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ABSTRACT: [Ce(III)Cl6]3−, with its earth-abundant metal element,
is a promising photocatalyst facilitating carbon−halogen bond
activation. Still, the structure of the reaction intermediate has yet to
be explored. Here, we applied time-resolved X-ray liquidography
(TRXL), which allows for direct observation of the structural details of
reaction intermediates, to investigate the photocatalytic reaction of
[Ce(III)Cl6]3−. Structural analysis of the TRXL data revealed that the
excited state of [Ce(III)Cl6]3− has Ce−Cl bonds that are shorter than
those of the ground state and that the Ce−Cl bond further contracts
upon oxidation. In addition, this study represents the first application
of TRXL to both photocatalyst-only and photocatalyst-and-substrate
samples, providing insights into the substrate’s influence on the
photocatalyst’s reaction dynamics. This study demonstrates the
capability of TRXL in elucidating the reaction dynamics of photocatalysts under various conditions and highlights the importance
of experimental determination of the structures of reaction intermediates to advance our understanding of photocatalytic
mechanisms.

■ INTRODUCTION
The activation of chemical bonds through photoactivation has
emerged as a central topic in the field of chemical synthesis.1−6

Photocatalysts or photosensitizers, primarily Ir and Ru
complexes, have been extensively utilized as a means for
photoactivation. These complexes have been employed in
various photocatalytic reactions due to their long excited-state
lifetimes and the ease of adjusting energy levels between
excited and ground states through ligand modifications. A
major drawback of these catalysts is their scarcity in the Earth’s
crust and their high cost. These disadvantages make it difficult
to use rare-earth metals for massive production in the industry.
Therefore, many efforts have been made to overcome such
limitations. A notable example is substituting these metals with
more abundant metals, such as the first-row transition metals
like Fe or Co.7−15 While some first-row transition-metal-based
photocatalysts have been successful, many have been
challenging to use due to the short lifetimes of their excited
states. Another approach involves using catalysts containing
lanthanides such as Ce. In particular, Ce is more abundant in
the Earth’s crust than Cu, making it relatively easy to obtain.
To utilize the abundance of Ce in the Earth’s crust, many
recent studies have focused on Ce-based photocatalysts.16−27

Ce-based photocatalytic systems have shown great promise for
efficient and cost-effective photocatalysis, enabling the
activation of various bonds including C−H,20,22,24,25,27 C−X

(X = Cl, Br, and I),16,18,19 and even C−C bonds.17,21,23,26

However, to fully utilize the potential of Ce-based photo-
catalysts, it is essential to systematically investigate their
physical and chemical properties, such as their lifetimes and
molecular structures, in their catalytically active forms. This
would allow for the rational design of catalysts with the desired
properties and the unlocking of the full potential of Ce-based
photocatalysts. However, despite the importance of the
structural information on the active species in photocatalytic
reactions, there is a lack of successful research experimentally
elucidating the detailed molecular structure of the excited state.
Therefore, clear mechanistic studies have also been limited,
which hinder the improvement and regulation of photocatalyst
function.

To address these challenges, we employed time-resolved X-
ray liquidography (TRXL), a technique that directly provides
information about the transient structure of molecules in the
liquid solution phase. TRXL is a potent technique that
combines the pump−probe scheme with X-ray scattering,
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enabling extraction of molecular structures of short-lived
species in solution during chemical reactions from the change
in the X-ray scattering signal over time.28,29 Indeed, TRXL has
been demonstrated as a powerful tool for investigating the
structural dynamics of metal complexes, including metal
photocatalysts.30−45 However, prior to this work, TRXL has
not been applied to a solution containing both a photocatalyst
and its substrate; in essence, TRXL had not been used to study
a photocatalyst “in action”. To fill this gap, in this study, we
aim to exploit the advantages of TRXL to investigate the
structural dynamics, including the structures of reaction
intermediates, of a Ce-based photocatalyst with its substrate.

Here, we studied the structural dynamics of [Ce(III)Cl6]3−

using TRXL. [Ce(III)Cl6]3− is a photocatalyst that can absorb
UV light and functionalize C−X bonds (X = Cl, Br, and I). In a
previous study, the reaction scheme for the photocatalysis of
[Ce(III)Cl6]3− was proposed (Figure 1), and the photo-

physical properties of [Ce(III)Cl6]3−, such as emission lifetime,
have been reported as well.19 However, capturing the
intermediate formed during the reaction of [Ce(III)Cl6]3−

with substrates has been a challenging task. The analysis of the
TRXL data enabled us to obtain the structural information on
the Ce photocatalyst during its role as a photocatalyst: the
molecular structures of the excited state of [Ce(III)Cl6]3−

([Ce(III)Cl6]3−(ES)) and the oxidized form ([Ce(IV)Cl6]2−)
as well as the ground-state [Ce(III)Cl6]3− ([Ce(III)-
Cl6]3−(GS)). In particular, it should be emphasized that the
TRXL experiments were conducted on samples with and
without the addition of the substrate (1-fluoro-4-iodobenzene)
participating in the photoreaction of [Ce(III)Cl6]3−, which

allowed for observing perturbations in the reaction pathway of
the photocatalyst by the presence of the substrate.

