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1 Covariance calculation

The three-dimensional (3D) covariance calculation method was described in detail in the Supporting
Information of Reference 1. Briefly, events in a time-of-flight range characteristic of the ion of interest
are selected, for two ions X+ and Y+. These events are then transformed from detector position (x and
y) and time-of-flight (TOF) to 3D momentum vectors. From pairs of events corresponding to X+ and
Y+ detected in the same FEL shot, the ‘double coincidence’ term of the covariance expression (⟨AB⟩)
is calculated. The ‘single coincidence’ term (⟨A⟩⟨B⟩) is calculated similarly, but from all pairs of X+

and Y+ ions across a random sample of laser shots. The two primary changes to the analysis method
in the current work are i) the transformation to the native frame, which can be done on each individual
pair of ions in the calculation and ii) the use of contingent covariance.

An example of the double and single coincidence terms, and resulting covariance, are shown in
Fig. S1. The double coincidence map (a) contains a large amount of signal from false coincidence,
demonstrating that a coincidence analysis is not appropriate for this high count-rate dataset. The false
coincidence signal is removed by subtraction of the single coincidence map (b) to produce the covariance
map (c).
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Figure S1: Calculated (a) double and (b) single coincidence terms and (c) covariance for the
(I+ + CH+

3 ) ion pair in 2-IP, presented in the native frame.

2 Contingent covariance calculation

An example of the output of the contingent covariance calculation as a function of the number of bins
in FEL pulse energy used to divide up the data is shown in Fig. S2. Herein n = 1 corresponds to
the regular, non-contingent covariance calculation. Increasing the number of bins reduces the false
covariance in the results and improves the signal-to-noise. The contingent covariance figures presented
in the main text were produced using 10 bins.

3 Confirming the assignment of the three-body fragmen-
tation channel

To support our assignment of the signal observed and analyzed in the (I+, CH+
3 ) covariance data

presented in the main text, additional covariance analysis was performed. In particular, we wished
to confirm that the feature assigned to fragmentation of IP3+ leads to I++CH+

3 +C2H
+
4 (as opposed

to C2H
+
3 + H, etc.). Fig. S3 compares the results from an example covariance analysis between the

I+ and C2H
+
4 fragments to that between the I+ and CH+

3 (which is the focus of the discussion in the
main paper). Here, an I+ momentum range was chosen to isolate sequential dissociation features. It
can be seen that very similar results are obtained for both isomers when using either pair of covariant
ions, as would be expected given our assignment of the three-body fragmentation channel and the use
of momentum conservation in the covariance analysis. The poorer signal-to-noise ratio in the I+ and
C2H

+
4 covariance is due to a poorer detection efficiency for the C2H

+
4 ion relative to the CH+

3 ion under
our experimental conditions, and it is for this reason that the (I+,CH+

3 ) covariance is analysed in the
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Figure S2: Newton diagrams for the breakup of 2-IP2+/3+ into (I+ + CH+
3 + C2H4/C2H

+
4 )

as a function of the quantity of bins (n) used in the contingent covariance calculation. n = 1
corresponds to a regular, non-contingent covariance calculation.

main manuscript. Finally we note that no signal resembling that of a sequential dissociation is seen for
other C2H

+
x ions in covariance with the I+ ion.

4 Classical simulation of the three-body sequential breakup
of polycations

4.1 Description of the method used

We model the Coulomb explosion process using simple, classical trajectory calculations of point charges
interacting exclusively under Coulomb’s law. To recreate the sequential three-body breakup of the
IP trication the simulation is executed in two distinct steps, which model the primary and secondary
fragmentation steps respectively. For the first step, the loss of I+, we consider the Coulomb explosion
of I+ and C3H

2+
7 . The simulation is initiated from the molecule’s neutral ground state geometry, in its

lowest energy, fully staggered conformation, and the charge on each fragment is located at its centre-of-
mass (COM). For each individual simulation, the lifetime of C3H

2+
7 is determined by randomly sampling

on the curve described by eqn. 4 in the main manuscript. The trajectories of the two fragments
are propagated until this lifetime has been met, at which the point the further breakup of C3H

2+
7 is

considered to occur, beginning the second step of the simulation.
At this point, C3H

2+
7 is replaced in the simulation by CH+

3 and C2H
+
4 , in the same geometry as in

the initial molecular structure. The two fragments are once more treated as point charges placed on the
adjacent carbon atoms of the two fragments. Finally, to model the rotation of the propyl dication during
its lifetime, the point charges are rotated through the angle given by the product of the intermediate
lifetime and rotational period. This rotation is about the c-axis for the 1-propyl fragment, and the
a-axis of the 2-propyl fragment, as illustrated in Fig. 9 and 10 of the main text. The trajectories of the
I+, CH+

3 and C2H
+
4 ions are then propagated until they have all reached their tangential velocities.

Modifications made to account for changes in the nuclear geometry of the propyl dication were
performed by altering the spatial arrangement of the CH+

3 and C2H
+
4 point charges prior to the second

step of the simulation. To reproduce the experimental kinetic energy release (KER) of the (CH+
3 ,

C2H
+
4 ) Coulomb explosion, the separation of the CH+

3 and C2H
+
4 point charges is determined, for each

individual simulation, by sampling on a Gaussian distribution with centre 5.3 eV and width 0.9 eV, then
converting to distance using Coulomb’s law. Similarly, to crudely approximate the vibrational motion of
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Figure S3: Newton diagrams for the sequential breakup of (a) + (b) 1-IP3+ and (c) + (d) 2-IP3+

into (I+ + CH+
3 + C2H

+
4 ) in the COM frame of the secondary dissociation C3H

2+
7 → CH+

3 +
C2H

+
4 . Panels (a) and (c) have been produced using a two-fold contingent covariance analysis

between I+ and CH+
3 , whilst panels (b) and (d) were produced using (I+, C2H

+
4 ) covariance.

