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The photodissociation dynamics of CH3I and CH,CII at 272 nm were investigated by time-resolved
Coulomb explosion imaging, with an intense non-resonant 8§15 nm probe pulse. Fragment ion momenta
over a wide m/z range were recorded simultaneously by coupling a velocity map imaging spectrometer
with a pixel imaging mass spectrometry camera. For both molecules, delay-dependent pump-probe
features were assigned to ultraviolet-induced carbon-iodine bond cleavage followed by Coulomb
explosion. Multi-mass imaging also allowed the sequential cleavage of both carbon-halogen bonds
in CH,CII to be investigated. Furthermore, delay-dependent relative fragment momenta of a pair
of ions were directly determined using recoil-frame covariance analysis. These results are com-
plementary to conventional velocity map imaging experiments and demonstrate the application of
time-resolved Coulomb explosion imaging to photoinduced real-time molecular motion. Published
by AIP Publishing. https://doi.org/10.1063/1.5041381

. INTRODUCTION femtosecond scale of nuclear motion.! Molecules rapidly
ionize when exposed to intense ultrashort pulses (>10'* W
cm2),? and the resulting polycations, which are unstable with
respect to Coulomb explosion, fragment into several ions.> If
the explosion occurs prior to any rearrangement of the parent
aElectronic mail: mark.brouard @chem.ox.ac.uk cation, the momenta of the resulting fragments are sensitive

The development of ultrashort laser pulses has facili-
tated a wide range of studies on chemical reactions on the

0021-9606/2018/149(20)/204313/10/$30.00 149, 2043131 Published by AIP Publishing.
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to the structure of the original neutral molecule.** This phe-
nomenon, termed Coulomb explosion imaging (CEI), has been
used to determine the structures of neutral molecules in the gas
phase.>” By coupling CEI with ultrafast pump-probe spec-
troscopy, it is possible to initiate Coulomb explosion at a range
of delays following the pump pulse and in doing so monitor
the evolution of the structural dynamics initiated by the pump
pulse in “real time.”%'¢ In this study, time-resolved CEI is
used to study the photodissociation of the halomethane CH31
and dihalomethane CH,CII. The experimental results are also
compared with similar research recently carried out on CH,Brl
in order to explore the relationship between the photochemistry
of these similar molecules.”

The ultraviolet photodissociation of CHsI in its A-band
has been thoroughly studied both theoretically and experimen-
tally'®27 and is a model system for understanding photofrag-
mentation in the gas phase. The analogous photodissociation of
CH,CII has been the subject of fewer studies.?®~3? Absorption
by CHsl in its A-band (220-350 nm) arises due to excitations to
three repulsive electronic states, as depicted in Fig. 1. The dom-
inant transition at the wavelength used in this study (272 nm)
is to the 3Qq state, which leads to direct C-I bond cleavage into
amethyl radical and a spin-orbit excited iodine atom Pip).B
The other significant pathway from the 3Qq state is a disso-
ciation to a ground state iodine (®P3/2), which occurs via a
curve crossing to the 'Q, state.”> Both pathways have been
well studied using ion-imaging at a range of excitation wave-
lengths, yielding kinetic energy releases (KERSs), anisotropy
parameters, and branching ratios.?!?333-36

The dihalomethane CH,ClII exhibits more complex and
varied dynamics in the ultraviolet (UV), with each carbon-
halogen bond acting as a separate chromophore.’ At dif-
ferent wavelengths, preferential dissociation of either halo-
gen atom can be observed, as well as the elimination of
IC1.2°73%37 Similar multi-pathway chemistry is also exhib-
ited by CH,Br1.3%3% The excitation wavelength used in this
study (272 nm) lies near the centre of the A-band of CH,CII
(225-325 nm). This band arises due to the excitation of a

3Q,
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FIG. 1. Potential energy curves for iodomethane showing the relevant elec-
tronic states at 272 nm. The decomposed absorption spectrum (inset) is also
shown, with the position of 272 nm marked with a dotted line. Excitation is
primarily to the >Qq state, which is dissociative and correlates to methyl and
I* (3Py)») radicals. Methyl radicals paired with a ground state I (3P3/,) are
produced following a non-adiabatic curve crossing to the 1Q state. Adapted
from Ref. 25.
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non-bonding electron located on the iodine atom (n) to the
C-I antibonding orbital (c*) and is red-shifted with respect
to the corresponding CH3I band due to stabilization of the
C-I o* by the chlorine atom. Excitation in this band is pre-
dominantly followed by cleavage of the C—I bond to produce
iodine radicals in either their ground or excited spin-orbit
state.”’

