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Ultrafast nuclear dynamics of the acetylene cation
C2H2

+ and its impact on the infrared probe pulse
induced C–H bond breaking efficiency†

Nadja Hartmann, *a Swarnendu Bhattacharyya, b Fabian Schlaepfer, a

Mikhail Volkov, a Zeno Schumacher, a Matteo Lucchini, c Lukas Gallmann, a

Ursula Rothlisberger b and Ursula Keller a

The ultrafast nuclear dynamics of the acetylene cation C2H2
+ following photoionization of the neutral

molecule is investigated using an extreme-ultraviolet pump/infrared probe setup. The observed

modulation of the C2H
+ fragment ion yield with pump–probe delay is related to structural changes

induced by the extreme-ultraviolet pump pulse taking place on the femtosecond timescale. High-level

simulations suggest that the trans-bending and C–C bond stretching motion of the C2H2
+ cation govern

the observed interaction with the infrared pulse. Depending on the molecular configuration at arrival of

the infrared pulse, it either transfers population to higher-lying states or to the C2H2
+ ground state,

thereby enhancing or lowering the C2H
+ yield. Our ultrafast pump–probe scheme can thus be used to

track excited state nuclear dynamics with a resolution of a few femtoseconds, leading the way to studying

fast dynamics also in larger hydrocarbon molecules.

Introduction

Hydrocarbon molecules are the basic building blocks of organic

matter. Thus, it is of fundamental importance to understand the

mechanisms and pathways underlying chemical reactions of

these molecules. The most basic reaction step is the formation

and breaking of bonds between the individual atoms constitut-

ing a hydrocarbon. These processes are mediated by nuclear

and electronic rearrangements on atomic length scales that may

happen on an ultrafast timescale within B100 fs. In order to

study these fundamental rearrangement mechanisms a corre-

spondingly high time resolution is required.1 To this end time-

resolved pump–probe spectroscopy has proven to be an ideal

tool.2–6 In recent years, with the advent of high-harmonic

generation technologies, especially the extreme-ultraviolet

(XUV)-infrared (IR) pump–probe methods have yielded valuable

insights into the fastest of these processes.7–9 Most of these

studies, combining advanced experimental and theoretical

methods, investigated diatomic systems10,11 and the excited

state dynamics of larger, polyatomic systems remain to be fully

understood.

The acetylene molecule C2H2 is a prototypical hydrocarbon

system and the simplest molecule containing a carbon triple

bond. Thus, it has been widely used to examine fundamental

processes, such as charge migration, structural rearrangement,

dissociation and isomerization on ultrafast timescales.12–20 In

a recent study, the nuclear dynamics following strong-field

ionization of the acetylene molecule was investigated using

the Coulomb explosion technique.18 The elaborated experi-

mental setup and advanced calculations allowed the extraction

of information about bond length oscillations on the ground

state of the acetylene cation initiated by the excitation process

and to connect them with the observed fragment yields. In the

present work, the ultrafast molecular dynamics in acetylene

following photoexcitation to an excited state is studied with

few-femtosecond resolution in a pump–probe experiment using

an attosecond XUV pump and a few-cycle IR probe pulse. In

contrast to most recent studies performed on the acetylene

cation, an IR beam of moderate intensity (B1012 W cm�2) was

used. As elaborated by Cörlin et al.8 this prevents strong

deformations of the potential energy surface (PES) and allows

the investigation of the molecular dynamics within the linear

regime of perturbation.

It is known that the variations of the yields of different

fragmentation channels with pump–probe delay reflect the

fast nuclear motion occurring on the few-tens-of-femtosecond
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timescale.3–5,18,19,21 This letter focuses on the nuclear motion

after ionization leading to the modulation of the C2H
+ fragment

yield probed by IR irradiation. Using electronic structure com-

putations and dynamical simulations, we were able to identify

the different reaction pathways leading to C–H dissociation and

assess the impact of nuclear rearrangements on the different

IR-induced mechanisms leading to either an enhancement or a

quenching of the C2H
+ fragment yield. The investigations reveal

that the C2H
+ fragment yield not only contains all the char-

acteristic vibrational frequencies governing the excited state

dynamics but also confirm that the delay-dependent yield is an

indicator of the position of the wave packet on the PES at the

respective instant of time.

Results

The experimental work was conducted with an XUV-pump/

IR-probe setup22 (Fig. 1a), described in more detail in the ESI.†

The pump pulse was obtained via high-harmonic generation

(HHG) in xenon, yielding an XUV attosecond pulse train (APT)

spectrally extending from 20 to 35 eV (Fig. 1b). From a

cross-correlation trace obtained by ionizing argon, the XUV

pump and IR probe pulse durations were estimated to be 7 and

13 fs, respectively. A mixture of gaseous acetylene and helium,

introduced into the interaction region via a steel nozzle, was

excited by the XUV pump pulse and subsequently probed at

variable delays using an IR probe pulse (hnIR E 1.6 eV).

