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We have performed the simulations of C 1 s X-ray photoelectron diffraction (XPD) profiles from CyH4Io, bridged
and classical anti-forms of CpHyl intermediates and CyH4 products to capture structures of transient in-
termediates in the elimination reaction of CyHyl, under our ultrafast X-ray photoelectron diffraction (UXPD)
scheme for free molecules using soft X-ray free-electron laser (SXFEL). In the UXPD scheme, the sample mole-
cules are aligned in advance by near-infrared (NIR) laser with ns pulse duration before applying a pump — probe
method. Then, we have considered alignment control of CaH4lz by using the elliptically polarized NIR laser to
realize the UXPD experiments for the free molecules. As the results of simulations of XPD profiles from the laser-
aligned CpHylp molecules, we have demonstrated the two-dimensional (2D) color maps of the C 1 s XPD profiles
from CyHylp, CoHyl, and CoHy. The 2D color maps have revealed that the transient C 1 s XPD profiles from the
bridged-form and classical anti-form CyH4I intermediates exhibit remarkable differences, reflecting different
intra-molecular scattering pathways of C 1 s photoelectrons within the intermediates. Thus, the present result has
proved that UXPD for the free molecules has an advantage, compared with other traditional diffraction methods.

1. Introduction

Photoelectron angular distributions (PADs) from free molecules have
been measured for an increasing variety of purposes, including exam-
ining details of electron correlation and photoemission dynamics,
demonstrating electron diffraction as a structural probe of single mole-
cules, and probing time-resolved photochemical reactions [1-5] and
references therein. Among such PAD studies, we found that molecular
frame photoelectron angular distributions (MFPADs) for the inner-shell
photoelectrons, with energy of > 100 eV, are less influenced by details of
molecular potential; thus, the MFPADs are well described by X-ray
photoelectron diffraction (XPD) picture [6]. Theoretically, photoelec-
tron diffraction is a consequence of interference between a directly
emitted photoelectron wave and elastically scattered waves by sur-
rounding atoms. Thus, the MFPAD or XPD profiles might provide a mean
of determining molecular structure in an element-specific fashion. In
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fact, surface structural analyses based on the XPD theory have been
widely developed [7-11]. Moreover, several methodologies for the
structural analyses have been applied, such as trial-and-error method
[12], real-space triangular method [13], and holography [14]. The latter
two methods, in which an XPD profile in momentum space is inversely
transformed into an atomic position map in real space via Fourier
transform with some corrections and modifications, are not applicable
to the XPD profiles from the free molecules. This inapplicability is
because the scattering amplitudes are not isotropic and phase-shifts of
them are strongly dependent on scattering processes. Hence, we adopted
the trial-and-error method to determine molecular structures of static
ground state molecules from our experimental XPD profiles [15]. Then,
our method confirmed that bond lengths and bond angles can be
determined with a resolution of less than 0.1 A and 10°, respectively.
Therefore, on the basis of these achievements, we proposed an ultrafast
XPD (UXPD) scheme using soft X-ray free-electron lasers (SXFELs) to
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observe experimentally ultrafast photochemical reactions [5,15].
Meanwhile, several other methods have been proposed or demonstrated,
including ultrafast X-ray diffraction (UXD) using the recently developed
femtosecond X-ray free-electron lasers (XFELs), ultrafast electron
diffraction (UED) using short pulses of electron beams, and
laser-induced electron diffraction (LIED) using recollision electrons that
have tunneled out previously from the target [16-19].

Time-resolved electron and X-ray diffraction are the two principal
experimental probes for transient molecular structure determination.
Moreover, the UXPD has been suggested as a promising probe by a few
research teams including ours, for having the element-specific fashion.
Therefore, several proposals [5,15,20-23] and test experiments [24-29]
for the UXPD have been published. However, results on the transient
structure of molecules during chemical reactions have not been reported
yet except for the recent paper [30] on the breakup process of O mol-
ecules, applying SXFEL pump — SXFEL probe measurements. The ultra-
fast dynamics of Oy molecules have been revealed through both triple
coincidence and high-repetition SXFEL pulse capabilities [30]. Howev-
er, triple coincidence rates are extremely low compared with single
photoelectron detection rates, and processing of triple coincidence data
is cumbersome compared with direct measuring of single photoelectron
momentum image. Therefore, our UXPD scheme for the free molecules
consists of four steps; (1) near-infrared (NIR) laser with ns pulse dura-
tion aligns sample molecules, (2) optical laser with fs pulse duration
pumps the aligned sample molecules, (3) SXFEL with fs pulse duration
probes the molecules by measuring two-dimensional (2D) XPD images
with velocity-map imaging spectrometer (VMI) [27-29] as a function of
delay time between the pump and probe pulses, and (4) the transient
molecular structures are determined by applying the trial-and-error
method to the measured XPD images.

