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Time-resolved momentum imaging of UV photodynam-
ics in structural isomers of iodopropane probed by site-
selective XUV ionization’

Felix Allum,*@*¢ Yoshiaki Kumagai,%¢ Kiyonobu Nagaya,/ James R. Harries,¢ Hiroshi
Iwayama,h’i Mathew Britton,© Philip H. Bucksbaum,? Michael Burt,”* Mark Brouard,’ Briony
Downes-Ward,! Taran Driver,® David Heathcote,” Paul Hockett,” Andrew J. Howard,? Jason
W. L. Lee,* Yusong Liu,” Edwin Kukk,” Joseph W. McManus,/ Dennis Milesevi¢,/ Russell
S. Minns,! Akinobu Niozu,’ Johannes Niskanen” Andrew J. Orr-Ewing,” Shigeki Owada,?"
Patrick Robertson,/* Daniel Rolles,’ Artem Rudenko,’ Kiyoshi Ueda,* James Unwin,/ Claire
Vallance,” Tiffany Walmsley,” Michael N. R. Ashfold?” and Ruaridh Forbes*<"

The photodynamics of 1- and 2-iodopropane (1 and 2-IP) were studied in a time-resolved scheme
incorporating ultraviolet (UV) excitation and extreme ultraviolet (XUV) probing, which initiates pho-
toionization selectively from the | 4d core orbital. UV absorption in the A band of both isomers leads
to prompt C—I bond fission, with significant disposal of internal energy into the propyl radical prod-
uct. Site-selective ionization enables a range of charge transfer (CT) processes between the nascent
highly charged iodine ions and neutral propyl radicals, dependent on the interfragment distance at
the instant of ionization. Subtle differences in the dynamics of these CT processes between the two
isomers are observed. In 1-IP, the kinetic energies of iodine ions produced by UV photodissociation
and subsequent XUV multiple ionization increased notably over the first few hundred femtoseconds,
which could be understood in terms of differing gradients along the photodissociation coordinates
of the neutral and polycationic states involved in the pump and probe steps, respectively. Led by a
recent report of HI elimination in UV photoexcited 2-IP [Todt et al., Phys. Chem. Chem. Phys.,
22(46), 27338 (2020)], we also model the most likely signatures of this process in the present experi-
ment, and can identify signal in the 2-IP data (that is absent or significantly weaker in the data from
the unbranched 1-1P isomer) that is consistent with such a process occurring on ultrafast timescales.
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1 Introduction

Methyl iodide, the simplest alkyl iodide, has been studied ex-
tensively in the field of gas-phase chemical physics. It serves
as a prototypical molecule for the study of photodissociation
in polyatomic molecules and a benchmark for new experimen-
tal probes of photodissociation dynamics"}¥, Excitation in the
broad and structureless A-band (centred at ~260nm) primarily
populates the dissociative 3Qy state, ultimately leading to for-
mation of spin-orbited excited (I*) and ground state (I) atomic
iodine products, along with their CH3 partners, on an ultrafast
(~100 fs'14) timescale. The latter products (I+CH3) are formed
following non-adiabatic coupling via a conical intersection to the
1Q, state. More complex alkyl iodides exhibit similar A-band ab-
sorption spectral® but have garnered less attention. However,
a number of studies have highlighted how the increased struc-
tural complexity, and consequent increase in the number of nu-
clear degrees of freedom lead to rich photodissociation dynam-
ics16H18,  These dynamics have been recently interrogated on
ultrafast timescales by Bafiares and coworkers with femtosec-
ond time-resolved velocity-map imaging (VMI) following excita-
tion at 268 nm'® and by Leone and coworkers using transient
XUV transient absorption spectroscopy following excitation in the
range 277-280 nm'132021] Notably, the I:I* photoproduct branch-
ing ratio varies significantly across the alkyl iodide family, with
larger and more branched molecules favouring I product forma-
tion through the non-adiabatic pathway18:12/22°23 Motions along
coordinates other than the C-I stretch also become of greater im-
portance, as indicated by the greater funnelling of energy into
internal modes of the alkyl radical products, leading to broader
product kinetic energy (KE) distributions that peak at lower val-
ues?, This truly multidimensional nature of the photodynamics
is in stark contrast to methyl iodide, which, from a fragmentation
perspective, is often viewed as a ‘pseudo diatomic’ system.

