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Supplementary Note 1: Laser pulses properties
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Supplementary Figure 1. Pump and probe spectra. (a) Pump spectrum (purple filled solid line) and
methyl-iodide cross-section (dashed line) based on data reported in Table 1 of Supplementary Ref.1. (b)
Probe spectrum (red filled solid line).

The spectra of the UV pump and the NIR probe spectra described in the Methods section are
shown in Supplementary Fig. 1.

The UV pulse duration has been estimated in situ through two-color cross-correlation in
Krypton. The gas is injected through the same sample delivery system described for CHsl in
the Methods section. Due to an ionization energy of 13.99 eV, a minimum of two UV + three
NIR photons are needed to ionize the atom. The energy and angular distribution of the
photoelectrons are measured through a Velocity Map Imaging (VMI) spectrometer? which is
integrated in our Time-of-Flight spectrometer®. The VMI images have been acquired as a
function of the NIR delay averaging each point over 3x10* laser shots. The images have been
Abel inverted* and then angularly and energy integrated in an energy range below 1 eV. The
result is shown in Supplementary Fig. 2. The W, width of the Gaussian at time zero is related
to the Wyy and Wy g full width at half maximum (FWHM) durations through the following cross-

correlation expression:

Wee = \/WI?V/nUV + Wer/nNir + Wik 1)

where nyy and nyr are the number of UV and NIR photons involved in the ionization and W,
is an additional term that accounts for the non-collinear geometry used in the experiment.
Considering an angle of about 0.6° between the beams, we obtain a W, of 1.2 fs (for the three-
photon probing case). The NIR pulse can be characterized independently with an SHG FROG
setup, resulting in Wyr = (5.6 = 0.2) fs. Therefore, we estimate a UV FWHM duration Wyy =
4.2 + 0.3 fs. The standard deviation is obtained by propagating the standard deviation of the

fit through Supplementary Equation (1).
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Supplementary Figure 2. Cross-correlation trace obtained by photoionizing Krypton gas. The
trace is obtained using a VMI spectrometer and selecting photoelectrons with kinetic energy below 1 eV,

which results from 2 UV + 3 NIR interaction. The solid line represents the Gaussian fit.

From the characterized FWHM of the UV (Wyy) and NIR (Wyr) pulses and the number of
absorbed NIR-photons in the probing step (nyr), the experimental time resolution (FWHM of
the Gaussian instrument response function) can be estimated using Supplementary Equation
(1) as 5.1 £ 0.3 fs. The small variation with nyg justifies the fitting of all the experimental signals

with a common time-resolution parameter.

Supplementary Note 2: Mass spectra details
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Supplementary Figure 3. Typical mass spectra. They were obtained for the cases of NIR-only, UV-

only and UV+NIR pulses and for all the three ions detected in the experiment.

Typical mass spectra obtained for the cases of NIR-only, UV-only and UV+NIR pulses are
shown in Supplementary Fig. 3. The NIR-only signal is negligible, while the UV-only spectra
exhibit background signals due to two- and three-UV-photon transitions, which were also
observed in previous works with similar pump intensities.>® We have performed measurements
at lower UV intensities to check that the observed time-dependent signals are reproducible

and, therefore, mostly related to the single UV photon transition.



Supplementary Note 3: Extended time-dependent fragment signals
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Supplementary Figure 4. Extended version of Figure 2. The experimental data and fitted curve model
for the entire available delay range.

In Supplementary Fig. 4, we report the full dataset obtained by merging a scan performed with
3 fs steps up to 70 fs and a scan performed soon thereafter with 4 fs steps up to 160 fs. Their
delay-axes were calibrated using initial single-scan fits using the same curve model as
described in Supplementary Note 4. In each pump—probe scan, we acquired 6x10* laser shots
per step forwards and again backwards to produce an average data point.

