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We present results from an experimental ion imaging study into the fragmentation dynamics of 1-
iodopropane and 2-iodopropane following interaction with extreme ultraviolet intense femtosecond
laser pulses with a photon energy of 95 eV. Using covariance imaging analysis, a range of observed
fragmentation pathways of the resulting polycations can be isolated and interrogated in detail at
relatively high ion count rates (∼12 ions shot−1). By incorporating the recently developed native
frames analysis approach into the three-dimensional covariance imaging procedure, contributions
from three-body concerted and sequential fragmentation mechanisms can be isolated. The angular
distribution of the fragment ions is much more complex than in previously reported studies for
triatomic polycations, and differs substantially between the two isomeric species. With support
of simple simulations of the dissociation channels of interest, detailed physical insights into the
fragmentation dynamics are obtained, including how the initial dissociation step in a sequential
mechanism influences rovibrational dynamics in the metastable intermediate ion and how signatures
of this nuclear motion manifest in the measured signals.

1 Introduction
Experimental studies of the dissociation dynamics of isolated gas-
phase (poly)cations can yield wide-ranging insights,1–6 for in-
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stance in providing stringent tests for theoretical methods7–10

and aiding in understanding the chemistry and composition of
planetary atmospheres.11–15 In recent years, the fragmentation
behaviour of polycations has attracted further interest due to the
development of time-resolved Coulomb explosion imaging (CEI)
as a method to probe ultrafast photochemistry.16–21 In such ex-
periments, the correlated velocities of fragment ions following
rapid laser-induced multiple ionisations are used to probe the
nuclear structure prior to the fragmentation. Multiple ionisation
is typically initiated by a very intense near infrared (NIR) laser
field (∼1015 Wcm−2), or using a short wavelength laser source in
the extreme ultraviolet (XUV) or x-ray region,22–24 as provided
by modern free-electron laser (FEL) sources. In either case, a
detailed understanding of many-body fragmentation dynamics of
polycations is required to fully exploit CEI as a structural probe.

Many-body molecular fragmentation processes are considered
to occur in two regimes, sequential and concerted.1 If the bonds
are broken within the approximate timescale of a single vibration,
the fragmentation is said to be concerted. For demonstration,
we consider the three-body dissociation of a triatomic trication
ABC3+:

ABC3+ → A++B++C+. (1)

Alternatively, in a sequential regime, the fragmentation occurs in
two distinct, independent two-body dissociations. First, a primary
fragmentation produces a stable product and a metastable inter-
mediate and, after some finite time, the intermediate fragments
further into the secondary products, for example:

ABC3+ → A++BC2+

BC2+ → B++C+.

(2)

Three-body sequential breakup has primarily been studied using
coincidence techniques in three-atom molecules, such as N2O,3

SO2,7 and CS2, due in part to the relative ease of being able
to conduct ‘kinematically complete’ measurements of all the mo-
mentum vectors of interest.6 Sequential mechanisms have also
been reported in larger systems, such as 1,2-dibromoethane25

and five-membered nitrogen heterocycles5 and structural isomers
of difluoroiodobenzene.26

Because the concerted and sequential fragmentation mecha-
nisms are two alternative pathways which can yield the same
product ions, being able to distinguish between these processes
is an important goal in the field of reaction dynamics. This is
especially true concerning the technique of CEI, which relies on
concerted breakup of the molecular ion in order to extract ge-
ometric information from the relative momenta of the fragment
ions. Rajput and coworkers recently demonstrated a method for
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disentangling sequential three-body fragmentation events based
on analysing each of the fragmentation steps in their own ‘native’
frame of reference.27 The first step is analysed in the centre-of-
mass (COM) frame of the parent ion, and the second in the COM
frame of the intermediate ion. The momentum imparted to the
intermediate by the primary fragmentation is equal and opposite
to the momentum of the primary product. The contribution this
makes to the momenta of the products of the delayed fragmen-
tation can be calculated and removed in order to isolate the mo-
mentum imparted in this secondary step. Hence, ions arising from
concerted and sequential fragmentation pathways can be distin-
guished based on their momenta in this frame. This approach can
also be used to study sequential three-body breakups in greater
detail, such as extracting the lifetime of the intermediate ion.28

To determine the correlated momentum distributions of ionic
fragments, which is required to fully probe many-body dissocia-
tion dynamics, coincidence analysis1,29 may be used. To meet the
primary criterion for coincidence analysis that ≤ 1 parent ion is
created per laser shot, low count rates per experimental acquisi-
tion cycle are required. For experiments with limited repetition
rates (as is the case at several current FEL facilities, for instance),
this requirement of low count rate can lead to impractically long
data acquisitions times. An alternative, which is applicable at far
higher count rates, and can achieve greater statistical certainty in
shorter acquisition times, is to calculate the covariance between
the quantities of interest, which is a statistical measure of their
linear correlation, defined as:

cov(A,B) = ⟨(A−⟨A⟩)(B−⟨B⟩)⟩

= ⟨AB⟩−⟨A⟩⟨B⟩,
(3)

where ⟨i⟩ refers to the mean of the measured quantity i over a
series of observations (laser shots in the current experiment).
Since the initial application of covariance analysis to time-of-flight
(TOF) measurement of Coulomb explosion dynamics,30 the tech-
nique has been extended to a number of two-dimensional31,32

and three-dimensional33,34 ion imaging applications.
In the present work, we study the concerted and sequential