A recent study by Davis and coworkers using photofragment
translational energy spectroscopy explored the role of HI elim-
ination following UV excitation of 1-IP and 2-IP (structures
shown in Fig. 22. Here, possible photoproducts were mass-
spectrometrically detected following ionization either by elec-
tron impact or using nanosecond vacuum ultraviolet (VUV) laser
pulses. In the case of 2-IP, significant UV-induced HI signal was
observed (via the HIT ion), as had been reported by a previ-
ous mass spectrometry study into the photochemistry of several
iodoalkanes2®. The detected HI' ions had a very similar kinetic
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energy and angular distribution to that of the ground state I atom
photoproducts. From the observed anisotropic HI*" angular dis-
tribution (anisotropy parameter, f = 1.92), it was inferred that
HI elimination occurred on ultrafast (sub-picosecond) timescales,
prior to significant rotation of the parent. The branching ratio for
HI elimination from 2-IP was estimated at 10.5%. In compari-
son, 1-IP showed no such signatures, and an upper-limit branch-
ing ratio of 0.21% was estimated for HI elimination from 1-IP.
It was speculated that this clear preference for HI elimination
from the branched species reflected differences in the internal
motion of the recoiling C3H; radical following C-I bond cleav-
age. In the case of 2-IP, ‘umbrella-like’ out-of-plane bending mo-
tion of the C3Hy radical brings the hydrogens from the adjacent
methyl groups towards the recoiling iodine atom, resembling mo-
tion along the reaction coordinate for HI formation. In contrast,
the arcing motion of the secondary hydrogen atoms in the rotat-
ing C3Hy photofragment produced from 1-IP was proposed to be
nearly orthogonal to the reaction coordinate for HI formation/22,

Small iodine-containing organic molecules have also recently
been popular targets in emerging studies of ultrafast charge trans-
fer (CT) in ionized dissociating molecules??. In these experi-
ments, ultrafast C-I bond cleavage is induced, either by single-
photon UV or multiphoton near-infrared (NIR) excitation, prior
to ionization with a short-wavelength pulse in the extreme ul-
traviolet (XUV) or X-ray region produced by a free-electron laser
(FEL). By choosing a suitable photon energy, ionization can be in-
duced selectively at a specific atomic orbital within the dissociat-
ing system, typically those belonging to the I atom. At long pump-
probe time delays (and consequently, large distances between the
recoiling photoproducts), low KE I"* ions are observed. Such
signal is absent at short pump-probe delays, however, as a re-
sult of CT from the I"* to the recoiling co-fragment2Z. Following
CT, mutual Coulomb repulsion between the two ions significantly
raises their KEs. For higher charge iodine ions, CT is possible over
greater internuclear separations, and so the rise in intensity of the
lower KE I ions typically occurs at longer pump-probe delays.
This charge state dependence is often rationalized more quantita-
tively in terms of the classical over-the-barrier (OTB) model2Z22,
wherein CT is assumed to occur up to a certain ‘critical distance’
between the separating partners, determined by the ionization
potential of the site donating the electron and the charge state of
the electron-accepting species. After the initial demonstration of
this pump-probe approach to studying ultrafast CT dynamics2Z,
the concept has been extended to study several different alkyl and
aryl iodides pumped in various schemes1239%36, Qur collabora-
tion recently observed high KE ions produced through CT in UV-
excited 2-IP, and demonstrated that detailed analysis of this signal
as a function of pump-probe delay and of KE can yield significant
insights into how CT probabilities depended on the interfragment
separation and I"t charge statel3Z,

Here, we present a comparative UV pump - XUV probe study
of the photochemistry and CT dynamics of the structural isomers
1- and 2-IP. By measuring three-dimensional ion momenta as a
function of the time-delay between the two pulses, the experi-
ment probes both UV-induced photochemistry and XUV-induced
CT processes. We observe ultrafast photodissociation dynamics



that are in good agreement with tabletop measurements reported
in the literaturel?22, Delay-dependent shifts in the KE distribu-
tion of low energy I"" ions are observed, particularly in the case
of 1-IP. These are rationalised by assuming differing gradients for
the potential energy surfaces involved in the neutral photodisso-
ciation and in the ionic states populated following XUV probing.
The experiment provides sensitive information about which CT
processes can occur if the system is promoted to a high charge
state whilst in the act of photodissociating, and about the depen-
dence of these processes on the C-I separation and the initial io-
dine charge state. Small differences in this CT behaviour between
the two isomers are observed. Finally, the sensitivity of this exper-
iment to the recently proposed ultrafast HI elimination channel®2
is explored. Detailed analysis of the experimentally observed I
signal shows features that are consistent with ultrafast HI elim-
ination in 2-IP. Such signal is not detected, within experimental
uncertainty, in 1-IP.

2  Methods

Experiments were performed at the soft X-ray FEL (BL1) beamline
at the SACLA facility, using an ion imaging spectrometer® in an
experimental configuration similar to that described in other re-
cent publications®Z41, To induce multiple ionization selectively
at the I 4d site, the FEL photon energy was tuned to 95 €V, approx-
imately in the centre of the I 4d giant dipole resonance, where
the I 4d photoionization cross section is ~20-30 Mb#243, The
95 eV pulses, with estimated duration of 30fs, were generated at
60 Hz and focused to a spot size of ~10 um (1/€?) at the centre
of the spectrometer using Kirkpatrick—-Baez mirrors. The mean
pulse energy, as measured by an upstream gas detector, was ap-
proximately 30 uJ, although the pulses were attenuated using a
650 nm thick Zr filter prior to their delivery to the endstation. Ac-
counting for transmission through the filter, and expected beam-
line losses, the estimated mean on-target pulse energy was ~3 uJ.

