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G R A P H I C A L  A B S T R A C T

H I G H L I G H T S

• Time-resolved mass spectrometry is sensitive to ultrafast nuclear dynamics.
• 1,2-dithiane is a small-molecule model for a disulphide bond.
• Photoexcitation initiates intriguing dynamics over multiple electronic surfaces.
• Trajectory surface hopping calculations offer insight into the experimental results.
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 A B S T R A C T

We report results from a recent laser pump–probe study into the ultrafast ring-opening dynamics of 1,2-
dithiane. Following absorption of a 290 nm photon, the nuclear dynamics were probed as a function of 
pump–probe delay on the femtosecond timescale by strong-field ionisation with an 800 nm probe pulse, 
resulting in production of a range of atomic and molecular fragment ions. The time-dependent yields of atomic 
fragment ions reveal evidence of coherent nuclear wavepacket dynamics corresponding to the previously 
proposed ‘Newton’s cradle’ motion of 1,2-dithiane, in which repeated ring opening, structural inversion, and 
ring closing occurs on a timescale of ∼400-500 fs. Based on surface-hopping trajectory simulations of the 
non-adiabatic dynamics, we are able to rationalise the observed time-dependent ion yields in terms of a 
geometry-dependent variation in ionisation energy for the photoexcited 1,2-dithiane molecule.
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1. Introduction

1,2-dithiane is a six-membered heterocyclic compound containing 
a disulphide bond. It can be considered a model for a disulphide 
bridge, an important functional group which helps to define and sta-
bilise tertiary structure in peptides and proteins [1,2]. There has been 
considerable interest in 1,2-dithiane, both from an experimental and 
a theoretical point of view, due to the novel dynamics it exhibits in 
the gas phase upon photoexcitation with ultraviolet (UV) light [2–9]. 
While disulphide bonds are not inherently photochemically stable, and 
cleave readily on a timescale of a few tens of femtoseconds following 
UV excitation, these investigations into the detailed photodynamics of 
1,2-dithiane reveal a potential photoprotective mechanism in which the 
S–S bond may re-form on a timescale of a few picoseconds. This is well 
matched with accessible timescales for ultrafast structural techniques, 
and 1,2-dithiane has subsequently become an interesting test case for 
such methods.

Coulomb-explosion imaging has been shown by a number of authors 
(see for example [10–15]) to be a useful probe of evolving molecular 
structure on the femtosecond timescale. The approach is based on the 
assumption that if a sufficiently large number of valence electrons 
can be removed from a molecule on a timescale faster than molecular 
vibration – typically achieved either via core–shell X-ray ionisation or 
by strong-field ionisation – the resulting Coulomb explosion will map 
the initial atomic positions onto the final velocities of the recoiling ions. 
By measuring these final velocities using velocity-map imaging or a 
related technique, one can in principle reconstruct the initial molecular 
structure.

In the present study, to probe the evolving molecular structure 
of 1,2-dithiane following UV photoexcitation we perform a simpler 
version of Coulomb explosion imaging, namely Coulomb explosion 
time-of-flight mass spectrometry. This approach exploits the fact that 
not only the final ion velocities, but also the ionisation probability and 
therefore the total ion yields, are sensitive to the molecular structure. 
We report results from pump–probe experiments in which 1,2-dithiane 
is photoexcited in the gas phase at 290 nm and the products are probed 
via strong-field ionisation, with the photoionisation products detected 
via time-of-flight mass spectrometry on the femtosecond to picosecond 
timescale.

2. Methods

2.1. Experiments

Experiments were performed on the AMO end station [16] at the 
Artemis ultrafast laser facility, which forms part of the Central Laser 
Facility at the UK’s Rutherford Appleton Laboratory.