In this Article, we report the simulation results on C 1 s XPD profiles
to capture structures of transient intermediates in the elimination re-
action of 1, 2-diiodoethane (CoH4l2) molecules, which will be obtainable
with our UXPD experiment. In the simulations, the photon energy of
410 eV for SXFEL was selected, i.e., C 1 s photoelectron energy was set to
120 eV. From experimental point of view, the use of such SXFEL has the
following benefits: The photoionization cross sections for soft X-rays < 1
keV are two-orders of magnitudes larger than those of for X-ray > 4 keV

# sCMOS camera

MCP+Phosphor screen
X

zZ

XFEL  Holey mirror
o
Nd:YAG
fs-laser Molecular
Solase beam

MCP+Phosphor screen

sCMOS camera

Photoclectrons

Fragment ions

Journal of Electron Spectroscopy and Related Phenomena 258 (2022) 147221

[31] and the band pass of SXFEL is one-order of magnitudes smaller than
that of XFEL. The C 1 s XPD profiles for the laser-aligned CoH4l; mole-
cules were obtained by the density functional theory (DFT) calculations.
To mimic time-resolved UXD for transient intermediates of CoHyly in
solution in Ref. [32], we calculated the C 1 s XPD profiles for the ground
state CoHuly, the bridged and classical (non-bridged) CoHy4l radical in-
termediates, and the CyH,4 product.

2. Experimental scheme

Fig. 1 shows the schematic of the experimental setup for our UXPD
scheme for the free molecules. We introduce three kind of laser beams
into VMI, i.e., nanosecond Nd:YAG laser (A = 1064 nm) for molecular
alignment, femtosecond ultraviolet (UV) laser (A = 267 nm, ~ 50 fs, 10
wJ) for exciting the aligned molecules, and femtosecond SXFEL laser (A
= 3.0 nm, ~ 50 fs, ~ 100 pJ) for the probe. The cylindrically symmetric
axis of the VMI spectrometer is placed along the y axis, and the three
laser beams propagate coaxially along the x axis. The polarization vec-
tors of both the Nd:YAG and UV laser beams are controllable on the yz
plane.

The Nd:YAG laser pulses, with the energy of ~ 700 mJ/pulse and
duration of ~ 10 ns, are focused by a plano-convex lens into the inter-
action region of our diffractometer comprising the VMI spectrometer
[27,28]. The ellipticity of the Nd:YAG laser polarization is controlled by
the combination of A/2 and A/4 waveplates. For the UXPD, the C—C axis
in CoHyly is preferentially aligned along the y axis. To realize this, the
major axis of the polarization ellipse of the Nd:YAG laser is rotated by
43° clockwise with respect to the z axis, and the ellipticity is set to be ~
0.9, as discussed in Section 3. By focusing to the spot sizes of ~ 60 um,
the total intensity, the sum of major and minor components, of ~
2.5 x 102 W/em? is available at the focus.

The output of the Ti:saphire amplifier is frequency up-converted to
267 nm by the third order harmonics generation process using f-BBO
crystals, and guided to the VMI chamber collinearly with the Nd:YAG
laser beam. In CyHyly, the dominant transition due to a 267 nm photon
originates from promotion of an electron from a non-bonding (n) iodine
orbital to an anti-bonding (¢ * ) orbital localized on the C-I bond. Under
the condition of output energy of ~ 10 pJ/pulse, one can estimate that
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Fig. 1. Schematic of the experimental setup (left) and optical paths of alignment, pump, and probe lasers (right). Laser beams propagating along the x axis in a
collinear arrangement intersect a supersonic pulsed molecular beam along the z axis at the center of a vacuum chamber. The polarizations of the Nd:YAG and fs-lasers
are controlled by A/2 and /4 waveplates. The Nd:YAG laser is used to align the sample molecules, which are excited by fs-laser and are probed by the SXFEL. 2D XPD
images are recorded by the upper VMI. 2D images of the fragment ions are registered by the lower VML