In this paper, the dissociations of the C-I bond in CH3l
and CH,ClI are studied on a femtosecond time scale using
time-resolved CEI, focusing on the delay-dependent kinetic
energy releases of characteristic fragment ions. This allows
effects attributable to the known photochemical behaviors
of these molecules to be assigned and confirmed by clas-
sical simulations. The data also agree with the literature
values obtained using resonance enhanced multiphoton ion-
ization (REMPI) schemes.?>?® In the case of CHsl, time-
dependent features arising from different iodine product quan-
tum states were well-resolved and characterised, whilst in
CH,ClI, dissociation processes involving cleavage of both
carbon-halogen bonds were probed within a single exper-
iment. Time-resolved covariance analysis is used to show
how the relative momenta of a pair of ions evolve as a
function of pump-probe delay. Between the molecules stud-
ied here and CH,BrI studied previously,!” differences in the
internal energy distribution following photodissociation were
observed and attributed to the structural influence of the halo-
gen atoms. The results provide promising support for the use of
CEI coupled with covariance analysis as a universal probe of
photon-induced dynamics which could be applied to larger
molecular systems and more complex reactions, such as
molecular isomerisation.

Il. EXPERIMENTAL METHODS

Experiments were carried out at the CAMP multi-
purpose instrument at the free-electron laser in Hamburg
(FLASH).*%*2 The CAMP instrument offers a double-sided
velocity map imaging (VMI) spectrometer that allows for the
simultaneous velocity mapping of fragment ions and photo-
electrons and has been described in detail elsewhere.** Briefly,
each molecule was evaporated at room temperature and intro-
duced into the spectrometer through two skimmers as a con-
tinuous jet. The collimated molecular beam was then inter-
sected perpendicularly in the VMI interaction region by the
frequency tripled pump (4 = 272 nm, 2.5 nm FWHM band-
width) and the fundamental probe (1 =815 nm, 26 nm FWHM
bandwidth) output of the FLASH optical laser. Fundamental
infrared (IR) pulses of 55 fs duration were generated using a
10 Hz Ti:sapphire oscillator and a chirped pulse amplifier.*
UV pulses were produced by splitting the IR beam and passing
it through a 50 um thick frequency tripling crystal on a 1 mm
substrate, followed by a prism compressor. Typical IR and UV
pulse energies were 1.22 mJ and 95 pJ, respectively, for the
CHslI experiments and 920 pJ and 63 pJ for the CH, ClI experi-
ments. The beams were focussed onto a 40 X 60 ym? spot in the
interaction region. In order to observe the time-evolution of the
dynamics induced by the UV pump pulse, the delay between
the two pulses was varied using a computer-controlled delay
stage.
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Under velocity mapping conditions, positively charged
fragments are accelerated such that ions with the same ini-
tial transverse velocity and mass-to-charge ratio (m/z) arrive
at the same position on the two-dimensional detector,*® which
comprises two microchannel plates (MCPs) coupled to a P47
phosphor screen. During an experiment, several different ions
are mapped onto the position-sensitive detector at their charac-
teristic times-of-flight. The resulting flashes of light produced
on the phosphor screen are imaged by a Pixel Imaging Mass
Spectrometry (PImMS)*®47 camera equipped with a PImMS2
sensor. This camera was synchronized to the 10 Hz pump-
probe laser system, and several hundred frames were recorded
per pump-probe delay.

PImMS?2 is a 324 x 324 pixel detector capable of record-
ing the position (x, y) and arrival times (¢) of incident photons
to a precision of 12.5 ns. This allows all fragment ions to
be imaged in a single experimental cycle, over a wide m/z
range. By recording all fragment momenta in one experiment,
data can be collected under coincidence or covariance con-
ditions to identify meaningful correlations between different
ions.! #4831 The flash of light resulting from a single ion hit is
generally registered in multiple pixels of the PImMS2 sensor
and across multiple sequential time bins. The images presented
here were consequently centroided in order to improve the
momentum resolution of the data.>> The pBasex” algorithm
was also used to Abel invert and obtain full three-dimensional
velocity distributions from the two-dimensional projected ion
images.

On the other end of the doubled-sided spectrometer, pho-
toelectrons were simultaneously imaged using an MCP stack
and a P20 phosphor screen coupled to a commercial charge-
coupled device (CCD) camera. The analysis and discussion
of the resulting photoelectron spectra are beyond the scope of
this manuscript.

lll. RESULTS AND DISCUSSION

Figure 2 shows the time-of-flight spectra for CH3I and
CH,ClI, accumulated over ca. 50 000 and 55 000 laser shots,
respectively, across a range of pump-probe delays. In the
CH3I experiments, images were recorded over a pump-probe
delay range of —0.48 ps to +1.52 ps in steps of 20 fs. For
CH,ClI, data were recorded from —1.0 ps to +10.1 ps in
100 fs steps. One colour background data were also recorded
which showed that the probe pulse initiated significantly more
ionization and fragmentation than the pump, with a further
appreciable enhancement in the signal in the pump-probe
data.