The IR intensity could be adjusted in a range from 1 to 5 �

1012 W cm�2 using a motorized iris. The ion fragments resulting

from the pump and probe interaction were detected with a time-

of-flight (TOF) spectrometer. To improve the signal-to-noise ratio,

the experiment was referenced shot-to-shot using a tuning fork

chopper, which blocked every second IR probe pulse, enabling a

direct subtraction of the XUV induced background.23 From two

consecutive shots the delay-dependent relative change of the

fragment ion yield IRel(t) was extracted according to:

IRelðtÞ ¼
IXUV38IR tð Þ � IXUV only

IXUV only

� �

To interpret the delay-dependent relative change of the

fragment ion yields, we first determined the electronic states

of the acetylene cation that are accessed by the XUV pump pulse

alone. The XUV photons were energetic enough to populate not

only the ground state but also several excited states of the

acetylene cation. A cut of its PES along the C–H bond distance was

computed at the XMS-CASPT224 level. The lowest 16 electronic

states from this calculation are shown in Fig. 1c (see ESI,† for full

computational details). An estimate of the initial population of

these states after XUV excitation was calculated based on the

measured XUV spectrum and the absolute partial photoionization

cross-sections from literature.25 Due to the small photoionization

cross sections of the higher lying states26 most of the excited state

population is found in the five lowest cationic states, as has

been pointed out previously.13 As indicated in Fig. 1c, after photo-

ionization by the XUV pump pulse, 42% of the initial electron

population is found in the doubly degenerate cationic ground

state. 35% and 14% of the initial population is excited to the first

and doubly degenerate second excited state, respectively. 8%

populate dissociative states, leaving 1% population in all other

states. This initial state population can explain the stationary ion

yield observed experimentally (Fig. 2a).

The addition of an IR probe pulse results in the delay-

dependent changes of the fragment ion yields (Fig. 2b). They

were extracted from multiple series of TOF spectra and sub-

sequently fitted using an exponentially modified Gaussian

(EMG) function, multiplied with a term describing two damped

oscillations27 (see ESI†). Our investigation focuses on the anti-

correlated modulation in the yield of the molecular and dehydro-

genated fragment ion (C2H2
+ and C2H

+, respectively). Since the

overall yield of the molecular ion C2H2
+ is about four times as

large as the C2H
+ fragment ion yield (Fig. 2a), the relative change

of the former, given in percent of the total fragment yield, is

multiplied by a factor of four to clearly show the anti-correlation.

A Fourier analysis of the temporal variations of the relative

change of the fragment ion yields reveals two oscillations with

a period of 74� 2 fs and 22� 1 fs for the molecular ion yield and

72 � 2 fs and 22 � 1 fs for the dehydrogenated ion yield,

Fig. 1 (a) Extreme-ultraviolet (XUV) pump and infrared (IR) probe setup,

where the XUV results from high harmonic generation (HHG) in xenon.

(b) Normalized XUV spectrum used to photoionize the acetylene molecules.

(c) The 16 lowest electronic states of the acetylene cation C2H2
+ as a function

of the single C–H bond stretching coordinate. The probability to access the

electronic states of the cation with the recorded XUV spectrum is given next to

the arrows indicating the corresponding transitions from the ground state of

the neutral molecule (set to 0 eV).
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respectively (Fig. 2c). The errors indicate the standard deviation

of these oscillation periods extracted from three individual

sets of six scans each. Calculations28 indicate that the observed

oscillation periods could be associated with a trans-bending

(70.1 � 0.7 fs) and a C–C bond stretching (23.0 � 0.5 fs) motion

in the ground state of the acetylene cation. The dependence of

the observed features on the pump and probe pulse parameters

was investigated and is discussed in more detail in the ESI.†

By comparing measurements taken at different IR intensities

(Fig. S2a, ESI†) and with different XUV spectra (Fig. S2b, ESI†),

we could exclude any qualitative dependence of the observed

dynamics on these pulse parameters. An increase in IR intensity

resulted in a larger amplitude of the observed fragment yield

oscillations, while leaving the temporal behavior unchanged

(Fig. S2a, ESI†).

To shed light on the possible mechanisms involved in the

modulation of the C2H
+ fragment yield, we performed static

electronic structure calculations as well as a series of advanced

dynamics simulations. Since the ground state is very tightly

bound along the C–H bond stretching coordinate (Fig. 1c), our

investigations focused on the dynamics of the first and second

excited state of the cation. We followed the non-adiabatic

excited state dynamics of the system upon pump laser excitation

to the first excited state using Tully’s fewest switches trajectory

surface hopping (FSSH) simulations at the SA(5)-CAS(9,8)-SCF/

6-31G** level (see ESI† for full details). During these dynamics

simulations no symmetries are retained. In the following,

we thus label the states according to their instantaneous

energy order. We will refer to the ith energy ordered state as

Di. Therefore, at the Franck–Condon point, D0 and D1 corre-

spond to the degenerate ground state, and the first excited state

1A1 is D2.

