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Coulomb Explosion Imaging

We track the isomerization and fragmentation reactions in acetonitrile (CH3CN) using Coulomb

explosion imaging (CEI) via a laser pump-probe scheme to time-resolve the observed pro-

cesses. Fig. S1, panel (a), depicts the general scheme of the CEI technique while panel (b)

illustrates the energy diagram for acetonitrile molecule - H-dissociation (loss), isomerization

and fragmentation- in the cationic molecule before double ionization. The fragmentation

dynamics scenarios of the singly charged CH3CN lead to H and H2 loss, NHM, SHM and

DHM, as discussed in the main text. Relative energies for the exit channels are given with

respect to the neutral CH3CN, and were computed at the DFT-B3LYP/6-31++G(d,p) level

of theory.
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Figure S1: panel (a) shows the general scheme of the CEI technique via a pump-probe
technique. Panel (b) shows the energy diagram for acetonitrile molecule along with the -
H and H2 loss, isomerization and fragmentation - in the cationic acetonitrile before double
ionization. The singly and doubly charged parent leads to specific fragmentation channels
including H and H2 loss, NHM, SHM and DHM.
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Theoretical Analysis

Quantum chemistry calculations were carried out using the density functional theory (DFT).

Ab-initio molecular dynamics calculations (AIMD) were performed using the Atom-centered

Density Matrix Propagation method (ADMP),S1–S4 employing the B3LYP (Becke’s three pa-

rameter non-local hybrid exchange potentialS5 with the non-local correlationS6) functional

together with the 6-31++G(d,p) basis set. In the ADMP method, electronic structure is

described quantum mechanically (in this case at the B3LYP/6-31++G(d,p) level) and the

nuclear motion is assumed to be purely classical and is calculated on the fly by using the

forces associated with the instantaneous potential created by the electrons. Following pre-

vious theoretical work on coupled electron and nuclear dynamics from excited states in

molecules of this size (see, for example,S7–S13), we assume, in this work, that the initial

excitation energy has already been relaxed to the ground electronic state. This should be

a reasonable approximation when the investigated migration dynamics are slower than the

(non-adiabatic) internal conversion processes leading to such energy relaxation. There are

cases where electronic relaxation through conical intersections can take much longer, up

to a few picoseconds, in which case, molecular dynamics calculations including relaxation

from electronically excited states are mandatory. However, the reasonable agreement be-

tween our results and the experimental findings suggest that we are not in this scenario.

The simulations were performed for the singly-charged acetonitrile ions resulting from the

vertical ionization. For each value of the excitation energy, randomly distributed among the

nuclear degrees of freedom, 500 trajectories were computed. To ensure the adiabaticity of

the dynamics, we have imposed a time step of ∆t = 0.1 fs and a fictitious electron mass

of µ = 0.1 amu. The maximum propagation time was 2 ps. Inspired by the results ob-

tained in the molecular dynamics simulations, we explored the potential energy surface of

the singly-charged acetonitrile molecule at the same level of theory: B3LYP/6-31++G(d,p).

In particular, we located critical points in the most relevant paths corresponding to H disso-

ciation, isomerization, and fragmentation processes. Harmonic vibrational frequencies were
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computed to characterize minima and transition states (TS) and intrinsic reaction coordi-

nate (IRC) calculations (IRCs) to verify connectivity between TSs and adjacent minima. All

the simulations have been carried out with the Gaussian16 program.S14

Potential Energy Surface

Fig. S1 panel (a) presents the general scheme of the CEI technique while panel (b) illustrates

the energy for ionization and for dissociation in the main channels in acetonitrile. In the

main text a detailed exploration of the singly-charged potential energy surface is provided.

Molecular Dynamics

Table S1: Statistics of the ADMP simulations for singly-charged acetonitrile. The percentage
of calculated trajectories for each channel at different excitation energies is listed.