Ion images for any of the peaks in the time-of-flight
spectrum may be obtained by integrating the (x, y) data over
the peak’s time-of-flight range. For different delays, images
of key fragments are shown in Fig. 3, with the main time-
dependent channels illustrated by arrows. In the CH,ClI case,
these features can be clearly seen in multiple fragments: I*,
CH,CI*, CI*, and CH,*. For CH3l, delay-dependent effects
are observed in the CH3* and I* fragments, but are far more
clearly visible in the CHs* images. This occurs due to con-
servation of momentum; the majority of the kinetic energy
released following photodissociation or Coulomb explosion

J. Chem. Phys. 149, 204313 (2018)
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FIG. 2. Centroided time-of-flight spectra accumulated from the pump-probe
delay scans for (a) CH3zI and (b) CH,CII. These have been normalised to the
highest peak. Each data point represents a separate PImMS time bin and thus
a separate ion image. It should be noted that due to the mass resolution of the
experiment, ions differing by a small number of hydrogen atoms cannot be
distinguished (e.g., CH3* and CH,™").

is partitioned into the light methyl fragment, as opposed to
the much heavier iodine. Additionally, images of heavier ions
cover areas that are saturated by lighter, low kinetic energy
background ions such as H,O*. This leads to visible “holes”
in the images of the heavier ions. The position of time-zero
was identified through cross correlation peaks in the yields of
the high kinetic energy feature in I* and CH3* for CH3I and in
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FIG. 3. Raw and pBasex Abel inverted ion images at a series of pump-probe
delays for (a) I* and CH3* from CH3I and (b) I* and CH,C1* from CH,CIL
The delay-dependent features shrink with increasing delay and are highlighted
with white arrows. Structures of the parent molecules are shown alongside the
ion images. C, H, I, and CI atoms are coloured red, gray, purple, and blue,
respectively.
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I'* and CH,CI* for CH,ClII. Cross correlations were typically
~280 fs (FWHM). Additionally, fitting the observed deple-
tion of this feature after time-zero allowed us to estimate that
15-20% of molecules are excited by the pump pulse.

A. lodomethane
1. Feature assignment

The time-dependent effects visible in Fig. 3 can be more
clearly seen by plotting kinetic energies for each fragment as
a function of delay time. Figure 4 illustrates this for the CH3*
fragment of CH3I (little information can be gleaned from the
corresponding map for the I* fragment, as discussed above).
This was obtained by Abel inverting ion images at each delay
step using the pBASEX algorithm,>® normalizing by the number
of frames, and then calibrating the radii to kinetic energies.
This calibration was obtained by simulating trajectories in
the spectrometer for ions with defined kinetic energies using
simioN.>* Figure 4 shows a number of distinct features. The two
features whose kinetic energy change with delay (labeled Ia
and Ib) are assigned to photodissociation yielding a CH3 radi-
cal partnered with an iodine atom either in its excited (®Py/2) or
ground spin-orbit (°P3/,) state, followed by a Coulomb explo-
sion (initiated by the probe pulse) between the CH3* and the I'*
cofragments,

hv 272 0m nhy 815nm

la: CHsl 22 CH;+I(3P3)0) CH3*+I*, (1)

V 272nm nny g15nm
—_—

. h 2 h + 7+
Ib: CH;31 ———— CH3+I( P1/2) CH3; +I". (2)

The Coulomb explosion contribution to the kinetic energy
release decreases as the pump-probe delay increases, due to
the increased distance between the two dissociating, neutral
fragments at the time of ionization. Therefore, at sufficiently
long delays, the energies of these channels should be solely due
to the dissociation induced by the pump pulse. The energies
of these channels at the longest delay time used in our experi-
ment are 1.27 £ 0.08 eV and 1.96 + 0.15 eV at + 1.52 ps, with
uncertainties referring to the standard deviations of Gaussian
fits of the kinetic energy spectrum. Subtracting the esti-
mated Coulombic contribution from the kinetic energies