1,2-dithiane (hereafter simply referred to as ‘dithiane’) was synthe-
sised according to the methods of Singh and Whitesides [17] (see SI for 
further details). Dithiane has a melting point of 32.5 ◦C (305.5 K), and 
is therefore a solid at room temperature. To prepare the molecule in 
the gas phase, the gas line was heated to around 37 ◦C (∼310 K), and 
the vapour pressure was used to form a continuous effusive molecular 
beam, which entered the extraction region of the time-of-flight spec-
trometer. The base pressure in the experimental chamber was ∼8 ×

10−8 mbar with the beam off, rising to ∼5 × 10−7 mbar with the beam 
on. Based on signal levels and sample lifetime, the sample density in the 
interaction region was estimated to be around 1013 molecules cm−3.

Within the extraction region, the molecular beam was crossed with 
the pump and probe laser beams. The 10 μJ, ∼150 fs FWHM, 290 nm 
pump pulses were generated by an optical parametric amplifier and 
focused down to a spot size of ∼100 μm at the intersection with the 
molecular beam. The ∼300 μJ, ∼40 fs, 800 nm probe pulses were tightly 

focused to a spot size of ∼25 μm in the interaction region, yielding an 
intensity of over 1015 W cm−2, sufficient to cause strong-field ionisation 
of the photoexcited dithiane molecules (Keldysh parameter 𝛾 ≤ 0.25). 
The cross-correlation time for the two laser pulses was measured to be 
in the range 150–200 fs over the course of the beamtime (the precise 
value was treated as a fitting parameter during our data analysis - see 
Section 3), and the pump–probe delay was scanned over a range from 
approximately −500 to 1000 fs.

Ions formed in the interaction region were accelerated by an elec-
tric field along the time-of-flight tube to a position-sensitive detector 
comprising a pair of 75 mm microchannel plates coupled to a P47 
phosphor screen. Each incoming ion generated a flash of light on the 
phosphor, which was imaged by a second-generation Pixel Imaging 
Mass Spectrometry (PImMS2) camera, yielding an (𝑥, 𝑦, 𝑡) data point for 
each detected ion. In practice, each ion generally illuminates multiple 
pixels and time bins within the PImMS2 sensor. A centroiding algorithm 
is employed to reduce each ion signal to a single (𝑥, 𝑦, 𝑡) data point, 
improving the spatial and temporal resolution and also reducing the 
size of the data set. Integrating the data set recorded for each pump–
probe delay over the 𝑥 and 𝑦 coordinates yielded the photofragment 
time-of-flight spectrum for that delay time.

The experiment was run at a repetition rate of 20 Hz, limited by the 
maximum readout rate of the PImMS2 camera.

2.2. Electronic structure calculations

In order to explore how the variation in nuclear structure may 
affect the ionisation potentials (IPs) of dithiane, and subsequently, 
how this may rationalise the ion yields of sulphur-containing fragment 
ions, ionisation potentials were calculated at multiple time points along 
a subset of trajectories which were sampled from previous nonadi-
abatic dynamics simulations of dithiane. Simulations employed the 
trajectory surface hopping (TSH) method with Tully’s fewest-switches 
algorithm [18], and were performed using the SHARC (version 2.1) 
software package [19–21] interfaced with the OpenMolcas v23.02 elec-
tronic structure program [22]. Electronic structure calculations were 
performed at the SA(4|4)-CASSCF(6,4)/ANO-R1(t) level of theory [23,
24], where SA(4|4) denotes state-averaging over the four lowest-energy 
singlet and triplet states, and ANO-R1(t) refers to a truncated ANO-R1 
basis set where superfluous polarisation functions on hydrogen atoms 
were removed. Trajectories were propagated for 1 ps with a nuclear 
propagation timestep of 0.5 fs. Full computational details regarding 
the TSH simulations can be found in the SI, and a comprehensive 
examination of the TSH simulations performed in this study will be the 
focus of an upcoming publication [25].

From a total ensemble of 384 TSH trajectories, a subset of 50 
representative trajectories were selected by random sampling for the 
ionisation potential calculations. To check that the subset of trajec-
tories was suitably representative of the complete set, the average 
values of the S–S distance across each of the two trajectory sets were 
compared, and found to match almost identically. Convergence tests 
were performed with between 10 and 50 trajectories to ensure that 50 
trajectories were sufficient to model the behaviour of interest. Further 
details of these tests can be found in the SI.