Ultraviolet pulses with a central wavelength of ~267 nm were
generated by frequency-tripling the 800 nm output of the BL1
optical Ti:Sapphire femtosecond laser¥. Before generating the
third harmonic, the fundamental pulses were attenuated using a
computer-controlled variable neutral density filter to generate UV
pulses of a desired pulse energy (5 pJ in the current experiments).
The 267 nm light was focused into the interaction region of the
spectrometer using a 2 m focal length lens, and was spatially over-
lapped with the FEL beam in a nearly colinear geometry. The de-
lay of the optical laser relative to the FEL was controlled using a
motorized delay stage. The delay stage was typically scanned in
steps of 1 ps, although some data was recorded with smaller steps
(few hundred fs) close to time-zero. The single-shot jitter of the
two pulses was measured using an arrival time monitor®2, and
was used to correct and re-bin the data according to its true jitter-
compensated delay. The distribution of single-shot jitters takes an
approximately Gaussian distribution with a ~500 fs full width at
half maximum. Variable binning of the data in pump-probe de-
lay is used throughout the manuscript. Typically, smaller bins are
employed closer to time-zero, where more data was recorded and
signals are expected to change more rapidly with pump-probe de-
lay.

The spectrometer used has been employed in several recent ex-
periments at SACLA's BL1, and has been described in detail pre-
viously28. 1- and 2-IP were introduced to the spectrometer by
expansion of their room temperature vapor pressure through a
pulsed General Valve. The beam was collimated through a skim-
mer, before interaction with the focused UV and XUV beams. The
ions were accelerated by a set of ion optics operating in VMI con-
ditions#® to a position- and time-sensitive detector, comprising
dual-stacked microchannel plates and a hexanode delay line. The
detected positions of individual hits were reconstructed, and, in
conjunction with their arrival times, used to determine the three-
dimensional momentum of each ion. Calibration from detector
position and arrival times to three-dimensional ion momentum
was performed using the output of ion trajectory simulations of
the spectrometer. The data for the two molecules were recorded
within a single few-day beamtime, with consistent experimental
conditions between the two datasets.

3 Results and Discussion

3.1 Probing UV induced C-I bond fission

Figure 1| presents the ion momentum distributions for the mul-
tiply charged iodine ions from both 1-IP and 2-IP, as a function
of pump-probe time delay 7. Here, a subtraction of averaged UV
late data (-300 fs<7<-100 fs) was used to remove contributions
from XUV-only signal. Equivalent plots without this background
subtraction are presented in the Electronic Supplementary Mate-
rial (ESI) Fig. S1%. Note, the production of some I"* ions with
n > 3 implies that the probe laser intensity in the present exper-
iment was sufficient to support the absorption of multiple probe
photons, as the total ionization energy for I*t (~106 eV4Z) ex-
ceeds the probe photon energy. Data for the I>* ion is excluded
from that shown in Fig. [1| due to some overlapping contributions
from the C3H ion, which has a very similar mass-to-charge ratio
(42.3 for IP*, 43 for C3H7). Delay-dependent signals are primar-
ily observed in multiply charged iodine ions, as I 4d ionization
followed by Auger-Meitner (AM) decay yields multiply charged
species. As in our previous study of 2-IP3Z clear pump-probe
features are observed in the momentum distributions of multiply
charged ions produced from either structural isomer. Three fea-
tures dependent upon UV-induced C-I bond fission are identified
(as labelled in Fig. |1} consistent with our previous work=7):

I: Site-selective XUV multiple ionization at a dissociating io-
dine atom to produce I"tD+ jons, followed by CT to the
neutral propyl cofragment to yield I"* and C3H; (and po-
tentially any smaller fragments derived therefrom) which
Coulombically repel.

II: Site-selective XUV ionization at the departing iodine atom
without subsequent CT, yielding low momentum multiply
charged iodine ions whose momenta report on the UV pho-
todissociation process.

III: XUV ionization of both the separating iodine and propyl
fragments, producing a multiply charged iodine ion which
repels against the charged partner fragments. The momenta
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Fig. 1 Comparison of delay-dependent momentum (in atomic units of momentum, a.u.) distributions for I"* ions (n=2,4,5,6), where positive delays
correspond to the UV pump arriving before the XUV probe, and vice versa. These data are presented following a subtraction of averaged UV late data
(-300 fs to -100 fs), with red and blue colours representing relative enhancement and depletion, respectively. Data for each charge state are plotted
on individually-normalised colour scales.
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of these ions are inversely related to the internuclear separa-
tion at the point of XUV ionization, and thus decrease with
increasing pump-probe delay (forming a so-called ‘Coulomb

curve’).
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Fig. 2 Delay-dependent centre-of-mass momenta associated with Chan-
nel 1l as a function of pump-probe delay for 1-IP (blue) and 2-IP (red)
for a) I1>*, b) PP, c) I**, d) P*. 1o error bars are shown assuming
Poissonian counting statistics. The equivalent relative recoil velocities
(assuming momentum conservation) between the I"* and C3H7 radical,
Viel, are also indicated.

