brational features associated with the excitation of the ter-
minal carbon exhibit enhancement of the gauche conforma-
tion. This does not exclude a trans-gauche conformation in
the central carbon excitation, but it must take place on a
longer time scale.

In the following we introduce three dication dissociation
pathways, connected to gauche, trans and cis conforma-
tions21. They are shown schematically in Fig. 1 for nor-
mal butadiene, and the pathways for the fully deuterated
butadiene are
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1. C4D2+
6 → C3D+

3 + CD+
3 (asymmetric C-C dissociation

after deuterium migration)

2. C4D2+
6 → C2D+

3 + C2D+
3 (symmetric C-C dissociation)

3. C4D2+
6 → C3D+ + CD+

3 + 2D/D2 (asymmetric C-C dis-
sociation after double deuterium evaporation and deu-
terium migration)

The ion-ion correlation intensity map for the fully deuter-
ated butadiene measured after the terminal C1s−π∗ exci-
tation is shown in Fig. 3 (a). Asymmetric C-C dissociation
(dissociation of a terminal C-C bond) is shown in the up-
per panel, and symmetric C-C dissociation (central carbon
bond dissociation) are shown in the lower panel.

Furthermore, we include a pathway with C-D bond
breaking which leads to the evaporation of a neutral deu-
terium:

4. C4D2+
6 → C2D+

3 + C2D+
2 + D (symmetric C-C dissocia-

tion after deuterium evaporation)

As can be inferred from the momentum analysis (included
in SM), hydrogen evaporation takes place prior to the sym-
metric C-C dissociation. Note that this reaction further
separates into two mass-distinguished pathways, (4H) and
(4D), for the case of the partly deuterated isotope C4H2D4.
The (4H) and (4D) pathways are shown in the correspond-
ing correlation map in Fig. 3 (b). This isotope has deu-
terium atoms bonded to CT and hydrogen atoms bonded
to CC, allowing us to identify the site of evaporation be-
fore the symmetric C-C dissociation21. In pathway (4D)
evaporation from the terminal carbon site is followed by
symmetric C-C dissociation in the C2HD+

2 /C2HD+ ion pair,
while in pathway (4H), evaporation from the terminal car-
bon site is followed by symmetric C-C dissociation creating
the C2HD+

2 /C2D+
2 ion pair.

Now we focus on the influence of the core-excited state
on the branching ratios for dissociation pathways (1), (2),
and (3) for resonant transitions, the off-resonant transition
at 280 eV and C1s ionization at 320 eV photon energies
(see Fig. 4 (a)). For both samples, C4H6 and C4D6, dissoci-
ation pathways (1) and (2) are significantly enhanced for
C1s-π∗ excitation with respect to the thermodynamic disso-
ciation rate (off-resonance ionization), and the branching
ratios are affected by both vibrational excitation and by the
site of the core hole. Dissociation pathway (3) is slightly
enhanced after excitation of the terminal carbon site, but
the branching ratio is essentially flat through the resonance
region, and increases slightly upon C 1s ionization at 320
eV with respect to the off-resonance at 280 eV, following
the behavior observed for the other pathways.

0 0

B

B

C

C

Fig. 4 Branching ratio as a function of the photon energy plot-
ted in (a) for pathways (1) to (3) in C4H6 and C4D6, and in (b)
for pathways (4D) and (4H) in C4H2D4. The dashed line indi-
cates the thermodynamical rate of dissociation determined from
off-resonance excitation below and above the C1s ionization thresh-
old. The branching ratios for double-coincidence events are calcu-
lated using two ions, each of which have a detection efficiency of
40%. An overall contribution of about 5% false coincidence events
to each data set is estimated. The reduction for identical ion coin-
cidences (pathway 2), due to the electronics system dead-time of
20-25 ns, is corrected with a factor of 1.85. The resulting error in
the branching ratios for a 10% contribution is about ±0.5%.
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In an earlier experimental theoretical study we have
shown that vacancies in dication states lead to conforma-
tional changes, and these states act as gateways to the
gauche, trans or cis geometries connected to the dissocia-
tion pathways (1), (2) or (3)21. The clear enhancement of
the branching ratio observed here points to the connection
between the core-hole state and the final-state geometries.
From the electronic relaxation point of view, it suggests
that resonant excitation to the 2au(π

∗) enhances the con-
tribution of the 1bg orbital during the electronic relaxation
regardless of the site of the initial core hole. Indeed, ion-
ization of the 1bg orbital is involved in both dissociation
pathways (1) and (2)21. Furthermore, due to the opposite
π-bonding character of the 2au (LUMO) and 1bg (HOMO),
the excitation of a core electron to the 2au orbital decreases
the binding energy of the 1bg, and could favour certain au-
toionization channels.