For each trajectory, the molecular geometries at every 50 fs time 
interval were extracted. Single-point electronic structure calculations 
were then performed on each geometry at the SA(4|4)-CASSCF(6-𝑛,4)/
ANO-R1(t) level of theory, where 𝑛 = (0, 1, 2, 3) for calculating neutral, 
1+, 2+ and 3+ charge states respectively. For simplicity, only singlet 
electronic states were considered for charge states with an even number 
of electrons (0 and 2+), and only doublet electronic states were consid-
ered for charge states with an odd number of electrons (1+ and 3+). 
The ionisation potentials were then calculated simply as the difference 
in state energies at each time step, and averaged over all 50 trajectories. 
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Fig. 1. Background-subtracted time-of-flight mass spectrum of fragment ions formed in the Coulomb explosion initiated by strong-field ionisation of 1,2-dithiane by the ∼1015 W cm−2, 
800 nm probe laser. Peaks arising from residual background N2 and H2O present in the vacuum system and/or gas sample is labelled in grey.

Fig. 2. Signal observed in the 𝑚∕𝑧 16 (S2+) mass channel following 290 nm photoex-
citation of 1,2-dithiane, plotted as a function of pump–probe delay. The fit to the data 
(see text for details) is shown in red.

To enable comparison between the predictions of the simulations and 
the experimental data, the resulting time-dependent functions were 
convoluted with a Gaussian with a full-width half maximum equal to 
190 fs in order to account for the cross-correlation time between the 
pump and probe laser pulses.

3. Results and discussion

Before presenting the time-resolved (pump–probe) data, we first 
consider the time-of-flight mass spectrum recorded in a probe-only 
measurement. In this case there is no photoexcitation step, and the 
probe laser induces (single and multiple) ionisation of ground-state 
dithiane at its equilibrium geometry. The resulting mass spectrum, 
recorded with a probe laser power of ∼1015 W cm−2, is shown in
Fig.  1.

We note that Artemis end station used to record the data in the 
present study was designed for photoelectron imaging, and as a result 
has a rather short flight tube which unfortunately placed significant 
limitations on the achievable 𝑚∕𝑧 resolution. Nonetheless, under the 
high laser intensity conditions employed, we observe a variety of 
atomic and molecular fragments. Several of the largest signals arise 
from atomic ions, indicating that for at least a significant subset of 
molecules we achieve almost complete Coulomb explosion into atomic 
ions.

We now move on to consider the time-dependent pump–probe data. 
The clearest hallmark of the photoinduced dynamics is found in the 

𝑚∕𝑧 = 16 mass channel, which corresponds to S2+ ions1 The total 
ion signal in this mass channel is shown as a function of pump–probe 
delay in Fig.  2 (black circles), together with two-standard-deviation 
uncertainties. The figure also shows a fit to the data (red line), which 
will be discussed later. At negative pump–probe delays, when the 
800 nm probe laser pulse arrives at the interaction region before the 
290 nm pump laser pulse, we see S2+ signal arising from strong-field 
ionisation of ground-state dithiane. At the point where the two laser 
pulses are coincident in time (𝑡 = 0) in Fig.  2, we observe a rapid rise 
in signal, followed by first a rapid decay over the first few hundred 
fs, and then a much slower decay overlaid with an oscillation which 
persists until the end of the measurement, completing two full cycles.

The time dependent signal observed in our experiments is very 
similar to that observed previously by Stephansen et al. [2] in another 
time-dependent mass spectrometry study of dithiane following 284 nm 
photoexcitation. In their case the photoexcitation products were probed 
via 400 nm multi-photon single ionisation. In contrast to our strong-
field ionisation study, in which most of the observed fragments are 
atomic, Stephansen and coworkers observed two major ions: the parent 
ion at 𝑚∕𝑧 120; and the C4H+

7
 ion at 𝑚∕𝑧 55, with the latter the product 

of S2H loss from the parent ion. The time-dependent ion yield for the 
𝑚∕𝑧 55 fragment has many features in common with that observed for 
the S2+ ion in the present study, though the oscillatory component of 
the signal appears to be damped more rapidly.