Kinetic Energy / eV

o W
= ~

X

AYsUIUL PASI[RULION 1

9

~

0.0 0.5 1.0 1.
Delay Time / ps

FIG. 4. The delay-dependent CH3* kinetic energy distribution obtained from
pBASEX Abel inverted ion images. Negative delays correspond to the IR probe
pulse arriving first, and vice versa. The labeled features and their delay-
dependence are discussed in detail in the main text. The kinetic energy
spectrum for delays of +1.42 ps to +1.52 ps is projected to the right of the
figure in blue. The kinetic energy spectrum for delays of —0.48 ps to —0.38
ps, in which the IR probe pulse arrives first, is projected in red.
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(calculated using the simple classical model described later)
gives 1.07 + 0.08 eV and 1.80 + 0.15 eV, in good agreement
with the expected values of 1.05 eV and 1.83 eV, assuming the
same energy partitioning as at 266 nm.>

By fitting Gaussian functions to the kinetic energy distri-
butions of the two channels at individual delay bins, the relative
intensity of the channels can be determined from the Gaussian
peak areas. Assuming an equal ionization and detection prob-
ability of all CH3 products, this allows for the I*/I branching
ratio to be determined directly from the CHs* images. The cal-
culated value of 0.64 + 0.14 agrees reasonably well with the
literature value of 0.73 (at an excitation wavelength of 266 nm)
determined using REMPI detection of the two spin-orbit states
of iodine.?

The high kinetic energy feature, which is split into two
channels, labeled IIa and IIb in Fig. 4, is attributed to the
(probe-only) Coulomb explosion of CH3I molecules which
have not dissociated prior to the arrival of the probe pulse.
Assuming the charges induced prior to the explosion are
located on the iodine and carbon atoms, the kinetic energy
release of the static Coulomb explosion channel can be pre-
dicted using Coulomb’s law. Taking the literature C—I bond
distance of 214 pm>° as the charge separation gives a kinetic
energy of 6.02 eV for the CH3* fragment, significantly greater
than what is observed. This effect, along with the bimodal
nature of the kinetic energy distribution for the static Coulomb
explosion channel, has been previously observed by Banares
and co-workers at comparable laser intensities.”’ Their one-
dimensional wavepacket calculations on ab initio potential
energy curves of CH3I?* indicate that the lower KER observed
experimentally is due to the partially bound nature of CH3I*,
while the bimodal energy distribution arises from the dif-
ferent electronic states of I* produced in the explosion. The
two bands, centered at 4.46 + 0.25 eV and 3.80 + 0.13 €V,
agree well with energies of two bands reported by Bafiares
and co-workers, 4.68 €V and 3.94 eV. The existence of a
small CH31%* peak in the time-of-flight spectrum of the exper-
iment (Fig. 2) could also be further evidence for the dication
showing some stability on the microsecond time scale of the
experiment.

The very low kinetic energy feature (labeled III in Fig. 4)
is assigned to multiphoton dissociative ionization induced by
either the pump or probe pulses,’ ¢

M: CHiI 2 CHy* +1. 3)

Dissociative ionization induced by the pump pulse, followed
by ionization of the neutral cofragment by the probe pulse,
also gives rise to a weak pump-probe delay-dependent feature
(labeled IV in Fig. 4),'

nhy 272 nm nhy §15nm

IV: CHsl 22", CH5* +1 CH;* +1". (4)

This assignment is supported by simple classical simulations
(as described in detail in Sec. III A 2) using the measured
kinetic energy releases of Channel III.

Finally, the sharp feature centered at 1.07 + 0.05 eV
(labeled V in Fig. 4) closely matches the 1.14 eV of the neu-
tral photodissociation I* channel at 266 nm.> This feature
appears approximately after time-zero and its kinetic energy
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204313-5 Allum et al.

shows no delay dependence, suggesting it arises due to ioniza-
tion of a methyl fragment in the absence of a charged iodine
co-fragment,

hv 2720m nhy §15nm

V: CHsl =222 CH; +1* CH; +T*.  (5)

This assignment is supported by recent coincidence experi-
ments in which the feature is present in raw data, but disap-
pears when considering only events in which CH3* and I* are
detected in coincidence.®! A weaker feature corresponding to
dissociation to a ground-state iodine would also be expected
at approximately 1.9 eV, but is likely masked by the Ia and Ib
channels.>