Coulomb explosion dynamics of polyatomic 1-iodopropane (1-
IP) and 2-iodopropane (2-IP) molecules following site-selective
XUV ionisation at relatively high count rates (∼12 ions shot−1)
using three-dimensional covariance imaging analysis,23 which
is extended by incorporation of the native frames analysis pro-
cedure.25,27,28 In a particular three-body fragmentation chan-
nel of interest, we observe considerable differences in the cor-
related momentum distributions of ions produced by the two iso-
meric species. These observations, with the assistance of classical
Coulomb explosion simulations, can be related to contributions
from a range of nuclear motions occurring during the sequen-
tial fragmentation pathway that did not require consideration in
the previous fragmentation studies of triatomic polycations. Our
results therefore give considerable insights into the many-body
fragmentation dynamics of larger polycations and demonstrate an
analysis approach with wide potential applicability to the study of
many-body fragmentation in other polyatomic species. The fol-
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lowing two sections address, respectively, the experimental and
analytical methods used in this work, before results are presented
in section 4. The three-body fragmentation pathways present in
1- and 2-IP polycations are first compared, before introducing the
classical Coulomb explosion model in section 5 and assessing its
success by the insight it is able to provide into the fragmentation
mechanisms occurring in the two isomers.

2 Experimental methods

The experiments were carried out using the soft X-ray beam-
line (BL1) at SPring-8 Angstrom Compact free electron LAser
(SACLA), Japan, which can produce XUV pulses with photon en-
ergies ranging from 40-150 eV at a repetition rate of 60 Hz, a
bandwidth of 2%, and a pulse duration of approximately 30 fs.35

For the present work, XUV pulses with an average photon en-
ergy of 95 eV (wavelength = 13.1 nm) were utilised. The FEL
was horizontally polarised (i.e. parallel to the detector plane).
A gas intensity monitor was used to measure the XUV pulse en-
ergy on a shot-to-shot basis and an average reading of 33 µJ was
extracted. Attenuation of the XUV pulse, based on experimental
conditions, was achieved using a 0.6 µm Zr filter. Accounting
for the expected beamline (∼90%35,36) and filter (13%) trans-
mission, a mean pulse energy of 3.9 µJ at the molecular sam-
ple is deduced. The on-target FEL pulse energy distributions are
shown in Fig. S8 of the ESI. The XUV pulses were focused using
a Kirkpatrick–Baez (KB) mirror system to a spot size of approxi-
mately 10 µm (1/e2), which corresponded to a Gaussian intensity
of ≈ 3.3×1014 W/cm2.

A schematic of the XUV beamline and spectrometer used in this
work is shown in Fig. 1. Electron data were not recorded in this
experiment. The focused XUV pulses intersected a pulsed super-
sonic molecular beam at the centre of a velocity map imaging37

(VMI) ion spectrometer.38 Unseeded, gaseous samples of 1-IP and
2-IP were expanded into the spectrometer chamber via a skimmer
using a pulsed gas jet (General Valve), and site-selectively ionised
by the XUV at the I 4d edge. The absorption cross-section of a
free iodine atom at 95 eV is approximately equal to that of Xe+

(27.7 Mb), which has the same electronic configuration and is ex-
pected to become ionised in a similar manner.39,40 Based on the
calculated absorption cross sections41 we expect approximately
70% of the absorbed XUV photons to be absorbed at the iodine
site.22 We also note that, at this photon energy, absorption of a
single XUV photon by atomic Xe produces Xe2+ and Xe3+ in an ap-
proximately 2:1 ratio40. Resultant ionic products were extracted
using a set of ion optics and imaged using a dual Micro Channel
Plate (MCP) detector equipped with a hexanode delay line detec-
tor.38. In addition to recording the x and y positions of multiple
ion hits on the detector for each FEL shot (mean count rate ∼12
ions shot−1), corresponding to the momenta of the ions in the
plane of the detector, accurate measurement of the arrival time
of each ion (relative to an electronic trigger at the 60 Hz repeti-
tion rate of the FEL) allowed reconstruction of the ion momentum
also along the TOF axis, permitting determination of the complete
(three-dimensional) momentum information for each fragment.