S. Minemoto et al.

more than 30% of the sample molecular ensemble are excited, referring
to the relevant cross sections of 5 x 10~ '8 em? [33]. To match the focus
points of both the Nd:YAG and UV laser beams, the divergence of the UV
laser is tuned by adjusting the telescope inserted in the beam path. The
linear polarization vector of the UV laser is set to be parallel to the y axis
by a A/2 waveplate. The spatial overlap of both the UV and Nd:YAG
beams are confirmed outside the vacuum chamber by picking up a small
portion of the beams by a beam sampler.

SXFEL pulses, with the typical energy of ~ 100 pJ/pulse and dura-
tion of ~ 50 fs, are focused to the interaction region by a K-B mirror in a
beamline. The typical bandwidth of the SXFEL is ~ 0.5%, i.e., ~ 2 eV at
the photon energy of 410 eV. The polarization vector of the SXFEL is
fixed along the z axis direction. The Nd:YAG and UV laser beams are
merged collinearly with the SXFEL by a holey mirror inside the vacuum
chamber. The spatial overlap of the SXFEL, Nd:YAG, and UV laser beams
is first examined by monitoring images on a Ce:YAG phosphor screen at
the interaction region, and then confirmed by monitoring the degree of
alignment of the sample molecules. The temporal overlap between the
SXFEL and Nd:YAG laser pulses is monitored using a fast photodiode.
The temporal overlap between the SXFEL and UV laser is first checked
by using a fast photodiode and then confirmed by measuring C 1s
photoelectron sidebands due to two-color above-threshold ionization
[34].

A pulsed supersonic molecular beam is formed by expanding a gas
mixture of the sample molecules diluted in 40 bar helium through a
pulsed valve, which is developed by Even and Lavie [35], into the
vacuum chamber. In order to obtain sufficient signal intensities, the
pulsed valve needs to be heated to provide a partial pressure of ~ 1 kPa
for the sample molecules. An adequate temperature of the valve is
estimated to be ~ 90 °C. The molecular beam passes through a 3 mmd
skimmer and is introduced into the interaction region where the three
lasers overlap.

The momenta of photoelectrons and fragment-photoions produced
by the SXFEL pulses are measured by using the faced VMIs [27,28]. The
velocity-focused photoelectrons are detected by a chevron-stacked dual
microchannel plate (MCP) backed by a phosphor screen. The image on
the phosphor screen, which is the projection of the three dimensional
(3D) momentum distributions onto the xz plane, is recorded shot by shot
using the sCMOS camera, and it is stored on the PC. The 2D photo-
electron momentum images obtained with and without the sample gas
are alternately measured and the objective images that originated from
the residual-free sample gas are then obtained by subtracting the latter
from the former. Simultaneously, the produced fragment-photoions are
accelerated toward the other VMI, and they are detected by the similar
system to the photoelectron measurements. The 2D momentum images
of I" and C' ions are used to evaluate the degrees of alignment,
< cos?f >and., respectively, which are defined in Section 3.
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3. Control of alignment of CoH4I> molecules

In this section, we consider alignment control of CoHylo by using
elliptically polarized Nd:YAG laser, see Fig. 2. In Fig. 2(a), the molecular
reference frame is defined by the Cartesian coordinate of (Xp,, Y, Zm), L.
e., the X, axis is taken to coincide with the x axis of the laboratory frame,
the YnZ, plane with the o mirror plane, and the I—I axis with the Z,,
according to Ref. [36]. The photon reference frame for the Nd:YAG laser
is defined by the Cartesian coordinate of (X, Y}, Zp,), in which the X, axis
is chosen to coincide with the propagation direction of the laser, the ¥},
axis with the minor axis of the polarization ellipse, and the Z, axis with
the major axis of the ellipse. In Fig. 2(b), the directions of both the X,
and Xp, axis are reversed with respect to those in Fig. 2(a). It should be
noted that the two alignment configurations in Fig. 2(a) and (b) must be
taken into account under the alignment control using the elliptically
polarized Nd:YAG laser. Namely, in this control, the rotational direction
of the polarization ellipse is not imprinted into the sample molecules.