2. Analysis and simulation

For the delay-dependent channels discussed above, the
total kinetic energy of the products, 7, is
T = hy Dy - EY, — By + <1015 6)
'AB
where Dy is the C-I bond dissociation energy, E7 is the
internal energy excitation of the products, and E, is the spin-
orbit splitting energy of the iodine. The final term accounts
for the Coulombic repulsion, where k. is the Coulomb con-
stant, go and gp are the charges on fragments A and B,
and rap is the distance between them. As Dy and Eg, are
known for CH3I (2.41 eV and 0.943 eV, respectively>),
the product internal energy excitation can be calculated
from the asymptotic kinetic energies of the delay-dependent
channels.!’
The two delay-dependent channels in the CH3* images
(Ta and Ib) can be very simply modelled under the assump-
tion that the absorption of the UV photon instantaneously
accelerates the two fragments to their final velocities.!” Given
the photodissociation lifetime of approximately 100 fs,?® any
deviations from this behavior cannot be clearly observed in
the experiment. In this case, the nuclear separation of the
two charges as a function of pump-probe delay, #, is given
by
YAB = Feq, AB + Urelf, @)
where r¢q A 18 the equilibrium separation of the charge centres
in the undissociated molecule, vy is the relative velocity of the
fragments resulting from the photodissociation, and ¢ is the
pump-probe delay time. It then follows that the total fragment
kinetic energy is given by

keqaqs
Teq, AB T Urel?

T =Tyv + (8)
where Tyy is the total UV-induced kinetic energy. From
conservation of momentum, the individual fragment kinetic
energies are related by
m

T = —8 7 and T =
ma + mg

_MmA 9)
ma + mp

Panel (a) in Fig. 5 shows the results of applying the
above model for each experimental delay time from 20 fs
onwards using the literature values for the initial bond length®®
(214 pm) and the final fragment velocities.”® It can be seen
that the simulated curve matches the experimental data well
at late delay times, but at earlier delays, the agreement is
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FIG. 5. Pump-probe delay-dependent features in the CH3* kinetic energy
distribution: (a) experimental data overlaid with simulations assuming a sin-
gle final fragment velocity and including no timing convolution superimposed
over the experimental heatmap; (b) simulated data accounting for the spread
in final fragment velocities with no timing convolution; (c) simulated data
accounting for the spread of final fragment velocities, with a timing convolu-
tion applied. Fitted experimental kinetic energies for channels ITa and IIb are
superimposed over the simulated heatmaps, with error bars representing the
FWHM of the Gaussian fits of each kinetic energy spectrum.

poor, with the kinetic energies significantly overestimated.
This implies that the observed internuclear separations at
short pump-probe delays are greater than those simulated,
and so the Coulomb explosion releases less energy than
expected.

This effect can be explained by considering the temporal
profiles of the pulses used in the experiment. The temporal res-
olution of the experiment was estimated to be approximately
280 fs from the observed cross correlations. In order to observe
a pump-probe delay, the molecule must absorb a UV photon
before undergoing ionization and subsequent Coulomb explo-
sion by the IR pulse. This effect is particularly pronounced
because the pump step requires only the absorption of a single
UV photon and because the UV pulse is significantly longer
than the IR pulse. For example, at the nominal time zero, the
multiphoton absorption of the probe pulse is centered rather
sharply at zero, while the probability to absorb a single UV
photon follows the temporal shape of the pulse. This means
that, at time zero (and, analogously, at all other delays), only
the “early half” of the pump pulse actually contributes to the
delay-dependent ion signal. This effectively causes a shift of
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the observed signal towards the left because the most likely
time of the UV photoabsorption is not centered at zero. The
Coulomb explosions are therefore initiated at an increased
internuclear separation on average, and so the overall KER
is lower than would be expected. This effect is most notable
at short delays, where the experiment is the most sensitive
to nuclear separations due to the r~! proportionality of the
Coulombic repulsion.

To test the above argument, the simulations were con-
volved with the temporal resolution of the experiment. First,
simulations were carried out on a series of final kinetic
energies, representing the range of observed kinetic energies
released by the photodissociation. A Gaussian convolution was
then added to the pump-probe delay used in these calculations
at each delay step. The results of these simulations without
and with the timing convolution can be seen in Figs. 5(b)
and 5(c), respectively. Experimental data from Gaussian fits
of the two channels are superimposed over the simulations.
Applying the convolution results in a far better agreement with
the experimental data at shorter delay times. It is therefore
expected that the use of shorter pulses would greatly diminish
the level of blurring and allow for fast processes occurring over
small nuclear displacements to be studied more clearly using
time-resolved CEL

B. Chloroiodomethane
1. Primary dissociation

Delay-dependent kinetic energy distributions of the I* and
CH,CI* fragments of CH,CII are shown in Figs. 6(a) and 6(b).