In order to comprehend the underlying connection be-
tween the core-hole state and final-state geometries, as
evidenced by the site-selective behaviour for the terminal
and the central carbon atoms in pathways (1) and (2), the
nuclear wave-packet propagation during core hole lifetime
(∆E∆T ≃ h) should be studied. Here, the interplay between
the scattering duration time and the characteristic time
of wave-packet propagation within the bound core-excited
state33 from the Franck-Condon (FC) region to the gauche
equilibrium geometry (predicted by the "Z+1" model) is
reflected in the branching ratios of the gauche (1) to the
trans (2) pathway. In the case of terminal carbon excita-
tion, the first resonance peak [corresponding to the adia-
batic transition and excitation to the twisting/bending vi-
brational modes (feature 0)] the gauche pathway is at a
maximum and the trans pathway is at a minimum. The
ratio decreases upon excitation to the C-C and C-H stretch-
ing modes (features B and C), indicating less time for the
wave-packet to propagate towards the equilibrium geom-
etry, with the result that Auger decay occurs to a greater
extent within the FC region.

In order to confirm the importance of the C-H out-of-
plane bending motion, we also present the branching ratios
in the C4H6 sample in Fig. 4 (a). As hydrogen atom mo-
tion is faster than deuterium atom motion, we see that the
branching ratio for H-migration is higher than D-migration
for the terminal carbon 1s excitation. This result consti-
tutes a direct proof of the crucial role of the scattering du-
ration time on H-atom motions (twisting/bending) in core-
excited states evolving toward the gauche equilibrium ge-
ometry. For the case of central carbon excitation no such
effect is visible. This can be understood via slow nuclear
motion upon central carbon excitation with respect to the
scattering duration time, where Auger decay occurs within

the FC region.

Finally to gain further insight into the role of the initial
core hole localisation on hydrogen evaporation dynamics,
we study the symmetric C-C bond dissociation (pathway
4) as a function of the photon energy. In this pathway,
the neutral evaporation takes place prior to dissociation,
and the evaporation site can be identified by utilizing the
partly deuterated isotope C4H2D4. The branching ratios
for evaporation either from the central (4H) or terminal
(4D) carbon site reveal clear differences between the in-
tensities of the two pathways, see Fig. 4 (b). In pathway
(4D) evaporation from the terminal carbon site is enhanced
when the core hole is on the terminal carbon, while for CC

excitation there is almost no ’memory’ of the resonance.
In pathway (4H) evaporation from the central carbon site
decreases at the terminal core hole, and increases nearly
to the off-resonance value at the resonance energy for the
central carbon excitation. This indicates that core hole lo-
calisation on the central carbon seems to preferentially un-
dergo statistical evaporation, while core hole localisation
on the terminal carbon strongly controls the site of evapo-
ration.

4 Conclusions

In summary, inner-shell spectroscopy in butadiene, a pro-
totype for polyene molecules, reveals site-selective dissoci-
ation processes in ion-pair fragments after terminal carbon
excitation. We find that ultrafast hydrogen evaporation fol-
lowed by symmetric C-C dissociation is a direct result of the
localization of the core hole at the terminal carbon site. We
demonstrate that out-of-plane symmetry breaking around
the terminal carbon and nuclear wave packet dynamics of
the core hole state are mechanisms enhancing the ultrafast
hydrogen migration and asymmetric C-C dissociation.

The bonding/anti-bonding character of the occupied π∗

orbital in core excitation primarily determines the out-of-
plane nuclear motion in the π-conjugated system. Since in
polyene molecules this character alternates between suc-
cessive carbon atoms, inner-shell spectroscopy studies on
larger polyenes will shed light on other factors that can
affect symmetry breaking, site-selective or statistical disso-
ciation dynamics.
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