Fig. 1 Schematic of the experimental system of beamline 1 at SACLA.
The FEL intersects the molecular beam within the spectrometer cham-
ber and the resulting ions are accelerated up the time-of-flight tube to
the hexanode delay line detector. Electrons were not recorded in this
experiment.

3 Data processing and analysis

3.1 Three-dimensional contingent covariance analysis
In order to determine the relative momenta of different ions pro-
duced in the same fragmentation event, we use the recently devel-
oped three-dimensional covariance imaging method, as described
in Ref. 33. One main feature of the current work is the use of a
self-amplified spontaneous emission (SASE) FEL, which produces
laser pulses with properties that fluctuate considerably on a shot-
by-shot basis, which in our case, most significantly, includes the
total pulse energy. In such cases, false contributions to the cal-
culated covariance can arise due to correlations with the fluctu-
ating parameter. Two methods have been developed to correct
for these effects: partial42 and contingent43 covariance analysis.
Partial covariance analysis correlates the signal of interest with
the fluctuating parameter, and this contribution is subtracted to
produce covariance maps where the observed signatures are in-
dependent of these fluctuations.42,44,45 A contingent covariance
analysis groups the raw data into small subsets over which the
fluctuating parameter is approximately constant, the covariance
is calculated separately for each subset, and finally the covari-
ance maps from each subset are averaged. In addition to being
easier to implement, contingent covariance analysis has the ad-
vantage that it does not assume the ion yield is linearly depen-
dent on the fluctuating parameter, so can be more effective in
mitigating nonlinear effects.43,46,47 Hence, in the present work
we chose to apply a contingent covariance analysis. Based on the
FEL pulse energy distribution, the data were grouped into 10 sub-
sets (ranging from 3.04 µJ to 4.80 µJ of on-target pulse energy),
each containing an equal number of acquisition cycles. The FEL
pulse energy distribution for the data recorded on each molecule
is shown in the ESI in Fig. S8. The number of subsets was chosen
to minimise false covariance whilst maintaining good signal-to-
noise ratios. Fig. S2 in the ESI shows the effect of varying the
number of subsets for an example covariance image.

3.2 Covariant native frames
A popular representation for identifying sequential three-body
breakup is the Newton diagram6. To demonstrate, a simulated
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Newton diagram for the fragmentation mechanism outlined in
eqn (2) is shown in the left panel of Fig. 2. The simulation mod-
els the fragments as point charges located at their COM which
interact exclusively under Coulomb’s law (see Section 4 of the
ESI for full details on the simulation method). The intermediate
ion can be both rotationally and vibrationally excited by the initial
dissociation and, if its lifetime exceeds its rotational period, it will
cause the momenta of secondary products to be distributed over
a uniform angular range relative to the momentum of the pri-
mary product.27,28,48 The simulation assumes the lifetime of the
intermediate greatly exceeds its rotational period, such that the
relative angle can take any value. The result is the semicircular
distributions seen in the Newton diagram which is a characteristic
signature of a sequential three-body breakup.

Constructing a Newton diagram requires the correlated mo-
mentum information of all three fragments, typically found by
performing experiments under coincidence conditions. To expe-
dite data acquisition under the limited repetition rate of the FEL,
experiments were performed under high count rate conditions,
where on average several molecules are ionised per laser shot.
This precludes coincidence analysis (see Fig. S1 in the ESI), hence
in this paper we extract equivalent information using a two-fold
covariance analysis33 in order to produce a Newton diagram in
the native frame of the secondary dissociation. The vector di-
agram for this process, applied to the simulated data discussed
above, is shown in the centre panel of Fig. 2. By applying covari-
ance analysis to obtain the momenta of the primary fragment ion
and one of the secondary fragment ions (white arrows), the mo-
mentum imparted to the secondary fragment by the first dissoci-
ation step (green arrow) can be calculated from only the momen-
tum of the primary fragment and knowledge of the mass of the
fragment as a fraction of the mass of the intermediate (mB/mBC).
Once this contribution is removed, allowing transformation into
the COM frame of the intermediate ion (blue arrows), the mo-
menta of the two secondary products are necessarily equal and
opposite.

Fig. 2 Left panel: Simulated Newton diagram for the three-body se-
quential dissociation scheme described in eqn (2) p⃗A and p⃗B are measured
while p⃗C is deduced from momentum conservation. Centre panel: Dia-
gram of the native frame transformation. The Newton diagram is broken
down into its constituent vector sets and each p⃗B is transformed into
the intermediate ion COM frame by addition of mB p⃗A/mBC. The trans-
formation is illustrated for one such set of vectors. Solid arrows denote
measured momentum vectors whilst dashed lines are used to indicate
vectors deduced from momentum conservation. Right panel:: The result
of summing the full set of transformed vectors ( p⃗B

∗, p⃗C
∗) to produce the

Newton diagram in the native frame of the secondary dissociation.