> 7x1074
[}

\

= g

o 8

g :

- S

Q B

£ “

o 0

> 4x107%
<))

\

5 5

o g

g :

o =}

@ S

£ )

S 0

0.0 2.0 4.0 6.0 8.0 10.0
Delay Time / ps

FIG. 6. Kinetic energy distributions as a function of pump-probe delay for the
I* (top) and CH,CI* (bottom) ions, obtained from peasex Abel inverted ion
images. The kinetic energy spectrum for delays of +9.9 ps to +10.1 ps is pro-
jected to the right of each panel in blue. The kinetic energy spectrum for delays
of —1.0 ps to —0.8 ps, in which the IR probe pulse arrives first, is projected in
red. Simulated curves for the I*(2P1/2) (I*, white solid line) and I(2P3/2) {,
white dashed line) dissociation pathways are superimposed over the experi-
mental data. These were modelled by assuming the fragments were instantly
accelerated to their final velocities following neutral photodissociation, as
described in the main text.
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Three features can be identified in both data-sets, one of
which has a kinetic energy that varies with pump-probe
delay. This channel (labeled I in Fig. 6) again arises from
sequential C—I cleavage and Coulomb explosion. Unlike in
CH3l, the two spin-orbit levels of the iodine product could
not be resolved because the energy release is now shared
more equally by the two fragments, as opposed to the CH3I
case, in which the lighter methyl fragment received almost
all of the kinetic energy. Furthermore, there is a far greater
degree of internal excitation following the photodissociation,
which reduces the kinetic energy differences between the two
product channels and broadens the observed kinetic energy
distributions.

The kinetic energies of the delay-dependent channel at
the maximum delay (+10.1 ps) for the I* and CH,CI* frag-
ments are 0.27 + 0.12 eV and 0.63 + 0.30 eV. Subtracting the
estimated Coulombic contribution from these energies gives
values of 0.25 + 0.12 eV and 0.58 + 0.30 eV, in good agree-
ment with the expected value of 0.23 eV for I*, assuming the
same energy partitioning as at 266 nm.?®

The static (probe only) Coulomb explosion channel of
the parent molecule (labeled II) is centered at 1.26 = 0.10 eV
and at 3.23 + 0.20 eV for the I* and CH,Cl" fragments,
respectively. Assuming the charges are located on the I and
Cl atoms, with the literature bond lengths and angles,®® the
calculated KERs are 1.26 eV and 3.24 eV for the two frag-
ments, respectively. This strong level of agreement implies
that in CH,ClI, the Coulomb explosion is swift, with the
two positive charges residing predominantly on the halo-
gen atoms, and that it occurs prior to significant distortion
of the molecular dication. The low kinetic energy channel
(labeled III) is again assigned to multiphoton dissociative
ionization.

The superimposed curves for delay times of 100 fs
onwards were simulated with the previously described model
using the literature values of the asymptotic velocities.”® The
experimental kinetic energy release peaks in the middle of the
simulated I and I* channels, which is consistent with a L:.I*
branching ratio of roughly 1:1.%° As the relative velocity of
the two fragments following photodissociation is smaller than
for CH31, and the kinetic energy distribution of the neutral pho-
todissociation products is much broader, the temporal blurring
effects discussed earlier have less influence in this exper-
iment. Additionally, the initial separation between the two
charged sites is approximately 50% greater in CH,CII?* than
in CH3I?*, and so due to the 7! dependence of the Coulombic
repulsion, the CH3I system is more sensitive to any temporal
blurring.

2. Recoil-frame covariance imaging

Multi-mass imaging facilitates the determination of cor-
relations between ion momenta using coincidence or covari-
ance analysis.*® Recoil-frame covariance maps, as described
in detail elsewhere,'#491:63 are shown in Fig. 7 as examples.
Here, the covariance maps represent the measured crushed
velocity distribution of CH,Cl* with respect to I*, whose
velocity is constrained vertically as illustrated.

Figure 7 shows covariance maps for pairs of fragment
ions integrated over several pump-probe delay ranges. In the
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FIG. 7. Recoil-frame covariance maps for CH,Cl*, plotted with respect to an I* reference ion. These maps represent the crushed radial distribution of CH,CI*
ions with respect to the velocity of I*, which is constrained to a vector pointing directly upwards in these images, as represented by the white arrow. Covariance
maps are integrated over the range of delays shown, i.e., —1.0 to O ps for the first image, 0 to +0.3 ps for the second, and so on. For images in the delay range 0
to +1.8 ps only a central portion of the image is shown to highlight the features discussed in the text. For positive delay times, the calculated KER (see the text)
is indicated with a white cross, as is the calculated KER for the probe-only channel in the negative delay time image.