Stephansen et al. fit their time-dependent data for 𝑡 > 0 to a kinetic 
model containing two exponential decays with time constants 𝜏1 and 𝜏2, 
and an oscillating component with frequency 𝜔 and phase 𝜙. The initial 
ultrafast decay, which was found to occur on a timescale of <200 fs 
(𝜏1 = 177 ± 17 fs), was interpreted as corresponding to the S–S bond 
stretching on the S1 excited-state surface to reach the minimum energy 
configuration on this surface. The oscillatory component of the signal 
was interpreted in terms of a ‘wiggling motion’ of the carbon backbone 
near the minimum energy region on the S1 state which causes the S–S 
bond distance to oscillate, with a peak in the signal observed when the 
two sulphur atoms are at their closest separation and a valley at larger 
separations. The oscillation period of 411 ± 27 fs determined from the 
fit to the experimental data agreed with the 416 fs period predicted by 
quantum mechanical calculations. Finally, the decay of the signal over 
longer timescales was explained by passage through the S1-S0 conical 
intersection, which lies in the vicinity of the S1 minimum, resulting in 
re-formation of the S–S bond on the ground state. The resulting intact 

1 We note that there may also be a small contribution to the 𝑚∕𝑧16
signal from O+ ions arising from background O2 in the vacuum system. This 
background signal should mostly be removed by the background-subtraction 
process, but since O2 does not absorb significantly at 290 nm, any residual con-
tribution is expected to manifest as a constant time-independent background 
and therefore does not affect any of our S2+ results.
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Fig. 3. Schematic of the ‘Newton’s cradle’ type motion observed for photoexcited dithiane in the calculations of Rankine et al. This motion originates on the S1 state when initiated 
by a 290 nm photon, but can involve more highly excited states, and results in periodic passage over the extended coupling region between S1 and S0 (and other pseudo-degenerate 
states), offering repeated opportunities for internal conversion and/or intersystem crossing to S0 and re-formation of the S–S bond on the electronic ground state.

Table 1
Fitting parameters determined from the present work and reported by Stephansen et al.. 
See text and Eqs. (1) and (2) for parameter definitions.
 Parameter Stephansen et al. Present work 
 𝐴0 – 1.000 ± 0.002  
 𝐴1 – 0.033 ± 0.017  
 𝐴2 – 0.045 ± 0.005  
 𝐴3 – 0.038 ± 0.003  
 𝜏1 /fs 177 ± 17 212 ± 74  
 𝜏2 /ps 2.75 ± 0.23 –  
 Period, 𝑇 = 2𝜋∕𝜔 /fs 411 ± 27 499 ± 230  
 𝜙 /rad 2.38 ± 0.11 4.49 ± 0.01  
 FWHM/fs – 194 ± 26  

ground-state dithiane can no longer be ionised efficiently by the probe. 
This longer-timescale decay was found by Stephansen et al. to have a 
lifetime of 2.75 ± 0.23 ps.

A few years after publication of Stephansen et al.’s study, Rank-
ine et al. [6] reported results from non-adiabatic multiconfigurational 
molecular dynamics simulations on dithiane, which led them to refine 
the interpretation of the internal conversion process observed in the 
earlier study, and in particular to challenge the earlier assignment of 
the oscillatory motion to a low-frequency normal mode along the S–S 
coordinate between the S1 minimum and the S1/S0 conical intersection. 
Instead, Rankine et al.’s calculations revealed a molecular ‘Newton’s 
cradle’ (sometimes referred to as a ‘molecular clackers’) motion (see 
Fig.  3) that allows photoexcited dithiane to pass periodically over 
an extended S1/S0 coupling region. Their calculations also predicted 
that this coupling region could be reached as early as ∼65 fs after 
photoexcitation. Our own trajectory surface hopping simulations [25] 
have considered singlet and triplet states up to S3, and we find that 
the ‘Newton’s cradle’ motion is observed on all accessible surfaces 
(S0 to S3 and T1 to T4). A number of other states are also pseudo-
degenerate in the extended coupling region between S1 and S0, offering 
numerous opportunities for passage back to S0 from both singlet and 
triplet excited states.