The non-adiabatic dynamics simulations (Fig. 3) show a

transfer of population from the initially populated state D2 to

D3 around 10 fs after photoexcitation (first blue shaded area),

which corresponds to roughly half the C–C bond stretching

period as discussed above. Indeed, the cut of the static PES along

the C–C bond stretching coordinate shows a conical intersection

(CI) between these two states (Fig. S4a, ESI†). Further, in agree-

ment with previous studies,15,16,29,30 the wave packet on D2 was

Fig. 2 (a) Measured normalized stationary ion yield recorded by the TOF

spectrometer using the XUV beam only. Helium gas was added as a buffer

gas to avoid cluster formation. (b) Relative change of the fragment ion

yields as a function of pump–probe delay, recorded with delay steps of 2 fs

within a 140 fs time window. The relative change of the yield of the

molecular ion C2H2
+ is multiplied by a factor of four to compensate for the

difference in absolute yields between the C2H2
+ and the C2H

+channels

and to facilitate the observation of the anticorrelation. The IR probe

intensity is 1.6 � 1012 W cm�2. (c) A Fourier analysis of the temporal

evolution of the measured molecular and dehydrogenated fragment ion

yields (f = AC2H2
+(t) and f = AC2H2

+(t)) and of the temporal evolution of the

computed energy gap between the ground (D0) and first excited (D2) state

(f = DED2–Do
(t)).

Fig. 3 Time-dependent population of the lowest five adiabatic electronic

states during the non-adiabatic dynamics simulations up to 200 fs. The

shaded blue areas indicate t E 10 fs and t E 30 fs, where efficient transfer

of population from the D2 state to the D3 and D1 states occurs, respectively.
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observed to reach another CI in about 30 fs (second blue shaded

area). Here the D2 state crosses the D1 state and relaxation of the

wave packet can occur. This CI is reached along the trans-

bending coordinate of the molecule (Fig. S4b, ESI†). The energy

difference between D2 and its neighboring states is strongly

modulated by these two characteristic molecular vibrations. A

Fourier transformation of the temporal evolution of the energy

difference between D2 and D0, for example, is shown in Fig. 2c. It

reveals a qualitative agreement of the energy gap’s modulations

and the observed oscillations of the fragment ion yields. The

observed oscillation periods correspond to above-mentioned

molecular vibrations. Additionally, it was found that in 5% of

the simulated trajectories direct dissociation, leading to the

formation of the C2H
+ fragment, occurs spontaneously within

the first 200 fs of the propagation.

Discussion

Using the gained insights about the dynamics of the system

upon XUV excitation, we investigated how a delayed IR probe

pulse can affect the molecular dynamics and thus the observed

C2H
+ fragment yield. First of all, the spontaneous dissociation

described above can be enhanced by an IR pulse irrespective of

the instantaneous molecular arrangement due to the extra

energy deposited in the system. We thus expect an enhancement

of the C2H
+ yield for all delays of the probe pulse. The amplitude of

this IR induced increase of spontaneous dissociation follows on the

amount of population on the D2 state, which decays with pump–

probe delay (Fig. 3). Additionally, during the pump–probe overlap

an enhanced ionization yield or a different initial population

distribution can result from the combined presence of both beams.

Further, we consider three mechanisms, shown in Fig. 4, whose

probabilities depend on the instantaneous structural arrangement

of themolecule: (i) photoexcitation of population fromD2 to higher-

lying states, (ii) dumping of population fromD2 to the ground states

and (iii) re-excitation of relaxed population from the ground states

to the D2 state.

In the following sections these pathways are discussed in

more detail and their interplay is unraveled. Even though

enhanced dissociation from a bound state due to a strong

external field has also been observed,31,32 this mechanism

can be neglected for the present experimental study as the IR

probe beam intensities are not large enough.33,34 We first focus

on the photoexcitation from D2 to higher-lying states. We chose

a typical, non-dissociative trajectory from the FSSH simulations

to show the possibility of such a mechanism. In the absence of

an IR probe pulse the wave packet evolves along the trajectory

indicated as force state in the energy profile (Fig. 5a) without

showing C–H bond dissociation within 200 fs (Fig. 5d). Immediately

following the XUV photoionization, the energy gap to the D4 state is

small (Fig. 5b). The promotion of the trajectory upon reaching the

resonance condition for one-photon excitation by the IR pulse leads

to the evolution on a new trajectory (Fig. 5c), facilitating C–H bond

breaking (Fig. 5d). The interaction with the IR probe pulse close to

zero delay can thus enhance the dissociation probability through

these resonant transitions to higher-lying states in agreement with

the peak in the C2H
+ yield observed experimentally. The same

mechanism can also account for the peak around 70 fs when the

molecular trans-bending oscillations has completed a full period

and the molecule has returned to a linear configuration. Since part

of the excited state population from the D2 state relaxes to the lower

states, see Fig. 3, this peak is expected to be smaller in amplitude.