first image, shown in the left-most panel, corresponding to
delay times in which the IR probe pulse arrives first, one high
velocity feature can be seen clearly at a recoil angle of 180°
from the I* reference (the vertical direction in the figure). This
arises due to the probe-only Coulomb explosion of CH,CII
(channel II in Fig. 6) and shows that the resulting I* and
CH,Cl* are produced in opposite directions from one another,
as dictated by momentum conservation. In the covariance maps
integrated over positive pump-probe delays, in which the UV
pump pulse arrives first, an additional lower velocity feature
arises. This is due to the photodissociation-Coulomb explosion
channel (I in Fig. 6), in which the resulting ions again recoil
with back-to-back velocities. This feature moves towards the
centre of the image with increasing pump-probe delay, consis-
tent with the decreasing kinetic energy shown in Fig. 6, further
confirming this assignment. The images integrated over 300 fs
delay ranges between 0 and 1.8 ps (for which only the central
portion is shown for concision) correspond to just #1500 laser
shots each and are somewhat noisy due to the limited statistics.
This is in contrast to the very clean images for the earliest and
latest delay ranges (at which point channel I is very close to its
asymptotic energy), which were accumulated over ~5000 and
40 000 laser shots, respectively. Despite the limited statistics,
the two features can be clearly distinguished in these images,
with the pump-probe channel varying radially with delay
as expected. This demonstrates the efficacy of recoil-frame
covariance analysis in time-resolved experiments, even when
limited experimental time (such as at user facilities) restricts
the amount of data which can be recorded for a given pump-
probe delay. Additionally, as these covariance maps only show
features arising from processes in which CH,CI* and I* are
produced in coincidence, they can be used to support the
assignments made in the raw images. For instance, the promi-
nent lower kinetic energy feature seen in the CH,CI* images
(channel Il in Fig. 6) is absent in Fig. 7, supporting the assign-
ment of dissociative ionization to give CH,Cl* and neutral I
fragments.

As CEI coupled with recoil-frame covariance analy-
sis has been previously used to determine the structures of
several complex polyatomic molecules,”** the ability to
determine clear covariances in pump-probe time-resolved

experiments should allow for a wide range of structural
changes initiated by a pump pulse to be accurately monitored in
real-time.*’

3. Three-body dissociation

The delay-dependent fragment energies of CH,*, CI*, and
CH,I" allow other dissociation pathways involving the cleav-
age of the C—Cl bond to be explored. Figure 8 shows the
delay-dependent kinetic energies of these fragments. Delay-
dependent features can be observed in the kinetic energies
of CH,* and CI*, whilst no such feature can be seen for
CH,I*, which is solely produced with a very low kinetic
energy (<0.3 eV) at all delay times. The lack of any delay-
dependent feature in the CH,I* suggests that the primary
C-ClI bond cleavage is an unlikely process at the excita-
tion wavelength employed (272 nm), supporting the con-
clusions of previous studies.’® This mirrors the behavior of
CH;Brl, in which primary C-Br cleavage at 272 nm also rarely
occurs. 73

The lack of any delay-dependent feature in the CH,I*
indicates that the feature seen in the C1* map instead arises
from a dissociation that cleaves both carbon-halogen bonds in
either a sequential or concerted process. The energy required
for this is 6.78 eV.%* As the photon energy of the pump pulse
is only 4.57 eV, the three-body dissociation must follow the
absorption of at least two UV photons. Figure 8 shows sim-
ulated Coulomb explosion curves for this process, assuming
no internal excitation of the nascent CH,* fragment and the
absorption of two UV photons. The two halogen atoms were
assumed to recoil immediately along the carbon-halogen bond
axes, with the CH; recoil velocity given by momentum con-
servation. Simulated curves in which either two or three of
the resulting fragments are ionized by the probe pulse are dis-
played. The agreement between the observed and simulated
curves is qualitatively good, particularly at long delay times.
This agreement at long delay times, where the Coulombic con-
tribution to the kinetic energy releases is minimal, suggests that
the observed features arise from three-body dissociation fol-
lowing absorption of two UV photons and that there is little
internal energy excitation in the CH; fragment. This is to be
expected, given studies of the analogous process in CH,Brl, in
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FIG. 8. Kinetic energy distributions as a function of pump-probe delay for
the CI* (top), CH,* (middle), and CH,I* (bottom) ions, obtained from
pBASEX Abel inverted ion images. The kinetic energy spectrum for delays
of 49.9 ps to +10.1 ps is projected to the right of each panel in blue.
The kinetic energy spectrum for delays of —1.0 ps to —0.8 ps, in which
the IR probe pulse arrives first, is projected in red. Simulated curves for
secondary dissociation followed by ionization of two or three fragments
by the probe pulse are superimposed over the experimental data. These
were modelled assuming the fragments were instantly accelerated to their
final velocities following neutral photodissociation, as described in the main
text.

which only 11.6% of the available energy was partitioned into
internal modes.'”-* It should also be noted that the images for
the CH,* and CI* fragments fill, and may exceed, the detector,
and so the high KER feature at short delays may not be fully
captured. Itis also possible that other processes may contribute
to the broad delay-dependent features observed, such as disso-
ciative ionizations followed by Coulomb explosion. However,
given that the asymptotic kinetic energies of the pump-probe
channels exceed that of the low energy dissociative ionization
channels observed before time-zero, we can assign the major-
ity of the pump-probe effects to the three-body dissociation as
discussed.

