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SUPPLEMENTARY METHODS: SIMULATED POTENTIAL ENERGY SUR-

FACES

The simulated potential surfaces shown in Figure 1 were computed using a complete active

space self-consistent field (CASSCF) reference function employing a (10,8) active space which

then incorporated dynamic correlation at the multi-reference configuration interaction with

single excitations (MR-CIS) level of theory and using an atomic natural orbital (ANO) basis:

3s2p1d for C and 4s3p2d for S. These surfaces are the same level of theory as those used in

Wang et. al [1].

SUPPLEMENTARY NOTE 1: MASS SPECTRA

The full mass spectrum is shown in Fig. S1, up to and including the parent ion. The

parent ion is the primary ion produced by the UV laser alone, through two-photon ionisation

to the (stable) electronic ground state of the CS2 cation [2, 3]. It should be emphasised

that the yield of the parent ion determined from the Tpx3Cam may not be reliable, as

these zero KE ions will overlap at the centre of the detector and thus signal may become

saturated. Interaction with the soft X-ray probe pulse produces a range of charged fragments,

predominantly following S 2p ionisation.

Figure S2 shows the mass-to-charge ratio of each detected ion as a function of delay. The

plotted data, which are obtained by subtacting the FEL only signal, show only the ions

produced when the UV pulse arrives prior to the soft X-ray. This subtraction is performed

in the same manner as the momentum distributions shown in the main manuscript, with

the data from -0.2 to -0.7 ps being averaged and subtracted. Strong increases in S+, S2+,

S3+, S4+, C+ and C2+ are seen after t0. Depletions in the multiply charged parent ions are

also observed. A weak CS2+ signal is observed after time-zero, which is produced by double

ionisation of the dissociated neutral CS fragment to a (meta)stable state of the dication.

∗ These authors contributed equally
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FIG. S1. Full mass spectrum for the UV-only, soft X-ray-only and UV/soft X-ray data collected

during this experiment. UV+soft X-ray data only includes data for which the UV pulse arrives

before the soft X-ray pulse
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FIG. S2. Mass-to-charge ratio as function of delay after FEL-only subtraction, which was performed

by subtracting momenta for pump-probe delays where the FEL precedes the UV by at least 200 fs
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SUPPLEMENTARY NOTE 2: FULL ION MOMENTUM DISTRIBUTIONS

Figure S3 shows the complete unsubtracted delay-dependent ion momentum distributions

prior to the subtraction of the UV-late data.
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FIG. S3. Delay-dependent ion momentum distributions for all ions (S4+, S3+, S2+, S+, CS+, CS2+,

C+ and C2+), with no subtraction of UV late signal.
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SUPPLEMENTARY NOTE 3: TIME-RESOLVED ION MOMENTUM DISTRI-

BUTIONS

The simulation described in the main manuscript also produces a momentum distribution

for the C+ ion, which again strongly agrees with the experimental data. These momentum

distributions are shown in Fig. S4.
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FIG. S4. Delay-dependent difference momentum distribution of the experimental C+ signal (a)

compared to the simulated C+ signal (b). The simulation is produced from the summing of five

fragmentation channels.

Similar to the S+ and S2+ momentum distributions in the main manuscript, the exper-

imental C+ distribution also exhibits a transient feature at shorter delays. In this case

however, the momentum of the transient overlaps heavily with the momentum of the other

features, and so is more easily noticed as an increase in intensity on the higher momen-

tum side of the C+ momentum distribution as opposed to an isolated signal as in S+. A

shift to higher C+ momentum from Coulomb explosion of bound CS2 immediately following
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photoexcitation is once more consistent with the influence of a more bent geometry in the

excited state. Coulomb explosion from highly bent geometries imparts more momentum to

the C+ ion, at the expense of the sulfur fragment ions. At longer pump-probe delays, two

weakly resolved enhancements are observed in the C+ ion, centered approximately at 100

and 150 a.u., respectively. With the aid of the simulations, these can be assigned to (1,1)

(channels 8 and 9) or (1,2) (channel 2) Coulomb explosion of the CS fragment.
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FIG. S5. Delay-dependent difference momentum distributions as a function of pump-probe delay

for the (a) C2+, (b) S4+, (c) S3+ ions.

Figure S5 (a) shows the ion momentum distribution for the C2+ fragment. The overall

appearance of the C2+ signal is similar to that of the charged C+ distribution. Figure S5 (b)
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and (c) show the delay-dependent difference ion momentum distributions for the S4+ and

S3+ fragments, respectively.