During the first 30 fs of the molecular dynamics, a stretching

of the C–C bond as well as a strong bending of the molecule

occur (Fig. S5 in the ESI†). This combined nuclear motion

results in an increase of the energy gap between the D2 and the

higher-lying states and a decrease of the energy gap to the D1

state, eventually leading the system to the mentioned CI. On

one hand this inhibits excitation to higher-lying states. On the

other hand it has been shown that in the vicinity of a CI a

probe-pulse-induced resonant coupling between two states can

result in an efficient wave packet dumping to the lower state.35

To demonstrate this mechanism a spontaneously dissociating

trajectory from the FSSH simulations is chosen (Fig. 5e).

Around 27 fs, when the wave packet approaches the CI, the

energy gap between the D2 and the D1 state becomes resonant

with the IR photon energy (Fig. 5f). Thus, the arrival of the

probe pulse at this instant of time can cause stimulated

emission and the dumping of the wave packet to the D1 state

(Fig. 5g). Since 1.6 eV of electronic energy are freed in form of

radiation during this transition, C–H bond dissociation is

prevented (Fig. 5h). This is consistent with the experimentally

observed quenching of the C2H
+ yield around 30 fs (Fig. 2b). A

Fourier analysis of the relevant energy gap between the D2 and

the D0 states (Fig. 2c) reveals oscillations that coincide with the

temporal oscillations in the experimentally observed fragment

yields. In the same manner, also the third proposed IR-induced

mechanism can be observed in our simulations. Here, the wave

packet first relaxes non-radiatively from the D2 to the ground

state and is re-excited by the IR probe pulse at later times to a

dissociative channel (see ESI,† Fig. S6 for details). This mecha-

nism could further contribute to the measured enhancement of

C2H
+ around 60 fs.

Fig. 4 Sketch outlining three mechanisms considered to possibly cause

the observed IR-induced delay-dependent modulation of the C2H
+ yield

and their dependence on the instantaneous molecular configuration at the

moment of the probe pulse arrival: (i) photoexcitation, (ii) dumping of and

(iii) re-excitation of the wave packet.
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Conclusions

In conclusion, we have conducted an extensive study of the

nuclear dynamics in the acetylene cation C2H2
+ initiated by

photoionization to an excited state. After excitation by an XUV

pulse train fromHHG, the fragment ions were recorded for different

delays of an IR probe pulse, revealing strong modulations of

fragmentation yields on ultrashort timescales. The dehydrogenated

fragment yield originating fromC–Hbond breaking was found to be

modulated with two superimposed oscillations whose periods

correspond to the trans-bending and C–C bond stretching motion

of the cation. We showed that these pump–probe delay-dependent

modulations of the C2H
+ yield can be explained as a result of a

configuration dependent effect driven by the IR pulse. Depending

on the position of the wave packet on themultidimensional surface,

the IR pulse can either cause photoexcitation to higher-lying states

or dumping to the ground state, leading to an increase or a decrease

of the observed ion yield, respectively. The relative C2H
+ yield thus

reflects the instantaneous molecular geometry at the moment of IR

incidence. Themodulation of the C–H bond breaking efficiency can

thus be used to investigate nuclear dynamics on a manifold of

electronic states of hydrocarbon molecules on the femtosecond

timescale in the weak perturbation limit.
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Fig. 5 Demonstration of the proposed mechanisms modulating the C–H dissociation efficiency via excitation (a)–(d) or dumping (e)–(h) of a wave packet.

(a) Energy profile of a non-dissociative trajectory. (b) Corresponding energy gap from the D2 to the higher-lying D3 and D4 states. The IR photon energy (hnIR E

1.6 eV) is indicated as the black dashed line. (c) Energy profile of the trajectory from (a) when being excited by the IR pulse at 3.2 fs fromD2 toD4, designated by the red

arrow. (d) Evolution of C–H bond lengths for both C–H bonds. Promotion by the IR pulse causes C–H dissociation. (e) Energy profile of a spontaneously dissociating

trajectory. (f) Corresponding energy gaps between D2 and the ground states (D1 and D0), which become resonant with the IR photon energy in the vicinity of the

conical intersection. (g) Energy profile of the same trajectory shown in (e), but encountering a dumping from the D2 to the D1 state at 27 fs, designated by the red

arrow. (h) Evolution of the two C–H bond lengths of the C2H2
+ cation for the two trajectories, exhibiting quenching of C–H bond dissociation in the dumped one.
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