Irradiation of the NIR laser polarized linearly along the Z, axis in-
duces alignment of the Z;, axis of the molecule towards the Z, axis, as
shown in Fig. 3(a). However, in this condition, the Y;,Zy, plane is freely
rotated around the Z;, axis. In order to fix the rotation of the Y;,Zy, plane,
the use of elliptically-polarized lasers is inevitable. When an elliptically-
polarized laser is irradiated to the molecules, the Yy, axis is confined to
the Y}, axis without losing the alignment of the Z, with respect to the Z,
axis, see Fig. 3(b). Thus, all the angles of 6, ¢ and y which are defined in
Fig. 3, are controllable with the elliptically polarized laser.

Under a long pulse limit for the NIR laser, which has long pulse
durations in comparison to the rotational periods of molecules, the de-
grees of alignment of CpHulp are calculated by solving a time-
independent Schrodinger equation. Here we assume a rigid-rotor
approximation for the ground state molecules, where all vibrational
modes are frozen at the equilibrium positions. The rigid rotor Hamil-
tonian in a field-free condition can be described as

H,, = AT, +BJ; +CJly €8]

where A, B, and C are the rotational constants (A > B > C) corre-
sponding to the Zy,, Yy, X, axes, respectively [36]. J. is an I component
of the total angular momentum operator J. Considering a laser field with
non-resonant frequencies, the alignment Hamiltonian can be given as
[371.

1
Halig” = z [azn\zn\ Eém +av,y, Ei’m + XX Eg(m] @
withagandEjare polarizability and electric field components parallel to
the molecular I axis (I = Zy,, Ym,Xm), respectively. In calculations of the
molecular alignment, we used the rotational constants A = 6710, B
=508, and C =472 MHz, and the polarizability componentsayz, 7, =

(b) 4

Fig. 2. Optimum alignment of a CzH4l; molecule by an elliptically polarized laser. (a) seen from the behind of the propagation direction of the laser and (b) seen
from the front of the propagation. The polarization ellipse is tilted relative to the z axis, to align the C—C bond in C,H,I, along the y axis in (a).
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Fig. 3. Relation between molecular and photon reference frames. (a) for linear polarization and (b) for elliptical polarization. The laser propagates along the X}, axis.
The polarization vector of linearly polarized laser and the major axis of elliptically polarized laser are taken to coincide with the Z; axis. The frames are expressed by

the right-hand coordinate system.

13.6, ay,y, = 7.5, and ax x, = 3.2 A3, which were calculated by using
DFT of Gaussian03 program [38] with the 3-21 G basis set (It is noted
that larger basis sets, e. g., 6-21 G are not supported for the I atom even
in Gaussianl6 program.). Then, the total Hamiltonian for molecular
rotational motions is described by the sum of Egs. (1) and (2). The de-
grees of alignment calculated by numerical solutions of the Schrodinger
equation for the total Hamiltonian are shown in Fig. 4. For the linear
polarization, Fig. 4(a) shows the degrees of alignment,< cos?d >, of the
Zpy, axis along the Zp, and that,< sin®fcos®¢p >, of the Zy, axis along the
X,. The degree of alignment,< cos?y >, of the Yy, along the Y}, which is
related to the rotation of the molecular oy, mirror plane, is also shown. As
the laser intensity increases, < cos?f >increases and < sin®fcos?¢p >
decreases. At the intensity of 1 x 10'® W/em?, < cos26 >reaches up to
0.95 and < sin?dcos?¢ > down to 0.05, which means that the direction

A e
< 0.6
o~
%2}
S o8}
R 0.55
N: AN
7 06] :<
\% 05 &
T 04t . o
= 0. -8 <cost0> v
A —A- <sin?0cos?¢p > gus
o 02! -@- <cos’y>
o~
w
S oL . ‘ A 04
\Y 0 05 1 15 2
Intensity (10'° W/cm?)
1
C
Ke]
=
© 05
3
Q.
o)
o
0 , :
0 0.2 0.4 0.6 0.8 1

6(m)

connecting I—I atoms in the CyHylp molecule, the Z, axis, is tightly
aligned to the polarization direction, the Z, axis, of the laser field. The
probability of the axis distributions in 0 space is shown in Fig. 4(b). On
99% of the molecular ensemble, the Z,, axes are distributed in the range
of 0 < 6 < 0.27. We note again that, with the linear polarization, the
rotation around the Zy, axis is fully random, as can be confirmed by <
cos?y > = [cos?ydy/ [dy = 0.5 ..