Supplementary Note 4: Fitting procedure

We use a global curve-fitting model consisting of three terms: a rapidly decaying peak, a long-
lived contribution, and a constant baseline term. These models are characterized by the
following terms: the rapidly decaying peak starts at t = 0 and is characterized by an
exponential lifetime t,. The long-lived contribution is rising for t > t;, where t, represents a
finite delay (time offset) with respecttot = 0 and arising expressed by (1 — exp((t —t;)/71)
and finally a decaying term with lifetime t,. These terms are convoluted with a Gaussian

function representing the experimental time resolution with a common FWHM parameter W.



The two exponential contributions have been fitted using the analytical expression used in
Supplementary Ref.”8. Similar curve models with time offsets, representing isomerization time
or wave packet motion, have, for instance, been used in Supplementary Ref.°?*l. The
coefficients 4, and A; denote the heights of the short and long-lived terms, respectively. For
the parent ion, the second term was constrained to start abruptly and without delay, based on
the Rydberg-like assignment, while a time shift of t; was allowed in the second term for the

fragment ions.

lon A4/A baseline 7o (fs) t, (fs) 741 (fs) T, (fs)

CHsl"  15% 4.53 +0.04 50+0.4  O(fixed)  O(fixed) 215+ 30
I* 83% (144 + 3) x10™ 25+2 28 £ 1 1M1+2 121+ 15

CHs* 24% (81+1) %1073 102 6+6 18+5 115+ 19

Supplementary Table 1. Main results from the curve model fitted to the experimental data. The
shared Gaussian FWHM parameter was fitted to W = 6.7 £ 0.3 fs.

Supplementary Note 5: Numerical calculation details

Visualization of the dissociative trajectories in the neutral molecule
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Supplementary Figure 5. Weighted convolution of the C-I distance for all the trajectories as a
function of time. The convolution was done with a Gaussian function of 0.1 Angstroms FWHM. On top
of the convoluted data, the weighted average distance when including the trajectories in the first 8 (cyan)
and the last 4 (red) electronic states is also included. The inset focuses on the first 30 fs, where the
bifurcation between the two channels | (cyan) and I* (red) can be observed.



Supplementary Fig. 5 shows the evolution of the average C-I distance for two sets of
trajectories. In the first set, the average has been performed by considering the electronic
states leading to dissociation into | (the 8 lowest states) and, in the second set, by considering
the states leading to dissociation into I* (the 4 upper states). One can see two different
evolutions: the faster one corresponds to dissociation into the | channels, whereas the slower
one to dissociation into the I* channels. In the case of I*, a clear change of the slope at around
40 fs is observed (when a change of the I channel is also observed experimentally). At short
times, the bifurcation of the two channels, related to the passage through the conical
intersection, is quite apparent at around 14.5 fs. This value is very similar to those obtained in
refs. 13 (15 fs) and 16 (13 fs), but it is higher than that directly obtained from the energy
difference between the states (10.5 fs). This 4-fs difference (between 10.5 fs and 14.5 fs) can
be explained as the time required for the ensemble of trajectories to experience the Cl-induced
gradient and separate.

Derivation of n-photon theoretical curves

To obtain the curve related to the absorption of n photons, a selection of which is shown in
Figure 3 (d—f) in the Results section of the manuscript, the trajectory count in the energy region
between n — 1 and n NIR photon energies has been summed and reported in Supplementary
Fig. 6. Physically, this corresponds to assuming an electron spectrum with a uniform
distribution of kinetic energies from n — 1 to n NIR photon energy and that all ionization cross-
sections are otherwise equal. In Supplementary Fig. 7, a similar sum has been performed by
selecting only specific trajectories. The curves in Supplementary Fig. 7 panel (a-c) are obtained
considering only trajectories ending in the 1(*P32) channel and indicated by lg. The curves in
Supplementary Fig. 7 panel (d-f) represent only the trajectories in which the wave packet stays
on the 3Qo and are correlated to the I* (°P12) channel, therefore indicated with the label Is. The
latter subset represents the trajectories as if no crossing occurred at the conical intersection
and is also reported for the ion fragments in Figure 3 (e-f). The sum of the two subsets

produced the total simulated trajectories reported in Supplementary Fig. 6.
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Supplementary Figure 6. Readouts from Figure 3 (a—c) as at the specified number of NIR photons
for each ion (a-c). The curves are shown normalized to the highest value for each ion. A subset of these
curves is shown also in Figure 3 (d—f).
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Supplementary Figure 7. The effect of the crossing on the trajectory leads to specific ion
production at the number of NIR photons specified by the label. The curves are shown normalized
to the highest value for each ion. Panel (a-c) shows the curves obtained when the dynamics end on the
ground state of iodine | (?P32) (Ig). Panel (d-f) instead, results in the trajectory correlated with iodine in
the excited state I* (?P12).