Based on the above information, we used a custom-written genetic 
algorithm to fit our time-dependent data 𝑃 (𝑡) to the following function 
for 𝑡 > 0 (with 𝑃 (𝑡) = 𝐴0 for 𝑡 < 0): 
𝑃 (𝑡) = 𝐴0 + 𝐴1𝑒

−𝑡∕𝜏1 + 𝐴2𝑒
−𝑡∕𝜏2 + 𝐴3(1 − 𝑒−𝑡∕𝜏1 ) cos(𝜔𝑡 + 𝜙)𝑒−𝑡∕𝜏2 (1)

where the 𝐴𝑖 are constants, 𝜏1 and 𝜏2 are exponential decay constants 
as outlined above, and 𝜔 and 𝜙 are the frequency and phase of the 
oscillatory component of the signal. The fitting function was convo-
luted with a Gaussian to account for the cross-correlation time before 
comparison with the experimental data, with the width of the Gaussian 
able to be included as one of the fitting parameters. Uncertainties on 
the fitting parameters were determined via a Monte-Carlo procedure in 
which each fitting parameter was varied in turn while the remaining 
parameters were held at their best-fit values. Values of the varying 
parameter for which the fit remained within the experimental uncer-
tainties were retained, and the uncertainty in the fitting parameter was 
taken as the standard deviation of these ‘successful’ values.

The full set of best-fit parameters returned from the fit is given in 
Table  1, together with relevant values from Stephansen et al. [2]. Of 
most interest, the fit returned values of (212 ± 74) fs for 𝜏1, (499 ± 230) fs 
for the oscillation period, and (194 ± 26) fs for the cross-correlation 
time. The fit was found to be remarkably insensitive to the value of 𝜏2, 
as long as it was much longer than the measurement time of ∼1 ps. 

In fact, the fit was improved slightly by setting 𝜏2 to infinity. We can 
therefore only conclude that 𝜏2 ≫ 1000 fs. Setting 𝜏2 = ∞ in Eq.  (1) 
yields a simplified fitting function for 𝑡 > 0: 
𝑃 (𝑡) = 𝐴0 + 𝐴1𝑒

−𝑡∕𝜏1 + 𝐴2 + 𝐴3(1 − 𝑒−𝑡∕𝜏1 ) cos(𝜔𝑡 + 𝜙) (2)

This simplified fitting function was used to determine the best-fit 
parameters given in Table  1.

While the best-fit values reported by Stephansen et al. and deter-
mined in the present work for 𝜏1 and the oscillation period 𝑇  are not 
identical, they do agree within the stated uncertainties. Considering 
the different ionisation mechanisms and products detected in the two 
studies, this implies that the dynamics occurring in photoexcited dithi-
ane leave a common imprint. Discrepancies may arise for a variety 
of reasons. For example, in the present study we employ strong-field 
ionisation: generation of multiply charged dithiane by the probe laser 
is expected to lead to almost instantaneous Coulomb explosion to form 
the detected S2+ fragments. In contrast, the singly charged parent 
ions formed through multiphoton ionisation in the work of Stephansen 
et al. are likely to dissociate over a somewhat longer timescale to 
form the detected C4H+

7
 fragment ions. However, given the similar 

values measured for 𝜏1 in the two experiments, the different ionisation 
mechanisms do not appear to be a major contributing factor to the 
measured lifetimes.

As noted above, our fits are remarkably insensitive to the lifetime 𝜏2
for the slowly decaying component of the signal, with the fits favouring 
the longest possible values. This is in contrast with the lifetime of 
2.75 ps determined by Stephansen et al. One could make similar 
arguments to those above relating to the requirements for forming the 
detected ions (S2+ and C4H+

7
, respectively) in the two different detec-

tion schemes, and perhaps the competition between internal relaxation 
and dissociation of the parent ions, but these would be speculative at 
best. We do not observe time-dependent behaviour in the small C4H+

7

signal observed in our experiment. However, the formation mechanism 
for this ion in our experiment is certainly different from that in the work 
of Stephansen et al. so this is not necessarily surprising.