The delay-dependent behaviour of the momentum distribution
associated with Channel II appears to differ between the two iso-
mers. In the case of 2-IP, the momentum of this feature is largely
independent of the pump-probe delay, as observed in previous
studies of other haloalkanes123134I35l 11y 1.1p, the Channel II fea-
ture shows a shift to higher momentum over the first few hundred
fs after the temporal overlap of the two pulses (time-zero). This
trend is observable for multiple charge states. To explore this fur-
ther, Figure [2| shows the mean momentum (and recoil velocity)
of the I"™ ions from the Channel 1I feature as a function of pump-
probe delay. This is calculated by integrating the momentum dis-
tribution for the delay region, subtracting off an averaged UV-late
background (averaged over -300 fs to -100 fs), and calculating the
centre-of-mass (i.e. the mean) of the resultant distribution (for
momenta, p<100 a.u.). For each charge state, this centre-of-mass
momentum is plotted for delays at which the Channel II signal in
a given I"" charge state has risen to at least 25% of its asymp-
totic value. I°* is excluded from this analysis due to poor signal-
to-noise ratio when the data is partitioned into fine pump-probe
delay bins. The I’ ion is included in this analysis as the low mo-
mentum Channel II ions were suitably localized in time-of-flight
to not overlap with the C3H; ion. Alternative representations of
these delay-dependent Channel II momenta are presented in the
ESI (Figs. S2-S4)t. For 1-IP, the mean momentum at the shortest
delays is 62 a.u., rising to its asymptotic value of ~64 a.u. on
a few hundred fs timescale. For 2-IP, any delay-dependence is
much less pronounced and difficult to distinguish above the un-
certainty of the measurement, although we note there appears to

be some small increase with pump-probe delay in the I** and I°*
cases. The delay-dependent changes observed in 1-IP appear to
be roughly consistent across the different I"* charge states, origi-
nating at ~62 a.u. and rising to ~64 a.u. by ~400 fs.

In principle, one can envisage several reasons why the mo-
menta of ions produced via Channel II might vary as a function
of pump-probe delay. If the timescale for dissociations yield-
ing products with different recoil velocities varied significantly
(e.g. because of multiple dissociation channels with different
lifetimes4l), this could lead to delay-dependent momenta for
Channel II ions. Given the expected purely repulsive nature of
the excited-state potentials involved in both the I and I* prod-
uct channels1?, however, we do not expect substantially different
dissociation timescales associated with different recoil velocities.

The specifics of the probing mechanism must also be consid-
ered, namely multiple XUV-induced ionization of the dissociating
I fragment, without CT to the partner propyl radical. Within the
OTB model, CT is probable up until some fixed critical distance,
determined by the charge state of the accepting iodine ion and
the ionization potential of the cofragment. For a fixed critical dis-
tance, one would expect that dissociations with a higher recoil
velocity would exceed the critical distance at earlier delays. How-
ever, this would result in a small shift to higher ion momentum
at the earliest pump-probe delays, the opposite trend to that ob-
served experimentally. It should be noted that the impact of this
effect in reality is lessened by CT probability and internuclear dis-
tance having a more complex and gradual relationship than the
sharp cutoff implied by the OTB modelZ, We would also expect
such an effect to be in operation (with similar magnitude) for
both isomers.

Another possibility is that the precise delay at which the sys-
tem is probed affects the measured momenta of the I"* ions di-
rectly. Prior to probing, the neutral I/I* is separating from its
C3H; partner on the relevant neutral dissociative Potential En-
ergy Surface(s) (PES(s)). After probing (I 4d core ionization(s)
and AM decay(s)), this motion continues along different PESs cor-
relating to I"" and neutral (presumably intact) C3H; products. If
probing happens prior to the system having accelerated to the
asymptotic neutral fragment velocities, the final velocity of the
I"* ion will be additionally influenced by the topography of the
PES of the polycation. The observed overall trend in the 1-IP data
could be understood if the relevant long-range parts of the var-
ious polycation PESs were generally shallower than that of the
excited-state neutral; earlier probe times would then correspond
to the system spending more time on the shallower potential, and
accelerating to a lower asymptotic momentum. Future work that
theoretically surveys these PESs in 1-IP and 2-IP would be of great
interest. Such work could explore any charge-state dependence
of the effect, and determine why the magnitude of these delay-
dependent momentum shifts are larger in 1-IP than 2-IP. It should
be emphasized that the PES is multidimensional, and so the re-
gions of the PES sampled as a function of delay depend on the
rovibrational motion of the C3;H; fragment at the early stages of
the dissociation.