Channel Notation 5 eV 10 eV 15 eV
H3C2N+ 96.6 43.3 7.2
HC/H2CN+ DHM 0.0 0.2 1.6
H/H2C2N+ H-diss 2.8 33.6 49.6
H2C+/HCN SHM 0.0 4.6 5.2
H2/HC2N+ H2-diss 0.4 15.0 9.6
H+

2 /HC2N H2-diss 0.2 2.4 8.0
H3C+/CN NHM 0.0 0.6 0.4
3 fragments 0.0 0.2 18.4

We have performed molecular dynamics simulations in the singly-charged acetonitrile

molecule considering three values of excitation energy: 5, 10 and 15 eV. 500 trajectories

were computed up to 250 fs for each value of excitation energy. Those trajectories not

showing fragmentation in the first 250 fs were extended up to a maximum propagation time

of 2 ps. Statistics on the fragmentation channels are shown in Table S1.The calculated

yields are in qualitative agreement with the experimental ones given in Table 1 of the main

manuscript, especially for excitation energies around 10-15 eV. As in the experiment, our
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MD calculations predict that H and H2 losses are the dominant processes, followed by SHM

and DHM, and finally NHM.

Analysis of the vibrational modes

To shed some light on the role of different vibrational modes in the isomerization and frag-

mentation processes, we have calculated the vibrational states of the cation and the neutral

molecule in their ground states. The corresponding vibrational frequencies are given in

Table S2.

Table S2: Vibrational frequencies for the neutral and singly-charged acetonitrile molecule.
Mode characterization corresponds to the neutral molecule. Vibrational frequencies have
been computed at the B3LYP/6-31++G(d,p) level of theory over the geometry previously
optimized at the same level

Mode νneutral(cm−1) νcation(cm−1)
CH asymmetric stretching, νCH 3135.24 3131.26
CH asymmetric stretching, νCH 3135.24 2858.23
CH symmetric stretching, νCH 3057.98 2763.12
CN stretching, νCN 2364.27 2086.79
CH asymmetric bending, δCH 1478.23 1402.88
CH asymmetric bending, δCH 1478.23 1186.26
CH symmetric bendingg, δCH 1415.19 1075.59
CH3 rocking, ρCH 1060.27 1008.55
CH3 rocking, ρCH 1060.27 934.87
CC stretching, νCC 929.25 446.36
CH bending, δCCN 378.64 369.55
CCN bending, δCCN 378.64 191.83

Labeling of the different vibrational modes corresponds to the neutral molecule, for which

there is no ambiguity. In contrast, the modes in the molecular cation are mixed and the

characterization is not that straightforward. In general, they correspond to those in the

neutral molecule with some contributions from other modes. The larger changes are observed

for those modes where hydrogen atoms are involved. These modes are softened (redshifted),

which further supports the fact that hydrogen migration is so efficient in the molecular

cation.
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Supplemental Experimental Analysis

H+ / H +
2 Dissociation

The Kinetic Energy Release (KER) as a function of probe pulse delay for the hydrogen

disssociation channels is shown in the Supplemental Figure S2. Note that the constant band

is centered around 4 eV, rather than the roughly 5.5 eV for the hydrogen migration channels

shown in Fig.2 in the main text. We fit these figures following the same procedure as for the

hydrogen migration channels: using a global fitting method and subtracting the constant

band fit leaving only the dynamic, 1/R like behavior. The results of this fit are shown in

Table 1 in the main text, and the details regarding the fit can be found below in the below

section.

Figure S2: Kinetic Energy Release as a function of the probe pulse delay for H+ and H +
2

dissociation.

Global Fitting

To resolve the 1/R-like dynamic shown in the KER vs. pump-probe delay figures (e.g.

Fig. S2), we employ a global fitting method. Since the data shows similar intensities and
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timescales, the positive and negative pump-probe delay are folded about time zero to increase

the statistics. We then fit the pump-probe delay slices with a function comprised of the

sum of two main portions. The first part of this sum is the sum of a Gaussian and Cauchy

distribution sharing a common central position, which was constrained to fit the static band.

The other is the Fréchet distribution, which has been chosen for its long asymmetric tailing

behavior that can be seen on the upper side of the 1/R component of the KER vs pump-

probe delay plots. The Fitting of this sum uses a least squares method implemented by the

python library script, utilizing the curve_fit implementation.