Relative contribution of the theoretically extracted probabilities

Although our theoretical model does not include information concerning the multiphoton cross-
sections of the probing step, we could still use the set of theoretically retrieved curves (shown
in Supplementary Fig. 6) to address their relative contribution to the experimental signals for
each ion. First, in order to consider our finite time resolution, we convoluted each of the
normalized curves with the instrumental response function reported in Supplementary Note 1.
Subsequently, we used these curves as a basis set to decompose the experimental signal.
Each experimental curve has been normalized to its maximum value, and the baseline
extracted for negative delays has been subtracted. The normalized ion yield can thus be
represented by a linear combination of the n-photon theoretical curves, where the
A,, coefficients are obtained through a best fit routine. Each of these coefficients represents
the relative contribution of each curve to the ion yield. The values obtained for each coefficient

are reported in Supplementary Table 2.

Parameters CHal" I* CHs"
As 0.88 £0.01 0 (fixed) 0 (fixed)
As 0.04 £0.01 0 (fixed) 0 (fixed)
As 0 (fixed) 0.33+0.07 0.31 +0.02
As 0 (fixed) 0.00 + 0.05 0.30 £ 0.01
A; 0 (fixed) 0.63+0.14 0.02 + 0.02
As 0 (fixed) 0.00£0.12 0 (fixed)

Supplementary Table 2. Coefficients were obtained by fitting the set of normalized curves from
Supplementary Fig. 6 to the experimental data normalized to the maximum of each ion yield. 4,
represents the relative contribution of the corresponding n-photon curve from Supplementary Fig. 6,
along with the standard error resulting from the fitting procedure.

In Supplementary Fig. 8, we report the fitting curves as solid lines on top of the experimental
data. The individual n-photon theoretical curves weighted by their relative coefficients

extracted from the fit are reported in the same figure as colored solid lines.

Due to the rapid decay of the parent ion, the fit for this ion has been performed only up to 10
fs. Note that, for the parent ion, the three-photon transition is the dominant contribution to the
signal, with only a smaller contribution from the four-photon curve. When considering the
iodine cation, many more curves can contribute. However, in this case, only the coefficients
As and A, significantly differ from zero. Therefore, this fitting procedure confirms our previous
conclusion that the six-photon transition only marginally contributes to the iodine signal. Finally,
for the methyl fragment, only the coefficients A5 and A, contribute to the long-lived component

observed in the experimental data, once more corroborating our previous interpretation.
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Supplementary Figure 8. Best fitting curves (red solid lines) obtained as a linear combination of
the theoretical curves from Supplementary Fig. 6. Dots indicate experimental data points
(normalized to the maximum value for each ion), while shaded areas indicate the standard deviation.
The constant baseline for negative delays has been subtracted. The individual n-photon theoretical
curves are weighted by their relative coefficients extracted from the fit and are also reported here as
colored solid thin lines.

Time-Dependent Schrodinger Equation simulations

To better understand the multiphoton ionization process induced by the probe pulse, we have
calculated the ionization probabilities to the different electronic states of the cation as a function
of time delay by solving the time-dependent Schrédinger equation (TDSE) on a basis of
molecular electronic eigenstates. For the neutral molecule and the corresponding cation, the
energies and electronic states were obtained by using the geometries resulting from the
calculated trajectories at every time step. Spin-orbit splittings, dipole couplings and Dyson
orbitals for all these states were also obtained at every time step, in this case at the perturbated
modified CASSCF level. The NIR-induced dipole couplings between the bound electronic
states of the neutral molecule and between the electronic states of the molecular cation,
respectively, were explicitly calculated and included for all states shown in Figure 1 of the
Introduction section at each time delay. The transition matrix elements between the states of
the neutral molecule and the cation were approximately represented by the corresponding
Dyson norms. The latter were rescaled with a factor of 100 to account for the multiphoton

nature of the transition and to obtain a non-negligible value of the ionization probability.