Features analogous to those discussed in the S2+ distribution presented in the main

manuscript can be seen. These features are: a depletion from �300 a.u. and higher which is

the result of a decrease in the linear ground state molecule after excitation, a transient that

decays within the first picosecond, which is caused by the bent excited molecule subsequently

dissociating, a Coulomb curve produced when multiple charged species undergo Coulombic

repulsion, which decreases to lower momenta as fragment separation increases and finally a

charge transfer channel from �100 a.u. and lower that starts �0.5 ps after t0.
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FIG. S6. Delay-dependent difference momentum distributions as a function of pump-probe delay

for the (a) CS+ and (b) CS2+ ions.

Figures S6 (a) and (b) show the ion momentum distribution for the CS+ and CS2+ frag-

ments. In the CS+ ion, weak enhancements at low momenta for positive pump-probe delays

arise from single ionisation of photodissociated CS fragments following UV photodissocia-

tion, while a strong depletion is observed at higher momentum from the secondary ionisation

and explosion of the fragment. In the CS2+ ion, these low momentum enhancements are

stronger due to core ionisation similar to the other highly charged fragments discussed in
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the main manuscript/above.
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SUPPLEMENTARY NOTE 4: ADDITIONAL TWO-FOLD COVARIANCE ANAL-

YSIS
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FIG. S7. Covariance images for the UV very-early delay range (>1.7 ps) for (S+,S+) covariance, and

UV just-early delay range (0-0.7 ps) for (S+,C+) covariance for both experimental and simulated

data.

Figure S7 shows the covariance images for the other delay regions of the covariances

shown in Fig. 3 in the main manuscript. Figures S7(a) and (b) show the UV very-early data

(delay > 1.7 ps) for both the experimental and simulated (S+,S+) covariance and clearly

shows the absence of the excited state signal attributed to molecular bending at later delay

times. The reason for this is that at long time delays photoexcited molecules are almost

entirely dissociated, and so only depletions in the ground-state signals associated with the

(1,1,1) and (1,0,1) channels are observed. We note that the agreement of the momentum

and recoil angle of these depletions between simulation and experiment lend confidence both

to the distribution of structures used for the Coulomb explosion of ground-state CS2, and

to the approximations used in simulating the (1,0,1) channel. The decisions behind the

approximations used in the simulations are discussed in the Methods section. Figures S7(c)

and (d) show the UV just-early data (0 < delay < 0.7 ps) for the experimental and simulated

(S+,C+) covariance, and shows a very large reduction in positive covariance between 135-

180 degrees compared to the UV very-early data. This provides evidence for the increased

Coulomb explosion of the CS fragment at later delays, which is largely absent immediately

following photoexcitation.
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FIG. S8. Momentum and angle regions sampled for producing the delay-resolved plots in Fig. 3

(for both (S+,S+) and (S+,C+) of the main manuscript.

Figure S8 shows the angle and momentum regions that were chosen to produce the

delay-resolved 1-dimensional projections shown in Fig. 3 (panels (i) and (j)) of the main

manuscript.

SUPPLEMENTARY NOTE 5: CHARGE TRANSFER INDUCED BY SITE-

SELECTIVE IONISATION

As mentioned in the main manuscript, the low momentum feature (<�80 a.u.) observed

in the S2+, S3+ and S4+ ions arises from charge being localised at the dissociated S atom.

As explored in several recent pump-probe FEL experiments [4–8], such features typically

exhibit a delayed onset in pump-probe delay, due to the influence of charge transfer. At
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sufficiently short times following photodissociation (thus, small interfragment separations),

charge may transfer to the recoiling cofragment, CS. The now mutually charged fragments

Coulombically repel, and so low momentum Sn+ ions are no longer produced. These charge

transfer processes are often understood by considering the classical Coulombic barrier to

electron transfer [6, 9, 10]. Such an ‘over-the-barrier model’ predicts that charge transfer is

energetically possible up to a ‘critical distance’, which increases with increased charge state

of the electron receiver. This increase in critical distance corresponds to a greater shift in

the onset of the low ion momentum channel for higher S+ charge states, as can be observed

when comparing Fig. 3 in the main manuscript to Fig. S5(b) and (c).

Charge Transfer Pathway Rcrit / Å

S2+ + CS ! S+ + CS+ 4.86

S3+ + CS ! S2+ + CS+ 5.67

S(3P) + CS2+ ! S+ + CS+ 5.32

S(3P) + CS3+ ! S2+ + CS+ 6.20

S(1D) + CS2+ ! S+ + CS+ 4.98

S(1D) + CS3+ ! S2+ + CS+ 5.81

TABLE S1. Critical distances for different charge transfer processes, as predicted by the classical

over-the-barrier model.