4 Experimental results

4.1 Time-of-flight data
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Fig. 3 Mass spectra obtained from XUV ionisation of 1-iodopropane and
2-iodopropane. Each spectrum was calculated using the full XUV pulse
energy range. The distribution of XUV pulse energies is shown in Fig. S8
of the ESI. The spectra for C2H+

x and C3H+
x have been enlarged in the

inset to show more clearly the different fragment yields for both isomers.

Mass spectra acquired from the XUV ionisation of 1- and 2-IP
are overlaid in Fig. 3. Site-selective ionisation predominantly at
the I 4d edge and subsequent Coulomb explosion of the sample
yields a range of iodine and alkyl cations. Subtle differences be-
tween 1-IP and 2-IP are observed in the relative yields of the CnH+

x
fragments (n = 1,2,3; 0 ≤ x ≤ 2n+1) which implies that the frag-
mentation channels are isomer-dependent. The mass spectrum
for 2-IP is reproduced in Fig. 4(a). The contingent TOF covari-
ance map, shown in Fig. 4(d) for 2-IP, allows us to isolate pairs of
ions formed via the same fragmentation channel. Along the posi-
tive diagonal is an intense line of autocovariance, with correlated
ions appearing as off-diagonal elements, typically with a nega-
tive gradient. This negative gradient arises from the fact that, for
pairs of ions produced in the same dissociation, if one fragment is
projected away from the detector, increasing its TOF, the other is
projected towards the detector30,49. Anticorrelation of fragment
momenta along the TOF axis is necessarily the case in two-body
fragmentations. In Fig. 4(d), clear correlations between the I+

ion and various alkyl ions of different mass are highlighted by the
red box, and expanded in Fig. 4(e).

The high TOF resolution of the delay line detector is sufficient
to distinguish correlations between CnH+

x ions differing by a sin-
gle hydrogen mass in the contingent TOF covariance map. Ad-
jacent to this, panel (f) shows the same expanded section of the
contingent covariance map for 1-IP. The full contingent covari-
ance map for 1-IP is provided in the ESI (Fig. S7). The two are
broadly similar, however with notably different intensities for the
various (I+, C3H+

x ) correlations, corresponding to the differences
seen in Fig. 3. The sharp structure and −1 gradient of the (I+,
C3H+

7 ) covariance is characteristic of a back-to-back Coulomb ex-
plosion between two cations, whilst other (I+, C3H+

x ) signals be-
come blurrier as hydrogen atoms are removed due to the impulse
imparted when they separate. By contrast the (I+, CH+

x ) covari-
ance features are significantly more diffuse, as these pairs of ions
arise from a many-body dissociation processes in which signifi-
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cant momentum is carried by the additional heavy fragments.

4.2 Three-dimensional covariance

The focus of the current work is the isomer-specific three-body
fragmentation pathways of the 1- and 2-IP trications into I+ +
C2H+

4 + CH+
3 . The correlated momenta for the (I+, CH+

3 ) ion
pair, determined via a two-fold contingent covariance analysis,
are presented in a Newton diagram in Fig. 5. Here, the I+ mo-
mentum is constrained to the positive x-axis, the CH+

3 momen-
tum is plotted in the upper half, and the momentum of the third
fragment, deduced through momentum conservation, is plotted
in the lower half. An arc, characteristic of a sequential three-
body dissociation process, can be seen in the data for both iso-
mers. This process is the fragmentation of IP3+ by, first, the loss
of I+, followed by the subsequent dissociation of C3H2+

7 . In addi-
tion to the sequential breakup signal, there are two other distinct
features. The first is perpendicular to the I+ momentum vector,
rising from the arcing sequential fragmentation feature, and is
assigned to concerted three-body dissociation mechanism of the
trication, wherein the time between the first and second steps of
the breakup is short such that rotation is limited, and I+ remains
in close enough proximity to influence the total kinetic energy re-
lease (KER) of the second dissociation. The second, low momen-
tum, feature arises from the three-body breakup of IP2+ into I+,
CH+

3 and a neutral cofragment, assumed to be C2H4. From their
relative intensities we find that the yield of this dication breakup
channel is approximately half that of the trication breakup.

In order to further disentangle the overlapping concerted and
sequential fragmentation channels, we make use of the I+ mo-
mentum information. Fig. 6 (a) displays the momentum distri-
bution of the I+ ion produced in covariance with the CH+

3 ion
from 2-IP, plotted in a frame with the x-axis bisecting the I+ and
CH+

3 momentum vectors. Three features can be observed, which
correspond directly with the channels already described: (I) the
sequential three-body breakup channel produces a high momen-
tum, constant magnitude feature; (II) descending in momentum
from the sequential feature is the signal produced by the three-
body concerted breakup channel; and (III) the sharp low momen-
tum signal corresponds to three-body breakup to produce I+, CH+

3
and a neutral cofragment (assumed to be C2H4). The 2-IP (I+,
CH+

3 ) covariance in Fig. 5(b) is shown in the native frame of the
charged propyl intermediate in Fig. 6(b).