J. Chem. Phys. 149, 204313 (2018)

TABLE I. Fraction of the available energy partitioned as internal energy of
the polyatomic cofragment, fin = Eint/E avail, Where Ejy is the internal energy
of the fragments and E,y,j; is the available energy following dissociation.

Molecule fint (this work) fint (references)
CH3l 6.4% + 0.9% (I channel) 4.6% (I channel) (Ref. 23)
2.8% + 0.6% (I*channel) 2.5% (I* channel) (Ref. 23)
CH,ClI 54.3% + 1.1% 55% (Ref. 28)
CH,Brl 65.6% + 1.6% (Ref. 17) 68% (Ref. 39)

C. Comparison of CH,Brl, CH,CIl, and CHgl

Comparing the two halomethanes studied in this work
with the results recently published from analogous studies on
the CH,Brl molecule,!” the effects of substitution of a second
halogen atom on the energy partitioning following primary
photodissociation can be clearly observed. Table I provides
values for the proportion of energy released in the C-I disso-
ciation into internal modes of the radical cofragment. These
values were extracted from the kinetic energy releases in the
final pump-probe delays in each experiment and corrected for
any calculated residual Coulomb repulsion.

It can be clearly seen that in the disubstituted
halomethanes, the amount of energy partitioning into inter-
nal modes is far greater than in the CH3I case. Additionally,
there is greater internal energy excitation in CH,Br than in
CH,Cl. Previous detailed studies on the CH3I molecule have
shown that the umbrella vibrational mode of the CH3 fragment
is only slightly excited,>> with very little rotational excitation
of the methyl radical. It can be assumed that the increased inter-
nal excitation in the geminal dihaloalkanes is predominantly
partitioned into rotation, consistent with recent femtosecond
REMPI-VMI experiments.®’

These observations can be understood through consid-
ering a very simple classic model of the photodissociation of
these molecules, as depicted in Fig. 9. In moving from CH3I to
CH,ClI to CH;Brl, the centre of mass of the polyatomic prod-
uct moves further away from the C—I bond axis, upon which
one would expect any momentum released in the dissociation
tobe directed. As aresult, a greater classical torque is applied to
the recoiling polyatomic cofragment, causing a greater degree
of rotational excitation. Calculations of the centre of masses
of the recoiling radicals indicate the classical torque imparted
is approximately 30% greater in the dissociation of CH,Brl
relative to CH,ClI, agreeing well with the observed internal
energy distributions.

i)

FIG. 9. Schematic of the photodissociation of (i) CH31, (ii) CH, ClI, and (iii) CH,BrI showing the centre of mass of each of the resulting polyatomic fragments
following C-I photodissociation. C, H, I, Br, and Cl atoms are coloured red, gray, purple, green, and blue, respectively. In CH3I, the centre of mass lies along
the vector of the momentum induced by the dissociation. In CH,CII and CH;Brl1, the centre of mass is significantly displaced from this vector, and so a large

torque is applied to the recoiling fragment.
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IV. CONCLUSIONS AND OUTLOOK

Results from experiments in which time-dependent CEI
was used in conjunction with a fast time-stamping detector to
explore the photodissociation dynamics of iodomethane and
iodochloromethane were presented. In the A-band dissocia-
tion of CH3l, two different reaction pathways corresponding
to different final iodine spin-orbit states could be clearly distin-
guished in a time-resolved manner during a single experiment.
In the geminal dihaloalkane CH,ClI, primary and secondary
dissociations could be studied simultaneously, yielding results
in good agreement with the literature.

The presented results show the potential of time-resolved
CEI in elucidating photochemical reaction mechanisms. The
universal nature of the probe greatly extends the number of
applicable molecules compared to traditional REMPI-VMI
experiments. Time-resolved recoil-frame covariance imaging,
as demonstrated here, could be used to study the detailed struc-
tural dynamics of more complex photochemistry. It could, in
principle, be applied to follow the nuclear motion taking place
during ring-opening reactions®®®’ or cis-trans isomerisation
reactions,*~70 which are often very challenging to study in
the gas phase using traditional spectroscopic techniques.
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