Within the classical over-the-barrier model, this ‘critical distance’, rcrit for a charge trans-

fer between AP+ BQ+ and is given by:

Rcrit =
(P + 1) + 2

√
(P + 1)Q

IEA

; (1)

where IEA is the ionisation energy of A (the site from which an electron may be transferred).

In a full description of the possible single charge transfers contributing in the experiment,

many different channels would have to be considered, accounting for the different charge

states of the CS and S produced following S 2p ionisation, and the differing ionisation

potentials of the singlet and triplet sulfur atoms produced in the photodissociation. For the

sake of completeness, Table S1 lists the predicted critical distance for a series of possible

charge transfer processes involved in production of S+ or S2+ ions, as the momenta of these
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ions are the focus of the present manuscript. Ionisation potentials of 10.36 eV, 11.06 eV and

11.33 eV for S(3P), S(1D) and CS(1Σ+), respectively [11, 12], are used. Variation of the CS

ionisation potential with vibrational state is neglected. This simple treatment also neglects

the potential role of fast fragmentation of any initially produced CSn+ polycations prior to

charge transfer.

SUPPLEMENTARY NOTE 6: SINGLET VS TRIPLET DISSOCIATION

Following photoexcitation of CS2, two distinct photodissociation pathways are observed,

producing triplet (3PJ) and singlet (1D) S atomic products, respectively. As has been

studied previously in state-resolved nanosecond velocity-map imaging experiments [13], the

triplet and singlet products are produced with somewhat distinct velocity distributions. As

discussed in the main text, in the present work it is difficult to isolate the comparable signal

arising from solely ionising at a dissociated sulfur fragment, due to overlap with channels

involving ionisation at both dissociated fragments, which leads to an increased KER due to

Coulombic repulsion. Figure S9 shows the velocity distribution for low momentum (�80 a.u.

and below) between 0 and 0.6 ps. This delay range was chosen to attempt to minimise any

contribution from the Coulomb curve merging with the channel. This integrated data was

compared to prior work by Brouard and coworkers [13], which provides experimental data

showing the CS2 singlet and triplet channels at 193.3 nm.

This comparison shows that, in agreement with multiple previous studies [14–17], the

spin-forbidden triplet channel is dominant compared to the spin-allowed singlet, and that

the velocity distributions measured in the current work are broadly consistent with those

of literature. To further support this assignment of the triplet channel being dominant,

Fig. S9 also compares the low momentum signal from the CS+ and CS2+ ions to the data

from Brouard and coworkers [13]. The velocity distributions measured here again broadly

match, reinforcing the dominant triplet state, and the lack of intensity with a velocity greater

than 2000 ms−1 confirms that the high intensity in this region in S2+ is the result of rapid

overlapping with signal from both dissociated fragments being ionised.
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FIG. S9. Comparison of the integrated low momentum channel in S2+, CS+ and CS2+ to data

obtained by Brouard and coworkers. For the CS+ and CS2+ data, the fragment momenta were

obtained by partitioning the momentum from the known S velocity distributions, assuming conser-

vation of momentum. The intensity of the experimental data shown here is scaled by an arbitrary

factor to enable comparison of the two sets of data which have large intensity differences. The

experimental data obtained in this experiment is shown in black.
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SUPPLEMENTARY NOTE 7: SIMULATIONS

Figures S10 and S11 show the individual channels that, when combined, produce the S+

and C+ momentum distributions. Each channel has its own probability and these are given

in Table 2 in the main manuscript. The S+ simulation is produced using nine individual

channels, while the C+ simulation is generated from seven channels.
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FIG. S10. The individual channels which contribute to producing the S+ simulated momentum

distribution. Panel (a) shows the combined simulation, while (b)-(j) show the individual channels.

The method of simulation is the same as described in the main manuscript

Figure S12 shows the simulated momentum distributions for the three simulated ions

when simulated without the excited state bending prior to dissociation. It can be seen that

removing this bending keeps the majority of the features largely unchanged, however the

transient is less intense, particularly in the C+ signal. This simulation still includes the

S-C bond stretching that occurs during excitation, and this stretching also decreases the

momentum of the recoiling fragments due to decreased Coulombic repulsion. The decrease

in transient signal is more noticeable in the C+ ion as the molecular bending greatly increases
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FIG. S11. Individual channels which contribute to producing the C+ simulated momentum distri-

bution. Panel (a) shows the combined simulation, while (b)-(h) show the individual channels

the proportion of total momentum that gets assigned to this fragment, and its removal causes

a large decrease in C+ momentum.