To summarise the two sets of results, we can say with some 
confidence that while the probe schemes, ionisation mechanism, and 
detected products differ between the two experiments, both probe 
schemes are sensitive to the same dynamics in the photoexcited parent 
dithiane molecule.

Our trajectory surface hopping calculations can provide further 
insight into the relationship between the time-dependent structural 
changes in dithiane following photoexcitation and the observed time-
dependent ion yields in our pump–probe measurements. It is clear 
from the experimental data that the ionisation probability changes 
as a function of molecular structure, and therefore as a function of 
time. At the probe laser intensity employed in our experiment, tunnel 
ionisation is the primary ionisation mechanism for the structurally 
evolving dithiane molecule. Since the weakly bound valence electrons 
will be ionised preferentially when the molecular potential is distorted 
by the intense laser field, we expect the structure (and therefore time) 
dependence of the ionisation probability (and therefore the ion yield) to 
mirror that of the first few ionisation potentials of neutral dithiane. The 
first three time-dependent ionisation potentials, calculated according 
to the procedure described in Section 2.2, are shown in Fig.  4. For 
all three ionisation channels shown, we see strong time-dependent 
features in the ionisation potentials on the same timescale as those 
observed in the experimentally measured S2+ ion yields. In the cases 
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Fig. 4. First, second, and third ionisation potentials of photoexcited 1,2-dithiane calculated as a function of time and averaged over a series of 50 representative trajectories from 
our trajectory surface hopping simulations. Representative structures at several time points are shown below the plots. To enable comparison with the experimental results, the 
data have been convoluted with a Gaussian of FWHM 190 fs to account for the cross-correlation time of the pump and probe lasers. The ensemble-averaged S–S bond distance is 
also shown (dashed line).

of double and triple ionisation to form the dication and trication, 
respectively, we see an initial rapid decay in the ionisation potential, 
followed by a longer timescale decay superimposed with an oscillatory 
component. In contrast, the first ionisation energy shows somewhat 
different behaviour, with an initial short-timescale rise rather than a 
decay, and an oscillatory component which is inverted relative to that 
observed for the other two charge states. The explanation for the in-
verted behaviour lies in the balance between stabilisation of the cation 
by overlap of lone pairs on the two sulphur atoms, and electrostatic 
repulsion between multiple charges in close proximity. In the case of 
the monocation, lone-pair stabilisation lowers the energy of the cation 
(and therefore the ionisation potential) at short S–S distances, while for 
all other charge states this stabilisation is outweighed by electrostatic 
repulsion, and larger separations are favoured. As noted earlier, the 
strong-field ionisation probe employed in our experiments yields parent 
ions in sufficiently high charge states to generate mostly atomic ions 
as the observed products. It seems reasonable to assume that the ionic 
ground states for these high charge states are all strongly repulsive, and 
therefore that the ionisation energies from neutral dithiane to these 
multiply charged states will behave in a similar way to those for the 
double and triple ionisation energies shown in Fig.  4.

In conclusion, we have shown that when using strong-field-induced 
Coulomb explosion to probe the products of a photoexcitation process, 
the time-dependent ion yields are sensitive to the evolving molec-
ular structure. Applied to the 290 nm photoexcitation dynamics of 

1,2-dithiane, this approach reveals dynamics very similar to those 
observed previously by Stephansen et al. using a multiphoton single-
ionisation probe scheme. Our observations are consistent with previous 
experimental [2,3] and theoretical [5–8] studies, revealing ultrafast 
stretching of the S–S bond on the S1 excited electronic surface, followed 
by oscillatory dynamics that periodically allow population to pass 
through the S1/S0 conical intersection to the ground electronic surface, 
where the S–S bond is able to re-form. The present study paves the way 
for more detailed Coulomb-explosion imaging studies with the potential 
to achieve direct visualisation of the ultrafast photoinduced dynamics 
in dithiane.
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