For the elliptical polarization, the rotation around the Zy, axis can be
controlled, whereas the distribution of it is slightly broadened. The Yy,
axis, which has the second strongest polarizability component of
ay,y, = 7.5, can be aligned to the direction of the Y, axis of the po-
larization ellipse as shown in Fig. 3(b). Fig. 4(c) shows the degrees of
alignment, < cos?0 >, < sin®fcos?¢ >, and < cos?y > as a function of the
ellipticity( = Ey, /Ez, )at the laser intensity of 2 x 10'° W/cm?. Though <
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Fig. 4. Degrees of alignment and distributions of molecular axis. (a) degrees of alignment for linear polarization, (b) distributions of the Z,, axis at the intensity of
2 x 10'° W/em?, (c) degrees of alignment for elliptical polarization, and (d) distributions of the Yy, axis at the ellipticity of 0.9 and the intensity of 2 x 10'° W/cm?.
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cos?0 > (< sin6cos®¢p >) is gradually decreased (increased) as the
ellipticity increases, it still remains ~ 0.84 (~ 0.10) at the ellipticity of
0.9. At the same time, < cos?y >increases as the ellipticity increases.
This indicates that the molecular Y,,Z;, plane is confined on the Y,Z,
plane. At the intensity of 2 x 10'° W/cm? and the ellipticity of 0.9,
< cos?y >reaches up to 0.56. In this condition, the probability of the
rotational distributions of the Y,Z, plane in y space is shown in Fig. 4
(d). On 82% of the molecular ensemble, the Yy, axes are distributed in
the range of — 0.2 < y < 0.27. This means that on 41% of the molec-
ular ensemble, the C—C axes align in the range between — 0.2 and 0.2x,
relative to the y axis as shown in Fig. 2(a). On the same amount of the
molecular ensemble, the C—C axes align in the range between —0.14
and 0.26m, relative to the z axis as shown in Fig. 2(b). That is, the two
configurations in Fig. 2(a) and (b) are involved with the equal pop-
ulations in the sample molecular ensemble under the present alignment
control, because the rapid oscillation of the electric fields are averaged
over the long laser pulse duration in considering the molecular align-
ment [37].

4. Simulations of Cls XPD profiles from transient intermediates
in the elimination reaction of CoHylo

Elimination processes of iodine atoms from CyF4l and CoHyly mol-
ecules pumped by the 267 nm UV laser have been intensively investi-
gated as prototypes of stereochemical control [32,39-46]. After the
excitation, the CyF4l; molecule in the gas phase undergoes the first
elimination of an iodine atom in 200 fs, and generates an additional
iodine atom and a CyF4 product in 25 ps, according to the mass spec-
trometric study [39]. The UED experiments have proved that the CoF4l
intermediate of the elimination reaction in the gas phase has the clas-
sical (non-bridged) form, where the remaining iodine atom has a co-
valent bond with only one carbon atom [40-42]. The nuclear wave
packet dynamics, during and after the first elimination, was investigated
by combination of the UED experiments with nuclear dynamics simu-
lations in femtosecond timescale [42]. Further, the UXD experiments
have revealed that the CoF4I intermediate takes the classical form in the
elimination reactions of CyF4I5 dissolved in methanol [43] and cyclo-
hexane [44]. In contrast to CoF4I, the UXD experiments have revealed
that the form of the CoH4l intermediate left after the first elimination
takes the bridged structure in solution, where the remaining iodine atom
has two equivalent covalent bonds with the two carbon atoms. But the
second elimination processes in methanol [32] and cyclohexane [45]
take different paths. Ab initio and DFT calculations have indicated that
the bridged structure of the CoH4I intermediate is plausible in the gas
phase [46]. However, this prediction has not been confirmed experi-
mentally yet.