The (S+,S+) covariance image also shows that removing the excited state bending from

the simulation shifts the large positive signal, seen in both the experimental and simulated

data, away from being centred at �130◦ and towards being a more linear signal. This is

shown in Fig. S13. The changes in both the simulated momentum distribution as well as

the simulated covariance images further confirm our assignment that it is the inclusion of

this molecular bending that is responsible for the transient signal at short delays.
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FIG. S12. The three simulated momentum distributions when the excited state bend angle is

changed to remain the same as the ground state angle
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SUPPLEMENTARY NOTE 8: VARYING SIMULATION PARAMETERS

Many different structural parameters and reaction channel configurations were used for

producing the simulated distributions shown in both the main manuscript and the Sup-

plementary Information. For each of these a range of input values was tested and refined

to produce a simulation that closely resembled the experiment, for both the momentum

distributions and covariance images. This section shows the effect of varying each of these

parameters by a large amount to show the effect the outliers of each parameter range has on

the simulation, and hence how our optimisation of the parameters led an accurate reproduc-

tion of the experimental data. In each figure our optimised simulation and the experimental

data are provided for comparison.

Figure S14 shows the effect of changing the probability of each of the ten utilised reaction

channels. To accomplish this in a way that kept the total probability of all channels the same,

of the five channels that have a probability less than 10%, their probability was increased

by 10%, and for the five that have a probability greater than 10% their probability was

decreased by 10%. As can be seen from Fig. S14(a), while the S2+ signal is still largely

similar, there are significant differences in both the S+ and C+ distributions. The transient

S+ feature has decreased in momentum, and now appears to have merged with the low

momentum feature, while the low momentum feature at 80-100 a.u. in the C+ distribution

is now absent.

Figure S15 shows the effect of changing the number of channels used in the simulation.

To produce this distribution, only the five highest probability channels (1,2,3,5 and 8) from

Table 1 were used. This again causes major changes in some of the ion distributions. While

in this case the C+ signal is also relatively similar to the experimental still, the negative

signal at 100 a.u. in S+ now extends to a shorter delay range, and a constant momentum

channel is also present at �140 a.u. from 0.7-3 ps.

Figure S16 shows the effect of changing the charge distribution within the molecule. For

each fragmentation channel the total charge was kept constant, but the charge on the sulfur

atoms swapped (or in the case where the two sulfurs already had an equivalent charge, the

charge on the atoms in the CS fragment was swapped). This resulted in every channel

having some change in how the charge was distributed amongst the three atoms. In several
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FIG. S14. Panel (a) shows the effect of changing the probability of each simulated reaction channel.

Of the channels listed in Table 1, channels 4,6,7,9 and 10 had their probability increased by 10

%, and channels 1,2,3,5 and 8 were decreased by 10%. Panels (b) and (c) show the optimised

simulation and experimental data, respectively.

FIG. S15. Panel (a) shows the effect of decreasing the total number of channels in the simulation.

This simulation only uses the five highest probability channels in Table 1 (1,2,3,5 and 8). Panels

(b) and (c) show the optimised simulation and experimental data, respectively.

cases, this leads to physically unlikely combination of charges, considering the nature of the

site-selective S 2p ionisation of the current experiment. This change again has a significant

effect on both the S+ and C+ distributions, with the low momentum feature in S+ becoming

much broader and extending to a lower momentum, and the C+ distribution exhibiting

significant disagreement with the measured data.
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FIG. S16. Panel (a) shows the effect of changing the charge distribution within each channel.

For each channel the total charge was kept constant, but the charge applied to each atom varied.

Panels (b) and (c) show the optimised simulation and experimental data, respectively.

Figure S17 shows the effect of changing the degree of bending within the molecule for

each of the ground and excited states. For each of the states both the angle and standard

deviation were decreased and increased by 20% respectively, and these distributions are

shown in panels (a) and (b). These increases and decreases cause multiple different changes

in the simulated distributions. For decreasing the angles, both the S2+ momentum and S+

transient momentum have decreased. There is also a notable change in the appearance of the

C+ distribution, with new depletions between 120-200 a.u. appearing and the isolation of

the low momentum feature from 1 ps being lost. Large, but different, changes are seen when

increasing angles by 20%, most obviously in the C+ distribution, where the low momentum

channel is now more intense than the high momentum, and the high momentum feature is

now spread out over a larger momentum range.

Figure S18 shows the effect of changing the different bond lengths for each state, again

by decreasing and increasing them by 20%, respectively. The changes in the simulation

resulting from this adjustment are more subtle, as all major features are present, albeit with

the total KER of different Coulomb explosion channels modified. However there is now

greater disagreement between simulated panels (a) and (b) with the experimental (d) when

looking at the momentum of the features. Decreasing the lengths shifts all features with

a Coulombic component to a higher momentum when compared to the experimental panel
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