Qualitatively similar behaviour was noted in a previous study
on CH3I® in which the molecule was photoexcited within the
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A-band, prior to non-resonant multiphoton single ionization by
an 800 nm probe pulse. On a timescale of several hundred fs, the
KEs of the detected CHJ ions were observed to increase by ~10%.
The observation was ascribed to the cationic final state having a
flatter potential along the dissociation coordinate than the neu-
tral states involved in the photodissociation. If this is the origin
of the observed isomer-selective, delay-dependent ion momenta,
it is interesting that such an effect is much more prominent in
1-IP than 2-IP. Any full exploration of this effect would likely in-
volve theoretical characterization of both the neutral excited-state
PESs populated following photoexcitation and the ionic PESs pop-
ulated following inner-shell ionization and AM decay. Such cal-
culations are out of the scope of the current work but could be
very illuminating. We also note that qualitatively similar effects
have been seen in other pump-probe experiments, in addition to
the aforementioned study on CH;3I probed by multi-photon single
ionization®. For instance, a UV pump - NIR probe time-resolved
Coulomb explosion imaging study of CH3I observed an immediate
rise in product KEs close to time-zero due to the dication surfaces
involved in the probing having a shallow potential well close to
the vertical Franck-Condon region“€., A UV pump - VUV probe
time-resolved ion imaging study of CH,I, and CH,IBr dissocia-
tion also observed delay-dependent ion momentum distributions
which were attributed to relatively flat potentials in the cationic
states accessed in the probe step42.,
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Fig. 3 KER distributions associated with Channel Il for the I** ion for
both 1-IP and 2-IP, obtained by integrating the background-subtracted
momentum distributions over the pump-probe delay range shown. This
is compared to previously reported KER distributions for the neutral pho-
todissociation of 1-IP and 2-IP at around 266 nm1222 55 described in
detail in the main text.
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Figure [3| displays the long time (300< 7 <=1000 fs) total ki-
netic energy release (KER) distributions associated with Channel
II for both 1-IP and 2-IP, assuming a C3H; co-fragment. These
are derived from the I** ion, although very similar distributions
are seen across all the observed charge states (shown in Fig. S6
of the ESI"). These two distributions are compared to two prior
measurementsi?22, Corrales et al.1? photoexcited the molecules
with a femtosecond 268 nm pump pulse, and monitored both the
I and I* products by (2+1) resonance-enhanced multiple photon
ionization (REMPI) at 304.5 nm with a femtosecond probe pulse.
Todt et al.?? photoexcited with a nanosecond 266 nm laser pulse.
The I* photoproducts were probed by a (1+1”) REMPI process,
with the intermediate state populated by a 128.94 nm laser pulse.
I* (and HI, as discussed in Section photoproducts were ion-
ized with a single photon at around 125 nm. This corresponds to
a 9.9 eV photon energy, lying above the ionization potential of I*,
but below that of ground-state iodine atoms. To enable compari-
son between the literature distributions and those reported in the
current work, each is normalized to their maximum intensity. For
the spin-orbit resolved measurements of Todt et al., these are then
re-scaled by the I:I* branching ratios reported in that work, which
are 0.24:0.76 and 0.83:0.17 for 1-IP and 2-IP, respectively. The
presently-reported asymptotic KER distributions agree well with
the literature data. The current distributions are slightly broader
than the literature data, consistent with a poorer energy resolu-
tion in the present work. This is in part due to the specifics of
the spectrometer, which is optimized for imaging much higher-
velocity ions resulting from Coulomb explosions=8. Relative to
the prior studies, the present data for 1-IP also hint at a larger
than expected contribution from the minor I atom product chan-
nel (appearing as a high-KE shoulder). This could imply that
the ground-state I atom has a higher I 4d photoabsorption than
I* atoms at the present (95 eV) photon energy, though we are
not aware of any previous spin-orbit resolved cross-section mea-
surements. For both isomers, the present measurements peak at
slightly higher KER values than the literature measurements. For
1-1P, this may just be a consequence of the limited energy res-
olution, which results in greater overlap between the I and I*
channels. For 2-IP, some shift to higher KERs would be expected
if overlapping signal from Coulomb explosion of photoeliminated
HI was present, which is discussed in detail in Section[3.3] Some
small error may also arise in the calibration of the spectrometer’s
magnification, which is determined by particle trajectory simula-
tions and therefore can present slight errors if the ions are born in
a slightly different region of the spectrometer than that assumed
in the simulation.

3.2 Charge transfer processes

Figure @—1) shows the delay-dependence of the I** Channel II
yields from both molecules along with best-fits using a nor-
mal cumulative distribution function (CDF) as employed in prior
work2Z130°32 The appearance of Channel II ions is associated
with the cessation of CT. Consequently, the time at which Channel
II intensity is expected should vary with I"" charge state. Delay-
dependent Channel II yields for all I"* charge states are presented
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in the ESI, with their corresponding CDF fits (Fig. S6).

Figure [db) shows the centre of CDF fits to the delay-dependent
ion yields across charge states in both isomers. The I** ion could
be included in this analysis as the low momentum Channel II ions
were suitably localized in time-of-flight to not overlap with the
C3H ion. A shift to later delays for higher charge states is ob-
served in both 1-IP and 2-IP, confirming the expectation that CT
can occur over greater distances and thus out to longer pump-
probe delays for higher charge states. For both molecules, these
delays are plotted relative to that of the I** ion. This negates the
effects of any small undetected drifts in time-zero between the
two measurements, and any error in the precise assignment of
time-zero, as was done in a prior work'2. Generally, the shift to
longer pump-probe delays with increasing charge state is greater
in 1-IP than 2-IP (with the exception of the I°* ion, although in
both datasets the error of this value is relatively large due to the

