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Influence of the 800 nm laser

The experimental data were recorded in a two-color pump-probe experiment, in which the
delay of a few-cycle near-infrared (NIR) laser pulse relative to the X-ray pulse was scanned.
The data presented in the current work was averaged over all pump-probe delays to improve
statistics. The primary effect of the NIR laser pulse was to initiate single ionization, which
was observed to lead to a significant amount of dissociative ionization into C4H7 + I. This
dissociative ionization process could then be probed with the intense soft X-ray pulse, pri-
marily through the observation of a (weak, ~ few percent of total signal) delay-dependent
feature in the I?*, which results from a delay-dependent Coulombic repulsion against the
C4HY following I 4d ionization of the I atoms produced in this dissociative ionization. Anal-
ysis of this time-resolved data will be presented in another publication. As the dissociative
ionization process should effectively prevent the molecule from reaching the very high charge-
states required for complete Coulomb explosion (as, following dissociation, I 4d ionizations
will no longer result in charges being deposited on the alkyl chain), we do not expect this to
interfere with the ground-state X-ray Coulomb explosion signals considered in the present
work.

In order to verify that this additional laser pulse has a very limited effect on the presented
results, we consider the delay-dependent momentum distribution of IT, I+, C* and C?*
ions (the primary ions considered in the analysis presented in the main text). Clear delay-
dependent effects are observed only in the I?* ion — in the form of the aforementioned
“Coulomb curve” feature arising from NIR-induced dissociative ionization, prior to probing
at the iodine. This leads to ions with lower momentum than those produced by Coulomb
explosion of ground-state molecules. To confirm that these lower momentum I?* ions arising
from this pump-probe process do not contribute significantly to the correlations considered
in the present work, we also present the I** momentum distribution from the two-fold (I*T,
C™) covariance. As expected, we observe that only high-momentum (>200 a.u.) I*T ions

contribute to this signal. Consequently, we believe that the effect of the NIR laser is very
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Figure S1: Different fragment’s momentum distribution as function of pump-probe delay.
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Figure S2: Comparison of I?* fragments’ momentum distribution of all counts and in covari-
ance with C* fragment.



minimal on the data presented, which essentially only reflects the X-ray induced Coulomb

explosion of ground-state C4H7I molecules.



Experimental data analysis and filtering

As outlined in the main text, we define the molecular frame in the following manner: the I>*
momentum is aligned along the +p, axis (purple arrow), while one reference C* is placed
in the p,—p, plane (p, > 0, p, = 0). These choices define the I-C axis and a reference
plane in the molecular frame. The resulting three-dimensional distributions of all carbon
ions are presented in Figure S3(a)—(d). Here we compare different representations/analysis

procedures of the experimental data.

Figure S3: Molecular frame representation of 3-body channel (I**, C*, CT) with different
methods (panels (a), (b)), as well as 4-body cumulant channel (I**, CT, C*, C*) in panel

(c).

Figure S3 (a) and (b) show the comparison between the unfiltered and filtered three-
dimensional molecular-frame distributions for the (I?*, C*, C*) channel. In the filtered case,
when constructing the covariance histograms, we retain only events where the angle between
the I>T and the reference C* lies within 0-135°, thereby excluding configurations in which
the central carbon is incorrectly assigned as the reference. From the plots, it is clear that the
two distributions are in broad agreement. This arises because selecting a terminal carbon as
the reference is three times more likely than selecting the central carbon. Thus, the filtering
removes only one quarter of the events. Moreover, when the central C is selected as the
reference, the molecular frame is poorly defined, leading to broadly-distributed signal across
the molecular frame. As a result, removing events in which the central C is the reference does

not significantly alter the overall distribution. Panel (c¢) shows the equivalent plot arising
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from a 4-body cumulant analysis (I*T, CT, C*, C*), which exhibits lower statistics.
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Figure S4: The 1D projections of molecular frames in Figure S3. (a)-(c) are the p,, p, and
p. projections of the three different distributions.

Figure S4 shows the 1D projections of the experimental relative momentum distributions
along p,, p, and p, axis (panels (a)-(c)) from the 3D distributions shown in in Figure S3
(a)-(d). Figure S4 demonstrates the effect of the aforementioned momentum filtering on the
three-body covariance analysis, and how these compare to the four-fold cumulant analysis.
The momentum filtering on the three-fold covariance has minimal effect in these 1D distribu-
tions, seemingly slightly increasing the distinction between features in the y dimension. The
projection of the relative momentum distributions from four-fold cumulant analysis are very
similar to those from the three-fold covariance analysis, albeit with a worse signal-to-noise

ratio, as expected and discussed in the main text.