The sequential feature can be completely isolated by filtering
the ion imaging data on the absolute magnitude of the I+ mo-
mentum prior to calculating the two-fold covariance. The result is
Fig. 6(c), which is produced by constraining the I+ momentum to
be above 190 a.u. Because we make use of a two-fold covariance
calculation and deduce momentum of the third fragment through
momentum conservation, we are inherently blind to its identity.
However, we confirm the sequential fragmentation channel yields
C2H+

4 by calculating the two-fold covariance between C2H+
4 and

I+ and obtaining approximately the same momentum distribution
(see Fig. S3 of the ESI). Additionally, the momentum matching of
the CH+

3 and C2H+
4 fragments in this frame confirms the mech-

anism for this sequential process, involving, first, the loss of I+

followed by dissociation of a propyl dication. Channels (II) and
(III) yield I+ with similar momenta and hence cannot be com-
pletely separated using this method. However, as the momenta of
CH+

3 produced by the two channels are drastically different, the
channels are well resolved in the Newton diagram in the native
frame of the C3H+

7 /C3H2+
7 intermediate (Fig. 6 (d)).

4.3 Three-body sequential fragmentation

Fig. 7 compares the correlated ion momentum distributions asso-
ciated with the sequential fragmentation channel for 1-IP (panels
(a) and (c)) and 2-IP (panels (b) and (d)). In panels (a) and (b),
these covariances are represented as a native frame Newton plot,
as shown previously in Fig. 6(c) for the 2-IP case. In panels (c)
and (d), the covariance is shown as a function of the KER of the
secondary fragmentation (C3H2+

7 → CH+
3 + C2H+

4 ) and the recoil
angle between the I+ and CH+

3 ions. There are several impor-
tant features to note in these covariance maps. Firstly, in both
molecules, the KER of the secondary fragmentation is essentially
independent of the angle between the emitted I+ and CH+

3 frag-
ments. This implies that the fragmentation is truly sequential,
i.e. at the point of secondary fragmentation, the I+ ion is greatly
separated from the C3H2+

7 intermediate and thus the KER of the
secondary fragmentation does not depend on the orientation with
respect to the departing iodine fragment. In both isomers, the
constant KER of the secondary fragmentation takes a value of 5.3
± 0.9 eV (Fig. 7(e)), with an error determined by the standard
deviation of a Gaussian fit.

Significant differences are observed in the angular distribution
of the secondary fragmentation relative to the I+ emission direc-
tion in the two isomers, as compared in Fig. 7(f). For 1-IP, a very
broad angular distribution is observed, with some degree of asym-
metry (more signal is observed close to 180 degrees than close to
0 degrees). In 2-IP, a significantly narrower angular distribution is
observed, with a relatively sharp peak at ∼95◦. We note that these
angular distributions are more complex than observed in previous
studies that used the native frames approach,27,28 which investi-
gated triatomic molecules. In such cases, under the assumption
that rotation occurs within the plane of the diatomic intermedi-
ate, the angular distribution takes the form of an exponential de-
cay, with a decay constant determined by the ratio of the lifetime
and the rotational period of the intermediate.28 In the limit of a
very long lifetime relative to the rotational timescale, an isotropic
angular distribution is observed.27

In the case of a polyatomic metastable intermediate, however,
the situation is more complex, with additional factors that can
affect the angular distribution of ion emission within the native
frame of the secondary dissociation. These factors include: rota-
tion of the intermediate ion about different axes relative to the
initial fragmentation; the relationship between the 3D structure
of the intermediate and the emission direction of ions following
its fragmentation; and any other nuclear dynamics occurring (for
instance, bending) in the intermediate prior to its dissociation.
In order to assess the effects of these dynamics on the measured
ion momentum correlations, we conducted a series of classical
simulations of the sequential Coulomb explosion process for both
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4 , is deduced through momentum conservation in this frame.

isomers which we compare to the experimental data in the fol-
lowing section.

5 Classical Coulomb explosion simulations
As our starting basis, we take the simple model introduced in sec-
tion 3.2, which considers the fragments as point charges. The
simulation is initiated from the molecule’s neutral ground state
geometry (in its lowest energy, fully staggered conformation) and,

in this first iteration, the structure of the propyl dication is static.
The first modification made accounts for the variation of the life-
time of the intermediate ion. Rather than having a single, fixed
lifetime, the propyl dication was modelled with a distribution
of lifetimes by assuming its population (number density (n) of
C3H2+

7 ) decays exponentially as a function of time (t), with a
characteristic lifetime τ.

n(C3H2+
7 ) ∝ e−t/τ (4)

The input parameters for the simulations presented in this sec-
tion were empirically chosen to reproduce the experimental re-
sults. The simulations provide qualitative insights into the possi-
ble nuclear dynamics that may occur in the propyl dication, but
preclude quantitative comparisons. A demonstration of how the
simulated results vary as a function of τ and rotational period is
given in the ESI (Fig. S4 and Fig. S5).