weak signal in this channel). Within the approximations of the
OTB model, assuming a constant recoil velocity following pho-
toexcitation (and neglecting the role of any rotational/vibrational
motion of the alkyl fragment), critical distances can be converted
into critical pump-probe delays, as shown by the solid lines in
Fig. [@b). Due to the very similar mean photodissociation velocity
of the two isomers, 1-IP and 2-IP are predicted to behave almost
identically. The observed differences between the isomers may
arise from structural/dynamical influences on CT which are not
captured by the OTB model since it treats both propyl radicals
and cations as unstructured point charges. The 1- and 2-propyl
radicals produced following photodissociation of the two isomers
are distinct, and also undergo substantially different nuclear mo-
tion. In 1-IP, the large torque imparted by the photodissociation
results in substantial rotational excitation of the radical, while
in 2-IP, the nuclear dynamics of the radical are dominated by
‘umbrella-like’ vibrational motion as a result of the impulse im-
parted to the central C atom as the C-I bond extends1%22, The
possible influence of rotational motion on the cessation time for
CT has also been considered in a previous study of CH,BrI, where
the recoiling CH,Br fragment formed following C-I bond fission
was deduced to carry substantial rotational excitation#. In 1-
and 2-IP, we might expect that rovibrational motion following dis-
sociation would affect the delay-dependent distance between the
I"* ion and the molecular orbital (presumably the singly-occupied
molecular orbital) of the C3H; radical from which electron dona-
tion occurs. It is, however, unclear quantitatively how such effects
might influence the data shown in Figure 4} nor related effects
from electron transfer involving deeper-lying molecular orbitals
of the radical.

Our previous work focused on the high momentum I""
ions produced from CT immediately after time-zero in 2-IP
molecules®? (i.e. the Channel I signal), the precise momenta of
which could be related to the separation between the charged io-
dine atom and the neutral C3H; partner at the instant of CT. As
shown in Fig S11 of the ESI', the momentum distributions de-
rived from this feature for a given charge state are essentially iso-
mer independent, implying very similar Coulombic repulsions at
the point of CT within photodissociating 1- and 2-IP molecules.
The only exception to this is in the I** ion, which appears to
be produced with a slightly higher KER in 2-IP. 2-propyl radicals
have a lower ionization potential than 1-propyl radicals (7.47 eV,
cf. 8.09 ev2Y). The OTB model would thus predict slightly (~0.6-
1) longer critical distances in 2-IP. Several factors could account
for our non-observation of such a shift, such as approximations
inherent in the OTB model, the aforementioned differences in the
structure and dynamics of the recoiling propyl radicals, and dif-
ferences in the charge distributions within the 1- and 2-propyl
cations (which determine the Coulombic repulsion felt by the I
ion). A similar shift might be expected in the delay-dependent
intensities of Channel II ions, but the expected magnitudes of any
isomer-dependent shifts (~20-30 fs) are less than the uncertainty
in the assignment of time-zero, which may differ between the
two datasets. We also note that theoretical work suggests that the
C3H; ion has two stable structures: the 2-propyl structure and a
protonated cyclopropane structure®Y, From the current data, we
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cannot comment on whether the suspected unstable nature of the
1-propyl C3H7 structure affects the experimental signal for Chan-
nels I or II from 1-IP, but this would be interesting to explore in
future work.

3.3 Probing UV induced HI elimination

As mentioned previously, Todt et al. reported detection of HI
molecules eliminated from UV photoexcited 2-IP molecules22,
Based on measurements of the strongly-anisotropic recoil velocity
of these products, it was concluded that HI formation occurred on
ultrafast (few hundred fs) timescales, as dissociation must occur
prior to significant rotation of the parent molecule, which would
lead to a more isotropic angular distribution. In contrast, no such
signal was observed following UV excitation of 1-IP. These re-
sults were broadly in agreement with a prior report by Ross and
Johnston?®, who observed signatures of HI elimination following
248 nm photoexcitation of 2-IP but not 1-IP in a study involving
a range of iodoalkanes. Todt et al.%? also showed that the HI
photoproducts from 2-IP were produced with a very similar KER
distribution to that of the ground-state I atoms from the C-I bond
dissociation channel.

Figure |5 schematically depicts the potential impact of HI elim-
ination on the signals observed in the present work, focusing on
channels that are expected to contribute significantly (i.e. ignor-
ing single valence ionization of HI by the probe pulse, which has
a substantially lower cross-section than I 4d ionization), and ig-
noring CT processes that occur at very early pump-probe delays.
Specifically, UV-induced HI elimination followed by I 4d ioniza-
tion(s) of the neutral HI products will yield multiply charged
HI"*, which will Coulomb explode into Ht + I"~D+ (Process
2 in Figure . The momenta of the I"~+ jons produced will
have two contributions, from the HI elimination and the HI*"
Coulomb explosion, respectively. Whilst the KER associated with
the second step will be much greater, the impulse imparted to the
iodine is rather small, due to the very large discrepancy between
the masses of iodine (127 Da) and hydrogen (1 Da). As explored
quantitatively shortly, this means that the associated =1+ mo-
mentum distribution would largely reflect that of the HI elimi-
nation step, albeit broadened and shifted slightly to higher val-
ues. Consequently, such I"~D+ signal overlaps heavily with that
arising from UV-induced C-I cleavage followed by I 4d ionization
(Process 3 in Figure[5)). However, Process 3 only contributed neg-
ligible signal to the IT ion, as I 4d ionization deposits multiple
charges on the atom and the expected cross-section for valence
ionization is almost two orders of magnitude lower#243, There-
fore, the I ion, which can be produced through Process 2 but
only negligibly through Process 3, is expected to show the high-
est sensitivity to any ultrafast UV-induced HI elimination.