Electronic continuum states up to 2 eV above the various ionization thresholds were mimicked
by replicating 20 times the corresponding states of the cation (displacing the cationic states
with the corresponding kinetic energy). In this way, the model included a total of 692 coupled
states at each time delay. We note that by restricting the number of bound states of the neutral
molecule to those shown in Figure 1 of the main text, we are ignoring the possible effect of the
Rydberg states in the multiphoton ionization process. However, since dipole transition
moments associated with these states rapidly decrease as they approach the ionization limit,
we do not expect them to play a significant role. We also note that, although some of the
dissociation products of the molecular cation (mainly ICH>") cannot be retrieved by using this
approach'?, the procedure gives a reasonable representation of the Frank-Condon energies

and the dissociation limits for the CHs* and I* cations?2.

In the calculations, a sine square laser pulse of FWHM duration 5 fs, central frequency 1.7 eV
and intensity 6.47 x 10 W/cm? was used to mimic the experimental one. The laser-molecule
interaction was described within the length gauge. At each time delay, the initial wave function
was that in the active potential of the trajectory. This wave function was then propagated during
10 fs with a time step of 0.01 fs. The calculated transition probabilities were assigned to the
different fragmentation channels by using Eq. 1 in the Results section and the same energetic

criteria.

It is worth mentioning that in this description of multiphoton ionization by the probe pulse, the
electronic TDSE must be solved for each nuclear geometry reached in a given trajectory (150)
and for all the trajectories (1,000), which amounts to 150,000 TDSE calculations. This provides
the multiphoton ionization probabilities to the different states of the cation for all considered
nuclear geometries. However, these probabilities do not tell us if the molecule will subsequently
dissociate or not. To know this, one has to consider that, at the instant of ionization by the
probe pulse, the nuclei have already acquired a certain amount of kinetic energy Ej;,. This
guantity is easily extracted from the calculated nuclear trajectories. When the sum Ej;, +

Epo¢ is larger than the dissociation energy D; in a given state of the cation (Eq. 1 of the main

text), multiphoton ionization will be followed by dissociation leading to fragment i. Otherwise,

the molecular cation will not dissociate.

Supplementary Fig. 9 shows the results of these calculations for the three fragmentation

channels considered in this work.
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Supplementary Figure 9. Results of the TDSE simulation. Each curve probability has been
normalized to a maximum of 1.

Overall, the results confirm the behavior discussed in the main text and support the analysis
based on the much simpler model described there. Following excitation, the parent undergoes
a rapid decay, and the iodine fragmentation probability follows a hon-monotonous behavior.
Additionally, the methyl fragment is shown to rise during the first 15 fs and decay to zero at
around 30 fs. The rising of the signal agrees with the behavior reported in Fig. 2 of the Results
section for the four-photon and the five-photon contribution, while the former six-photon
contribution seems to be missing. This fast decay does not agree with what is observed
experimentally, however we can safely assume that our interpretation of the mechanisms
occurring at shorter time delays (NIR-induced stabilization and passage through the ClI), where
the agreement with theory is satisfactory, remains unaffected. As reported in the main
manuscript for the simpler model, the peak in the experimental signal for the methyl ion at
zero-time delay is due to an internal conversion mechanism in the molecular cation, which is
not included in the TDSE calculation and therefore is missing in the curve reported in the

bottom panel of Supplementary Fig. 9.



Both the TDSE simulations and the simpler model described in the main text predict that there
are more trajectories leading to I* than to CHs* at long times, in contrast to the experimental
finding. The reason for this behavior is that in both types of simulations the number of states

dissociating into I* is considerably larger than the number of states dissociating into CHs".
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