5.1 Three-body concerted fragmentation

Initially we verify that if τ is made very short (for instance, on
the order of vibrational motion), the simulation is able to repro-
duce the experimentally observed (I+, CH+

3 ) covariance feature
for the concerted three-body breakup of 2-IP3+. The success of
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Fig. 6 (a) Momentum distribution of I+ covariant with CH+
3 , produced

from the three-body breakup of 2-IP2+/3+. The red box around this
panel is to highlight the different scale for the momentum axes, and the
different frame in which these data are presented. The three dissociation
channels are as follows: (I ) sequential three-body breakup of 2-IP3+,
(II ) concerted three-body breakup of 2-IP3+, (III ) three-body breakup
of 2-IP2+. (b) Newton diagram for the same process, displaying the
CH+

3 momentum in the COM frame of the charged propyl intermediate.
Filtering based on the absolute I+ momentum has been used to isolate
(c) the sequential breakup channel of 2-IP3+ (190 < pI+ < 225 a.u.)
from (d) the signal due to concerted breakup of 2-IP3+ as well as three-
body breakup of 2-IP2+ (120 < pI+ < 190 a.u.).

this approximation can be seen in Fig. 8 which compares (a) the
isolated signal from the concerted three-body fragmentation of
2-IP3+ (shown in Fig. 6(d)) plotted as a function KERCH3,C2H4 vs.
θI, CH3

, with (b) the results of the simulation for the same process
with τ = 25 fs. The predicted recoil angle, narrowly distributed
around 90◦, agrees well with the experimentally observed angu-
lar distribution of the high KER feature. The broad KER range
arises due to the range of delays between the first and second
dissociation steps, implying that the concerted fragmentation is
somewhat asynchronous. The KER decreases to a lower limit
when the secondary dissociation process occurs more than 200 fs
after the first. At this point, the separation between the I+ and
propyl dication is great enough that the effect of the I+ fragment
on the secondary dissociation energetics is negligible. Despite the
simplicity of this simulation, the qualitative likeness of Fig. 8(a)
and (b) provides valuable insight into characterising the fragmen-
tation process. An analogous comparison for the concerted frag-
mentation of the 1-IP isomer is shown in the ESI in Fig. S6.

5.2 Three-body sequential fragmentation of the 1-
iodopropane trication

By increasing the lifetime of the propyl dication τ in the model,
the three-body sequential breakup of 1-IP3+ may be simulated.
Fig. 9 compares the experimental native frame covariance signal
for 1-IP to that extracted from classical simulations accounting for
a range of physical processes. The impulse from the primary dis-
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Fig. 7 Newton diagrams for the sequential breakup of (a) 1-IP3+ and (b)
2-IP3+ into (I+ + CH+

3 + C2H+
4 ) in the COM frame of the secondary dis-

sociation C3H2+
7 → CH+

3 + C2H+
4 . The Newton diagrams are displayed

in polar coordinates in (c) and (d) respectively, where KER(CH3 ,C2H4)
is

the KER of the secondary products and θ( I, CH3)
is the angle between

the momenta of the iodine and methyl ions. Each panel is normalised
separately. Below are overlaid the integrated KER (e) and angular dis-
tributions (f) for both isomers, normalised to unit area.

sociation of the C-I bond is expected to impart a large torque50 ro-
tating the intermediate as depicted schematically in Fig. 9(g). The
rotational states populated by this process will be much higher
than the thermal population in the skimmed molecular beam. We
therefore predict that the relative recoil angle between the pri-
mary fragment I+ and the secondary fragment CH+

3 will decrease
as the propyl ion rotates to orientate the methyl group towards
the recoiling I+. As can be seen in the experimental KERCH3,C2H4

vs. θI, CH3
plot (Fig. 9(a)), this produces an angular distribution

which peaks at an obtuse angle and decays slightly towards lower
values. Performing a simulation with a lifetime τ which is half
its rotational period, successfully reproduces the qualitative form
of this angular decay (panel (b)). However, many discrepancies
still exist between (a) and (b) which are primarily due to nuclear
dynamics occurring in the intermediate ion prior to dissociation
which have been neglected in the simulation shown in Fig. 9(b).
Accounting for apparent geometry changes in the propyl ion pro-
vides insight into these dynamics.