Figure [6] presents the delay-dependent momentum distribu-
tions for the I ion, shown with and without subtraction of the
averaged UV-late signal. At all pump-probe delays, the signal of
both isomers is dominated by high momentum signals (centred
at ~140 a.u.), which arise from various XUV-induced Coulomb
explosion channels of the unpumped molecule which yield I to-
gether with a charged partner or partners (Process 1 in Figure
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39‘40. As can be seen better in the subtracted data, this IT
signal is depleted shortly after time-zero, indicating some reduc-
tion in the number density of intact parent molecules (due to UV
induced excitation/dissociation). However, no obvious enhance-
ment of signal at lower momenta due to Process 2 is observed
in either case. This may not be surprising given that the It ion
yield is dominated by broad probe-only signal, and the branch-
ing ratio of the HI elimination channel following photoexcitation
of 2-IP is small (~10%%%). Consequently, any additional signal
arising from Process 2 may well be ‘masked’ by depletion of the
low-momentum tail of the distribution associated with Process 1.
Panels e) and f) compare the I™ momentum distributions from
1-IP and 2-IP, integrated over all UV-late (magenta) and UV-early
(green) pump-probe delays. The averaged percentage difference
is shown in orange. For both isomers, a depletion is seen across
a wide momentum range. For 2-IP, however, the extent of deple-
tion decreases at low momentum (p<~ 100 a.u.), and, within the
error bounds, no I signal depletion is observed for p<~60a.u.
This could indicate a (small) enhancement in the case of 2-IP in
this low p region, sitting on top of the broad depletion of XUV-
only signal. We also note here that the overall depletion is signif-
icantly greater in 2-IP than 1-IP, despite both datasets using the
same nominal UV fluence. This is consistent with the respective
UV photoabsorption cross-sections: 1.20 Mb for 2-IP, cf. 0.82 Mb
for 1-IP at 270 nm'°.

To analyse the delay-dependent IT data more quantitatively,
Figures[7h) and b) compare I momentum distributions arising
via Process 1 and 2 for 1-IP and 2-IP. For Process 1, this is mea-
sured directly in the experiment in the UV-late pump-probe de-
lays. To predict the expected Process 2 signal, we sampled the HI
momenta reported previously from UV excitation of 2-IP%%, and
simulated the Coulomb explosion of the resultant HI into H™ and
I™ ions. The KER of the Coulomb explosion process was sam-
pled from a Gaussian distribution with mean 6 eV and standard
deviation 0.5 eV. Assuming purely classically Coulombic forces in
the explosion, 6 eV KER would correspond to a I-H internuclear
separation of ~2.4A. This value was chosen to be longer than
the 1.6 A equilibrium internuclear distance, to allow for any de-
crease in KER due to factors such as I-H bond extension during
the explosion, vibrational excitation of the nascent HI products,
and deviations from Coulombic behaviour in the PESs governing
the explosion. We note that the precise KE of the I products
from Coulomb explosion of the HI is not critical in the analysis,
as demonstrated in the ESI'. It was assumed that there is no
angular correlation between the recoil velocity of the eliminated
HI product and that of the Coulomb explosion. No clear HI signal
from UV photolysis of 1-IP has been reported previously222° but,
for consistency, we also sought to simulate how any such HI prod-
ucts from photoexcited 1-IP might contribute to the data shown
in Figs. [fland[7] In the case of 1-IP, our modelling assumed that
the KER distribution of any HI products resembled that of the I
atom products. Similar results were produced assuming the KER
distribution of any HI products instead resembled that of the I*
atoms, as shown in the ESIT. In both cases, the It signal from
Process 2 overlaps heavily with the low-momentum tail of that
arising from Process 1.
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We define momentum gates a (130 a.u.<p<300 a.u.) and b
(40 a.u.<p<90 a.u.) which capture the majority of the momenta
distributions associated with Processes 1 and 2, respectively. The
ratio of the experimental signal within these regions as a func-
tion of pump-probe delay is plotted in Figure [7c), for both 1-IP
and 2-IP. In the case of 1-IP, no clear change in this ratio with
pump-probe delay is observed, which would be expected if only
Process 1 contributes to the I signal at all pump-probe delays.
In 2-IP, however, this ratio shows a noisy step at pump-probe de-
lays close to time-zero, with relatively more signal in momentum
gate b (associated with Process 2, Coulomb explosion of HI) mea-
sured when the UV pulse precedes the XUV pulse. This can also
be seen clearly by averaging data which is before (7 < —200fs)
and significantly after (t > 500fs) time-zero, which are shown by
the shaded horizontal bands Figure [7). These data are entirely
consistent with what would be expected from an ultrafast HI elim-
ination process that is much more prominent in 2-IP than 1-IP, as
suggested by Todt et al. %%, With the limited signal-to-noise ratio
of the current data, it is not possible to quantify the timescale of
the change in this ratio accurately, but based on the data shown in
Figure[7k), we conclude that this happens on a sub-ps timescale.