The momentum of third fragment is deduced from momentum conservation in this frame. The
matching momentum distribution between (a) and (b), (c) and (d), confirms our assignment of
the third fragment.

the propyl dication, the C-C-C bond angle in each simulation is selected from a Gaussian distribution,
centered on the original bond angle, with a width of 30◦. To simulate distortion of the propyl dication
bond angle we shift the centre of this distribution by ±20◦. The out-of-plane rotation is applied in the
same way and is considered to be about the b-axis for both the 1- and 2-propyl fragments.

4.2 The effect of model parameters

The two key parameters which control the output of the simulation for a given molecular structure are
the rotational period (TR) and characteristic lifetime (τ) of the propyl dication intermediate. Fig. S4
demonstrates the effect of increasing τ whilst keeping TR fixed for both 1-IP and 2-IP. These simulations
were performed using the version of the model which incorporates the effective separation of the CH+

3

and C2H
+
4 ions, and uses a Gaussian distribution of the C-C-C bond angle to crudely approximate the

vibrational motion of the C3H
2+
7 intermediate. As the lifetime is increased, the simulated fragmentation

transitions from essentially concerted to sequential, with corresponding changes in both the KERs and
relative angles in the native frame. In the case of 1-IP, for sufficiently long lifetimes of the dication
intermediate, an essentially isotropic recoil angle is produced, as expected. In the 2-IP case, for a long
lifetime intermediate the signal is still constrained to a relatively narrow angular range. As discussed
in detail in the main manuscript, this is due to to the different assumed axis of rotation of the propyl
intermediate, restricting the orientations sampled with respect to the I+ momentum vector.

Shown in Fig. S5 is the influence of changing TR and whilst keeping the ratioTR
τ

constant (in this
case, the ratio equals one half). The parameters used to produce the figures presented in the main text
are the same as for the simulations shown in the central panels of Fig. S4 and S5.

4.3 Simulated concerted three-body breakup of the 1-iodopropane tri-
cation

The isolated signal for the three-body concerted fragmentation of 1-IP3+ is compared in Fig. S6 with the
results of the simulation for the same process, with τ = 25 fs. Similar to the covariance map for concerted
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Figure S4: Simulated covariance maps for concerted three-body breakup of 1-IP3+ (upper)
and 2-IP3+ (lower) as a function of KER of the secondary products (KER(CH3,C2H4)

) and the

relative recoil angle between the iodine and methyl ions (θ(I,CH3)
), showing how the output

of the simulation varies as the lifetime of the propyl dication intermediate, τ . The lifetime for
each simulation is indicated along the top row. A constant rotational period of the dication
intermediate of 0.75 ps is used.

fragmentation of 2-IP3+ (Fig. 8 in the main text), we observe a feature narrowly distributed around 90◦,
with a broad KER range. In this case, however, the simulation is less successful at reproducing the
experimental feature. It roughly captures the observed KER range, but predicts a much more significant
angular dependence, with the relative recoil angle rising as the KER of the secondary dissociation process
decreases. Panel (a) does appear to show signal at obtuse recoil angles, but it is difficult to conclude
whether it is significant due to the low signal-to-noise ratio in the covariance map. Whilst the precise
cause of this relatively poor agreement is difficult to ascertain, it is likely to involve more complex nuclear
dynamics occurring in the 1-IP trication during its concerted fragmentation that is not captured in the
simple model.

5 Additional data analysis
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Figure S5: Simulated covariance maps for concerted three-body breakup of 1-IP3+ (upper)
and 2-IP3+ (lower) as a function of KER of the secondary products (KER(CH3,C2H4)

) and the

relative recoil angle between the iodine and methyl ions (θ(I,CH3)
), showing how the output

of the simulation varies as the rotational period and characteristic lifetime of propyl dication
intermediate are changed in proportion. The rotational period for each simulations is indicated
along the top row. All simulations use a lifetime equal to half the rotational period.
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Figure S6: Experimental (a) and simulated (b) covariance maps for concerted three-body
breakup of 1-IP3+ as a function of the KER of the secondary products (KER(CH3,C2H4)

) and

the relative recoil angle between the iodine and methyl ions (θ(I,CH3)
). Each panel is normalised

separately.
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box, which is shown enlarged in Fig. 4 (f) in the main manuscript.
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Figure S8: FEL pulse energy distribution at the interaction region for both 1-IP (red) and 2-IP
(blue). Gaussian fitting was used to extract the average energy and corresponding standard
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of the energy range used in the contingent covariance calculations. The 10 energy bins were
normally distributed over this range such that each contained an equal number of unique laser
shots.
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Figure S9: Covariance between the I+ and CH+
3 without any filtering of the momentum of the

I+ ion. Panels a) and b) display the covariances for 1-IP and 2-IP respectively as a Newton plot
in the native frame, whilst panels c) and d) display these covariances as a function of the KER
of the secondary products (KER(CH3,C2H4)

) and the relative recoil angle between the iodine

and methyl ions (θ(I,CH3)
). Each panel is normalised separately.
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