Firstly, we turn to the KER of the secondary dissociation step,
which in Fig. 9(b) is significantly overestimated and varies dra-
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and methyl ions (θ(I,CH3)

). Each panel is normalised separately.

matically close to 0 and 180◦. A Gaussian fitting to the exper-
imental data (Fig. 7) was used to extract a KER of 5.3 ± 0.9 eV
for the sequential breakup channel and combined with Coulomb’s
law to calculate an effective CH3-C2H4 separation at the instance
of the secondary fragmentation of 2.96 Å, approximately double
the C-C bond length in the neutral ground state parent molecule.
We stress that this apparent stretch of the bond length used in the
model is not solely indicative of changes to the nuclear geometry
in the propyl dication intermediate, but also the deviation of the
Coulomb explosion dynamics from the limit of two Coulombically
repelling point charges, which may be significant in this case. In-
corporating this effective separation into the model produces a
KER-corrected simulation (panel (c)). The blurring results in a
much KER distribution which varies less dramatically with θ(I,CH3)

and which appears to capture the subtle shift to slightly lower
KER seen for angles close to 180 degrees in the experimental data
(panel (a)). Because the intermediate ion in this system is poly-
atomic, the primary dissociation step may not just rotationally
excite the propyl ion, but also vibrationally excite it. We expect
the predominant vibrational modes are low frequency bending
modes, and to simulate this motion, a Gaussian variation of the
C-C-C bond angle with a width of 30◦ was included. The result
(panel (d)), unsurprisingly, is a blurring of the overall angular dis-
tribution, which appears to somewhat decrease the angle of max-
imum intensity, but it remains noticeably larger than observed in
the experimental data. The next modification we make is to sim-
ulate a relaxation of the C-C-C bond angle in the propyl ion by
20◦ relative to the optimised neutral ground state 1-IP geometry
(panel (f)), which could be the result of changes in the bonding
in the propyl dication. This change decreases the angle of max-
imum intensity, as observed in the experimental data. The final
effect we must account for is rotation of the intermediate about
different axes relative to the initial fragmentation. The excitation
is deemed to be small, therefore we apply a normal distribution
of rotation about a perpendicular axis to the simulated data, with
a narrow width of 10◦. This reduces the vertical span and con-
sequently shifts the position of the angular maximum to lower
theta (panel (e)), which markedly increase the resemblance to
the experiment.

The modifications to the simulation outlined here have been
used to account for the additional behaviours associated with the
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Fig. 9 Experimental (a) and simulated (b-e) covariance maps for sequen-
tial three-body breakup of 1-IP3+ 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)

). (b) has been produced using the model out-
lined in Section 3.2 (note the different KER scale for this panel), (c) uses
an effective CH2-C2H4 separation derived from the KER distribution of
(a) using Coulomb’s law, (d) additionally simulates bending of the propyl
dication bond angle, (e) also deforms the average propyl bond angle by
20◦ above its value in the equilibrium geometry of 1-IP, and (f) includes
a small degree of out-of-plane rotation. (g) schematic diagram of the
rotation of the 1-propyl dication with respect to the emission direction
of I+.

polyatomic nature of the intermediate radical and, together, they
represent a series of improvements to the model. Comparing the
first and last panels of Fig. 9, the end result is an excellent qualita-
tive agreement between the experimental and simulated sequen-
tial fragmentation channel feature, given the inherent simplicity
of the model employed. The concepts originally developed to de-
scribe sequential three-body dissociation of a triatomic trication
expand well to describing fragmentation in a larger polyatomic
trication, through simple modelling of the additional degrees of
freedom. The simplicity of the model precludes a quantitative
comparison, however, it can be used infer how the initial dissoci-
ation influences the nuclear dynamics occurring in the propyl ion
during its lifetime.

5.3 Three-body sequential fragmentation of the 2-
iodopropane trication

The simulated sequential three-body fragmentation feature for 2-
IP3+ is compared with experiment in Fig. 10. The intensity in
panel (a) peaks around 100◦, close to the angle separating the io-
dine and methyl groups in the parent molecule. The angular dis-
tribution is slightly asymmetric about this point, being weighted
towards smaller θ(I,CH3)

. It should be noted that the motion of the
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2-propyl radical following the initial C-I dissociation is expected
to be rather different in 2-IP than that of the 1-propyl radical from
1-IP, as suggested by the different forms of the recoil angle dis-
tribution in the native frame (compared previously in Fig. 7 (f)).
The impulse of this dissociation now acts symmetrically on the 2-
propyl dication, with much less torque applied50 (i.e. the disso-
ciation momentum vector is directed closer to the centre-of-mass
of the propyl radical). Because the iodine atom in 2-IP is out-of-
plane of the C atom chain, the initial dissociation step in 2-IP3+

that ejects I+ initiates rotation in the propyl dication such that
the two terminal methyl components of the carbon chain pivot
first towards a minimum methyl-iodine recoil angle after approx-
imately a quarter rotation, followed by a maximum recoil angle
after another half rotation, as depicted in Fig. 10 (g). Assuming
that rotation occurs purely in this manner restricts the range of
possible recoil angles between the I+ and CH+