If we assume that XUV probing of HI or C3H5I yields I with
equal propensity, and that photoexcitation necessarily leads to ei-
ther prompt C-I bond cleavage or HI elimination, (i.e. prevents
Process 1), the ratio of ions in momentum gate b, n(b) to those in
gate a, n(a) following UV excitation can be written as:

n(b) bpi ><(176)+bp2><6<1>

@:aplx(lfG)JrapszCD L

where ap; and bp; are the fraction of the It momentum distri-
butions for Process i (i =1 or 2) within ion momentum gates a
and b. 6 is the UV excitation fraction and & is the branching

ratio for HI elimination. As ap, = 0 for the chosen momentum
gates (i.e. no signal from HI CE is expected to contribute to the
higher momentum region), 6 can be determined from the ratio of
n(b) before and after time-zero, which yields excitation fractions
of 6.3+0.6% and 12.3+0.6% for the 1-IP and 2-IP data, respec-
tively. Taking the value of "E g averaged for UV early data then
gives the branching ratios for HI elimination, ®, of 1+2% and
6+1% for 1-IP and 2-IP, respectively. These values are in good
general agreement with those reported by Todt et al., <0.21% for
1-IP and 10.5% for 2-IP. Both suggest negligible UV-induced HI
elimination from 1-IP, but that HI is a primary (albeit minor) pho-
toproduct following UV photolysis of 2-IP. We attach little weight
to the lower (absolute) value of the branching into HI products
from 2-IP determined in the current work, given systematic er-
rors in our analysis which are challenging to assess quantitatively.
These stem from various assumptions made in the analysis, which
are discussed in detail in the ESI'.

H™* ions could not be detected in the present work due to a sig-
nificant scattered light signal which saturated the MCP/delay-line
detector for early times-of-flight. Future work that examines cor-
relations between H™ and I ions, ideally isolating signal from
Process 2, could be very informative. The KER distribution as-
sociated with CE of the photoeliminated HI products could con-
tain information about their vibrational state population distribu-
tion®223 If performed with suitably high resolution, these mea-
surements could also be sensitive to any HI product rotation, as
recently demonstrated for the CH,X fragment formed by photoin-
duced C-I bond fission in dihalomethanes®¥. Studies on larger,
more branched iodoalkanes, such as t-butyl iodide, where the HI
elimination channel has been suggested to be more prevalent22
would also be of interest.
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shaded 1o uncertainties, are presented in orange.

Conclusions

The UV-induced photodynamics of the structural isomers 1- and
2-IP were studied in a time-resolved scheme incorporating site-
selective XUV ionization above the I 4d edge as the probe. Con-
sistent with prior work, the primary dynamics following excita-
tion to the A band in both molecules are prompt dissociation to
yield propyl radicals and I atoms, in both their ground and excited
spin-orbit states. In the case of 1-IP, significant delay-dependent
shifts in the momenta of the I'* ions produced by UV-induced C-1I
dissociation followed by multiple ionization are observed, which
may be rationalised by invoking differences in the gradients of
the relevant neutral and polycationic PESs along the dissociation
coordinate. As observed in simpler haloalkanes, there is a system-
atic shift in the onset of this channel across charge states, which
relates to the distance dependence of CT processes enabled fol-
lowing multiple ionization. Subtle differences in this behaviour
between the two isomeric species were observed. Without more
detailed modelling, the precise origin of this behaviour is diffi-
cult to assign, but may relate to the substantially different nu-
clear motion undergone by the recoiling propyl radical in the two
systems. Finally, possible signals arising from the XUV-induced
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Fig. 7 Momentum distributions relevant to the analysis of the delay-
dependent |7 signals in 1-IP (a) and 2-IP (b), showing the expected
momentum distribution for HI elimination (green), the simulated I™ mo-
mentum distribution for Coulomb explosion of eliminated HI (orange),
and the experimental I™ momentum distribution averaged over UV-late
pump-probe delays (magenta). The derivation of assumed HI product
momentum distributions is described in the main text. The momentum
regions a and b, described in the main text, are indicated by the dashed
orange and magenta lines. Panel c) shows the delay-dependent ratio
of ions observed in the two momentum regions as a function of pump-
probe delay for 1-IP (blue) and 2-IP (red). Averaged values for UV late
(7 < —200fs) and UV early (7 > 500fs) are shown by the horizontal dotted
lines.

Coulomb explosion of photoeliminated HI were examined. A sim-
ple scheme was presented to model this potential process, which
yields results that are consistent with observations for the 2-IP
isomer. These results support the recent report%% that ultrafast
HI elimination is a minor channel in photoexcited 2-IP which is
either absent, or much less prevalent, in the unbranched 1-IP iso-
mer.
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