Coulomb Explosion Imaging Simulations

In order to better understand the contributions of the protons to the overall Coulomb explo-
sion dynamics, we performed classical Coulomb explosion simulations with different number
of charges on the hydrogen atoms, observing their influence on the final momentum of the
heavy ions. Figure S5 presents the 2D projections of the recoil-frame C* momentum in the
(I**, CT, C*) channel, assuming no charge on the hydrogen atoms (red, presented in the
main text) and 1 charge on each hydrogen atom (blue). In each case, the pool of initial
molecular geometries is sampled through Gaussian blurring in the same manner. The re-
sulting distributions overlap almost perfectly, suggesting that, under the assumption of an
instantaneous and classical Coulombic repulsion, the protons do not significantly influence

the momentum of the heavier ions produced in a given explosion.
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Figure S5: Comparison of the 2D projections of the C* momenta in the recoil frame for
classical Coulomb explosion simulations in which all hydrogens are neutral (red) or singly
charged (blue).

Finally, we turn to the influence of distorting the initial molecular geometry on the
simulated relative momentum distributions. Figure S6 presents an extended version of Figure
4 in the main text, including the third symmetric motion, the I-C stretch, in Figure S6 to
compare with the other two symmetric motions (I-C-C angle, C-C symmetric stretch). It is
clear that this motion alone does not resolve the discrepancies with the experimental data.
This is reasonable: if the central C is pushed toward the I atom, the resulting geometric

response will likely involve changes in both the angle and the C—C bond lengths, thereby
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Figure S6: Extended version of Figure 4 in the main text. Three different motions C-I,
I-C-C angle, C-C symmetric stretch are shown here. (a)-(1) are the p, — py, Pz — P2, Py — P2
projections of the four channels in the main text.



coupling into the other two modes. These latter modes have a larger impact on the final
relative ion momentum distribution.

We can further explore the influence of these geometric distortions by changing the mag-
nitude of the distortion along each of these motions. This is presented in Figure S7. It can
be seen that changing the I-C-C angle (upper two rows) affects the lower total charge state
channels more than that the higher total charge state channels. The C-I stretch (middle two
rows) makes very little change to the final momentum of the terminal carbons but has a large
influence on the momentum of the central C. It also has an influence on the (I**, C?* C¥)
channel, where the charge is asymmetrically distributed. The C-C symmetric stretch (bot-
tom two rows) affects the relative momentum distributions significantly, mostly in improving
agreement with the experimental result. This does not lead to perfect agreement however,
and for all magnitudes of changes some discrepancies remain in each channel. The above ob-
servations again suggest that the deviation of the experiment with the simple point charge
model assuming an equilibrium geometry arises from complex multi-dimensional motions
of the molecule during the charge build-up process (likely in addition to factors neglected
by these simulations - such as deviations of polycationic potentials from purely Coulombic

behavior).

10



(|2+’c+'c+) {|3+,C+,C+) (|4+,C+,C+] (|4+’Cz+'c+)
]
3 200 - . “ - g
fd 0+ *om +im .‘ _'
3.0 2 | e |||
y Q& —200+
—200 0 —200 0 —200 0 —200 0
px (a.u.) px (a.u.) px (a.u.) px (a.u.)
; 200+ e - L -
E; 0 o A Tow * g Epea— ey —
: & —200- - - - -
—200 0 —200 0 —200 0 —-200 0
px (a.u.) px (a.u.) px (a.u.) px (a.u.)
';: 2004 v - " - -
é 04 - [ o &)
i—o 3 o| = -~ . - .
& —200-
—200 0 —200 0 —200 0 —200 0
px (a.u.) px (a.u.) px (a.u.) px (a.u.)
’:"? 2001 . . - " il
3 o ‘f-U: [E | Es— O ek ek - gy —
' a' 2001 . . - o
—200 0 —200 0 —200 0 —-200 0
px (a.u.) Px (a.u.) px (a.u.) px (a.u.)
LN -
; 2001 "e S o
fd 0+ o . -‘_ '
3"' . ol Tm| | Y| | e | | *e
& —200+
—200 0 —200 0 —200 0 —200 0
px (a.u.) px (a.u.) px (a.u.) px (a.u.)
;? 2001 e oy " "o
E; 04 o *W - me Ay ol
Q' —200 - - o o
—-200 0 —200 0 —200 0 —200 0
px (a.u.) px (a.u.) px (a.u.) px (a.u.)

11

Figure S7: Three different motions (I-C-C angle, C-I, C-C symmetric stretch) are shown
here. The first two rows are the p, — py, p — p. projections for the four channels mentioned
in the main text, overlaid with single geometry CEI simulation along I-C-C angle. The red
square is no change. The cyan circle is a little change (-10 deg). The purple star is the biggest
change (-20 deg). The middle two rows are the 1.40x (1.75x) C-I bond length motion. The
bottom two rows are the 1.25x (1.50x) bond length C-C symmetric stretch motion.