The excited diabatic 1Bu (A" state in CoHylp is induced by the
267 nm UV laser, according to Ref. [46]. This excitation is due to pro-
motion of an electron from a non-bonding (n) iodine orbital to an
anti-bonding (¢ * ) orbital localized on the C-I bond, see Fig. 5. The n —
6 * excitation in CyF4I, has the similar character with that in CoHylo,
where the first elimination with time constant of 200 fs is caused by the
locally reduced stability on the C—I bond [42]. From this, the first
elimination of an iodine atom from the CaH4I; molecule is also expected
to occur in similar timescale. Meanwhile, alignment of CoH4I molecules
can be kept for 2.6 + 1.2 ps [47]. Thus, the UXPD method proposed by
us may be able to visualize the structure of the CyHyl intermediate
during the elimination reaction of CaHyl, in the gas phase.

In the gas phase, 88% of CaH4l, takes the anti-form and remaining
12% takes the gauche-form [48]. Therefore, we consider the anti-form in
the following discussions. To get structural information of the in-
termediates during the elimination reaction from the C 1 s UXPD im-
ages, the C—I bond direction being nearby the z axis is preferable. Thus,
the C—C bond direction of CaHyly is set to be parallel to the y axis in the
present simulations, see Fig. 2(a). Then, the polarization vector of the
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Fig. 5. Dominant components of the natural transition orbitals of the excitation
with the 267 nm laser for the two configurations. (a) objective configuration in
Fig. 2(a) and (b) non-objective configuration in Fig. 2(b). Molecular geometry is
taken from Table 2S of the Supporting Information in Ref. [46]. Numbers above
the arrows indicate relative probabilities of the excitation, which are estimated
from the angle between the polarization direction of the laser and the transi-
tion dipole.

pump UV laser is set to be along the y axis. Here, it should be noted that
the two configurations depicted in Fig. 2(a) and (b) must be considered
under the alignment control by using the Nd:YAG laser, as mentioned in
Section 3. For the former objective configuration, the angle between the
polarization vector and normal to the C—I bond is 20°, see Fig. 5(a), but
for the latter non-objective, the angle is 52°, see Fig. 5(b). Taking the
perpendicular transition character of the n — ¢ * transition into account,
the ratio of contributions of the two configurations to the XPD profiles is
estimated ascos?20° : cos?52° ~ 2.3 : 1, in the pump — probe experi-
ments. Thus, the contribution of the non-objective configuration in
Fig. 2(b) is neglected in the following simulations for simplicity. More-
over, we fixed CaHyly molecule at the most probable directions under
the alignment control described in Section 3, which is depicted in Fig. 6
(a). It should be mentioned that a higher degree of alignment than 0.8 is
demanded to extract the molecular structures from observed XPD pat-
terns, see our recent work in Ref. [29]. The C—C bond direction is
assumed to be fixed during the first elimination process, considering the
time constant, configuration character of the excited state, and the nu-
clear wave packet investigation in Ref. [42]. The molecular structures of
CoHyly, the bridged and classical anti-forms of the CoH4l intermediates
are taken from Tables 2 S, 4 S(a) and (b) of the Supporting Information
in Ref. [46], respectively. The molecular structure of CoHy is taken from
the experimental data in Ref. [49]. The XPD profiles were calculated
with the functional form of MFPAD [50,51] at the DFT/LB94 [52] level.
The computations with a basis set of multicenter B-spline functions
centered on all the nuclei [53,54] were performed by utilizing DTU
Computing Center resources [55]. The calculated XPD profiles are
incoherent superposition of those from the two degenerate C 1 s orbitals
(11ag and 11b, of CoHyla, 8a; and 4b; of the bridged-form of CoHyl, 11a
and 12a of the classical anti-form of CoHyl, 1ag and 1by, of CoHy).

In the present simulations, the XPD profiles were calculated for the
two candidate reaction paths, see Fig. 6(a):