3 ions. Performing
a simulation with a lifetime which is half the rotational period,
reproduces the ejection of the methyl fragment predominantly at
a relative angle to the I+ momentum vector which is lower than
produced by concerted fragmentation. The KER predicted by the
simulation was once again corrected (panel (c)) using Coulomb’s
law to infer an effective CH3-C2H4 separation at the instance of
secondary fragmentation from the experimental KER distribution,
which is identical in both isomers.
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Fig. 10 Experimental (a) and simulated (b-f) covariance maps for sequen-
tial three-body breakup of 2-IP3+ 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)

). The simulated (b-f) covariance maps are the
analogue of those in Fig. 9 – (b) the basic model; (c) uses an effective
CH3-C2H4 separation; (d) addition of bending in the propyl intermediate
C-C-C bond angle; (e) average propyl bond angle is compressed by 20◦

below its value in the equilibrium geometry of 2-IP; (f) includes some
rotation of the intermediate about a perpendicular axis. (g) schematic
diagram of the rotation of the 2-propyl ion with respect to the emission
direction of I+.

At this stage, the simulation outputs a θ(I,CH3)
range, limited

by the fixed C-C-C bond angle, which is much narrower than ob-
served in experiment. It correctly predicts a local maximum at
around 100◦, but incorrectly predicts sharp intense features at
the limit of the angular range, corresponding to the rotational
turn-around points of the propyl dication. To resolve these dis-
crepancies, we implement the same sequence of modifications
outlined in the previous section, beginning with excitation of the
bending mode in the propyl fragment, shown in panel (d). The
bending mode has a much greater impact on the form of the sim-
ulated feature for 2-IP than was seen for 1-IP. The blurring has
the joint effect of removing the maxima at the turn-around points
and expanding the angular range, both of which improve the re-
semblance to the experimental sequential fragmentation feature.
Panel (e) shows the result of distorting the bond angle of the
propyl dication, this time decreasing it by 20◦ relative to the opti-
mised neutral ground state 2-IP geometry in order to increase the
angular range of the feature, which now better resembles that
seen in (a). Again, the final modification made was to model an
additional small rotation about an axis perpendicular to the rota-
tion caused by the initial fragmentation (panel (f)). This further
increases the vertical span but suppresses the intensity maximum.

The model is somewhat less successful at capturing the full
structure of the the angular distribution of the sequential breakup
of 2-IP3+. However, the results are encouraging for a simple clas-
sical point-charge model. The model does not account for the en-
semble of starting geometries of the molecular ion (for instance
due to different conformers of the neutral molecule) nor internal
motions other than the bending motion of the propyl dication.
The model also neglects variations in the charge distribution of
the trication and any deviations from Coulombic behaviour in the
fragmentation (e.g., due to residual bonding interaction in the
trication). Despite these limitations it is able to demonstrate the
important role of the nuclear dynamics in the intermediate frag-
ment. In particular, the differences observed between 1-IP and
2-IP indicate the important role of rotation in the propyl dication
intermediate, which may occur about multiple axes, in contrast
to the simpler case of triatomic fragmentations in which rotation
may be assumed to occur in the fragmentation plane27,28. Fur-
thermore, evidence suggests that other nuclear motion–namely
C-C stretching and bending–has a significant impact on the se-
quential photofragmentation dynamics. To further investigate
these effects in future works, full theoretical trajectory calcula-
tions on ab initio potential energy surfaces would be desirable,
albeit a significant theoretical challenge given the possible contri-
butions from many electronic states of the polycation51–53. Given
this inherent theoretical complexity, we believe that comparison
of predictions from simple models of the dissociation process, as
presented here, are valuable in extracting physical insights from
the correlated fragment momentum distributions measured in co-
incidence or covariance imaging experiments.

6 Conclusions
We have presented first results for a new data analysis approach,
which combines three-dimensional covariance imaging with the
native frames analysis approach. This technique has been applied
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to separate the concerted and sequential three-body Coulomb ex-
plosion pathways of 1- and 2-IP trications into I+ + CH+

3 + C2H+
4

formed following photoionization in the XUV above the I 4d edge,
and study the isomer-specific dynamics of the three-body dissoci-
ation processes in detail. Our results demonstrate the worth of
this technique as a tool for studying the fragmentation channels
which involve a long-lived polyatomic intermediate. To interpret
the angular distribution of ion emission within the native frame
of the secondary dissociation, we used a classical Coulomb ex-
plosion model of the sequential process which incorporates pos-
sible nuclear motions of the propyl dication intermediate follow-
ing the primary dissociation. Despite the apparent simplicity of
the model, it offers valuable insight into how the torsional and
electrostatic forces of the primary dissociation influence the nu-
clear dynamics in the propyl fragment occurring during its life-
time, and result in observable effects in the angular and kinetic
distributions of the secondary fragments which differ for the two
isomeric species studied.
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