(a) Folded Data (b) Global Fit (c) Percent Error

Figure S3: Raw NHM data folded around pump-probe delay = 0, the delay-sliced global fit,
and the percent difference between them.

(a) Static feature fit (b) Dynamic feature fit (c) Static-fit subtracted data

Figure S4: Static and 1/R features fit using global fit, and data with the static fit subtracted
to retrieve only the 1/R feature on the collected data for the NHM.

The raw data and global fit for the NHM channel are visible in the Supplemental Fig. S3,

as well as the percent difference between them. Supplemental Fig. S4 shows the static and
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the 1/R portion of the fit separately for the same data, as well as the raw data with the

static band fit subtracted from it. The Amplitude for the Gaussian fit to the static arm

is roughly constant, thus the subtraction gives a reasonable representation of the channel

dynamics. To get the time-constant τ for the population of the 1/R behavior, we project the

subtracted data of Fig. S4(c) onto the pump-probe delay axis, and fit it with the function:

f(∆t) =


background ∆t < t0

A
[
1− e−(∆t−t0)/τ

]
+ background ∆t ≥ t0

(1)

where ∆t is the pump-probe delay, A is a normalization constant, τ is the exponential time

constant, and t0 is the shift from time zero. An additional constant background noise is

assumed. The function is fit, allowing the constants A, t0, τ , and background to vary.

Physically, τ represents the breakup time and t0 represents the time for isomerization. You

can see this fitting for the SHM in Fig. S5
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Figure S5: Least-squares fit of equation 1 for the static band subtracted NHM data projected
onto the time axis.

Data Extraction

Identifying the correct dissociation channels begins by extracting the raw data recorded

by the COLTRIMS, and plotting the time of flight (TOF) of all fragmented ions. Similar

to most ion time-of-flight spectrometers, the arrival time is proportional to the
√
m/q of

the detected ion. After the TOF for the relevant fragmented ions of a particular breakup

channel are identified (see Supplemental Fig. S6), we compare it to the photoion-photoion

coincidence plot (PIPICO), which can be seen in Fig. S7. We then extract the negative-

sloping distributions that correspond to the fragments we have identified. The PIPICO

regions specific to hydrogen disassociation and hydrogen migration can also be seen in Fig.

S7.

Once the events in the identified channels have been extracted, the momentum is cal-

culated for every detected particle from the time of flight and position detection. We also

S-9



calculate the kinetic energy of each particle, and the kinetic energy release of the event, which

is the sum of the kinetic energies of all fragment ions. There are some false-coincidences in

the raw data, which can be seen by plotting the kinetic energy of the first detection vs the

second in the channel corresponding to NHM. The expected trend line for KE2 vs KE1 would

be
√
m2/m1, but as can be seen in the Supplemental figure 7, there are some non-physical

events detected which are not considered since they do not satisfy momentum conservation,

as shown in the Supplementary Fig. S8(c)
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Figure S6: Raw time of flight spectrum for all particles observed in the COLTRIMS, in units
of ns. The top figure displays the whole observed spectrum, where the peak on the left is H+,
and the series of peaks at roughly 6300 ns is the parent molecule CH3CN minus hydrogen
ions. The bottom part is focused on the region of the fragmented ions corresponding to
hydrogen migration (as well as the products of water contamination in the chamber).
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Figure S7: Photoion-photoion coincidence time-of-fight spectrum of CH3CN. Two regions
are highlighted: one containing H+ and H +

2 dissociation which can be seen on the top, and
one containing the hydrogen migration channels on the bottom.
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(a) Raw Data (b) Momentum Gating (c) Clean Data

Figure S8: The kinetic energy of the two fragment ions for the SHM is plotted in the three
figures above, with the red trend line in figure (a) and (c) being the kinematically expected√
m2/m1. We gate the data keeping only those to the left of the red line in figure (b). The

left only events, shown on the right, conserve momentum. All three above figures have log
z-axis.
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