C2H4I2 (anti

- form) Lﬁm)» C2H4I(bridged or classical) +I-C,Hy + 21

3

Fig. 6(b) shows the 2D color maps of the C 1s XPD profiles from
CoHyl, the bridged and classical anti-forms of CoHyl, and CoHy, which
were calculated at the photoelectron energy of 120 eV. The 2D color
maps are the projection of 3D C 1s MFPAD on the xz plane, which are
measurable by using our VMI system. The first dissociation may occur at
two sites of the C—I bonds with an equal probability, so that the two
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Fig. 6. Reaction paths from C,Hyl, (upper) and transient XPD profiles (lower). In (a), two possible intermediates and aligned and randomly oriented CoH, are shown.
In (b), XPD profiles, from CyHyl, (left), bridged-form (upper middle) and anti-form (lower middle) of the CyH4I radical intermediate, and CaH,4 product (right), are
shown by 2D color maps. On the bridged-form (upper middle) and anti-form (lower middle), polar plots are shown as well, to demonstrate interferences caused by
intra-molecule scattering of photoelectrons. 3D C1ls MFPADs were calculated at the photoelectron energy of 120 eV and then XPD profiles were obtained by the
projection of the 3D MFPADs on the xz plane. The oy, plane of the CoHyl, molecule was put on the yz plane and the C—C bond was fixed parallel to the y axis
throughout the elimination reactions. The XPD profile in the lower right position is from randomly oriented C;H4 molecules, which is expressed by the asymmetry

parameter =1.87.

configurations for one intermediate shown in the figure equally
contribute to the XPD profiles. In the 2D color map from CyH4l,, inter-
ference effects between the waves scattered by the two iodine atoms are
observed at the polar angle & ~30° in the periphery of the map, and more
obviously around the points of (z ~ £ 0.7 X |2max|, x = 0), see left in
Fig. 6(b). In the classical anti-form CoH4l intermediate, the difference of
£CCI from CyHyly is less than 2°. Thus, in the 2D map from CyH4l,
overall XPD profile is similar with that from CyHylo, but the fine struc-
ture due to the interferences, which are observed in the 2D map from
CoHyly, disappears, see left and lower middle in Fig. 6(b). After this, the
XPD profile varies from the classical anti-form CyH4l to the aligned
CoHy, see lower middle and upper right in Fig. 6(b). Here, it is noted that
the XPD profile from the aligned CoHy is similar with that from the
randomly oriented CyHy, see lower and upper right in Fig. 6(b). That is,
on one hand, the XPD profile projected on the xz plane is insensitive to
the C—C direction of C;H,4 perpendicular to the polarization vector (the
z axis), which is expressed by the PAD (cos?6) for s—p transitions. On the
other hand, PAD from the randomly oriented C2Hj4 is described by one
asymmetry parameter f§; x1 + f Py(cos ). Thus, for > ~1.5, the two
PAD’s are similar each other. However, we can say that the XPD profile
from the randomly oriented CyHy is rather realistic prediction in the
longer time than 2.6 + 1.2 ps, because the molecular alignment decays
with a time constant of 2.6 + 1.2 ps [47]. In contrast to the above

discussion, the XPD profile from the bridged-form CyH4I intermediate
exhibits enhanced scattering effects, due to drastic change of ~CCI and
incoherent superposition of the photoelectron intensities from the two
carbon atoms suffering from the equivalent scattering effects, see upper
middle in Fig. 6(b). This implies that the forms of the CoHyl in-
termediates could be determined by observing such drastic change of the
XPD profiles, see left and upper middle in Fig. 6(b). To emphasize power
of the UXPD, the one dimensional (1D) polar plots of the C 1 s XPD
profiles, which are the C 1 s photoelectron intensities as a function of the
polar angle 6 at the ryy,« of the 2D color maps, are also shown in Fig. 6(b).
One can see the remarkable differences between the polar plot for the
bridged-form intermediate and that for the classical anti-form. Namely,
the structures of both the bridged-form intermediate and the classical
anti-form are directly reflected on the XPD profiles. This is an advantage
of the UXPD, compared with other diffraction methods.

5. Summary

Several proposals and test experiments of the UXPD for the free
molecules have been published as mentioned in Introduction. However,
UXPD experimental results on capturing transient molecular structures
during ultrafast photochemical reactions have not been reported yet.
Thus, in advance of the coming experiments, we have performed the
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simulations of C 1 s XPD profiles from CoHyly, the bridged and classical
anti-forms of CyHyl, and CyHy to capture transient structures of in-
termediates in the ultrafast elimination reaction of CoHylo. Our simu-
lations have revealed that the C 1 s XPD profile from the bridged-form
remarkably differs from that from the classical anti-form CyH4l in-
termediates, reflecting different intra-molecular scattering pathways of
C 1s photoelectrons within the intermediates. From this promising
result, one can expect that one will be able to know the molecular
structure of the transient intermediates in real time by watching the XPD
profiles on the screen of PC, if one will successfully apply the UXPD to
photochemical reactions.
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