■ RESULTS AND DISCUSSION
The difference scattering curves, ΔS(q, t), were obtained by
subtracting the azimuthally averaged X-ray scattering signals
collected at a negative time delay from those collected at
positive time delays. The ΔS(q, t)s are expressed as a function
of two variables: (i) the magnitude of the momentum transfer
vector (q), which is related to the X-ray wavelength and the
scattering angle, and (ii) the time delay between the optical
laser and X-ray pulses (t). To better represent the signal at
high q, in which the contribution from the structural changes
of solute molecules is dominant, the difference curves are
multiplied by q to give qΔS(q, t). Figure 2A shows qΔS(q, t)
for the [Ce(III)Cl6]3−/substrate sample, which contains both
the photocatalyst and substrate, while Figure 2B shows the
qΔS(q, t) for the [Ce(III)Cl6]3−-only sample, which contains
only the photocatalyst. As shown in Figure 2A and B, the
qΔS(q, t)s show a prominent signal in the high-q region,
indicating the structural change in solute molecules. A
noticeable oscillatory feature in the high-q region of qΔS(q,
t) is evident even at the earliest time delay (50 ps) for both
[Ce(III)Cl6]3−/substrate and [Ce(III)Cl6]3−-only samples.
The presence of an oscillatory feature in the high-q region
indicates that a structural change in the photocatalyst occurs
within 50 ps after photoexcitation. Comparison of the qΔS(q,
t)s obtained from the two samples shows a highly similar shape
in q-space that is maintained over the entire time range of 50
ps to 1 μs, particularly in the high-q region above q > 3 Å−1

(Figure 2A and B). Nevertheless, a detailed inspection reveals
that the signal amplitude exhibits time-dependent changes.
Importantly, these changes display distinct trends depending
on whether the substrate is present or not. In the [Ce(III)-
Cl6]3−/substrate sample, the signal amplitude shows a slight
increase over time, while in the [Ce(III)Cl6]3−-only sample,
the signal amplitude significantly decreases over time. To more
clearly visualize these trends, we plotted and compared the
data at early (50 ps) and late (10 ns) time delays in Figure 2C.
The observed differences in the time-dependent changes of
signal amplitudes indicate that the presence of the substrate
alters the structural dynamics of the photocatalyst upon
photoexcitation.

The difference scattering curves are influenced by structural
changes in the solute, solvent cage surrounding the solute, and
bulk solvent. Among these, the structural changes related to
the solute, the structural changes in the solute molecules and
solvent cages, are of primary interest. Considering this, the
influence of the solvent, such as changes in temperature and
density of the bulk solvent, on the kinetics of ΔS(q, t) was
eliminated by applying the projection to extract the
perpendicular component (PEPC) method to ΔS(q, t).46

The resulting PEPC-treated difference scattering curves, ΔS(q,
t)⊥, only contain the kinetics information on the solute species,
the photoactivated [Ce(III)Cl6]3−, and substrate, if present
(Figure S1). The symbol ⊥, denoted as a superscript, signifies
the term “PEPC-treated”, which refers to the perpendicular
component extracted through the PEPC process. To system-
atically investigate the time dependence of the difference
scattering curves, we performed singular value decomposition
(SVD) on the PEPC-treated TRXL data (Figure S2). SVD
decomposes experimental data into left singular vectors
(LSVs), right singular vectors (RSVs), and singular values.

Figure 1. Proposed scheme for the photocatalytic C−I bond
activation of a substrate using [Ce(III)Cl6]3−. Photoexcitation of
[Ce(III)Cl6]3− in the ground state ([Ce(III)Cl6]3−(GS)) generates
the excited state, [Ce(III)Cl6]3−(ES), via the Franck−Condon region
(([Ce(III)Cl6]3−)*). [Ce(III)Cl6]3−(ES) facilitates the C−I bond
activation, resulting in the conversion of 1-fluoro-4-iodobenzene (F−
Ph−I) to fluorobenzene radical (F−Ph•) and iodide ion (I−).
Concurrently, [Ce(III)Cl6]3−(ES) is oxidized to [Ce(IV)Cl6]2−.
Subsequently, [Ce(III)Cl6]3−(GS) can be regenerated from [Ce(IV)-
Cl6]2− via reaction with a sacrificial reagent. SR and SRox indicate a
sacrificial reagent and its oxidized form, respectively. The detailed
reaction mechanism, including the molecular structure of the reaction
intermediate, remains unresolved.
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For TRXL data, LSVs represent time-independent difference
scattering curves, RSVs show the time profiles of LSVs, and
singular values indicate the relative contribution of each
singular vector to the data. The SVD analysis indicated that
only one component significantly contributed to the data for
each sample. To quantitatively analyze the temporal change in
the difference scattering curves, we kinetically analyzed the first
RSV by fitting it with a sum of a constant and an exponential
function.

In the case of the [Ce(III)Cl6]3−/substrate sample, the
fitting of the first RSV resulted in a time constant of 500 ± 20
ps for the exponential function (Figure S2D). The amplitude
of the first RSV exhibits a slight increase along with the
observed time constant of 500 ps. The observed increase in the
signal amplitude suggests that the process with a time constant
of 500 ps corresponds to the transition from the first species,
which is formed before the time constant, to another species
(the second species), rather than to the recovery of the first
species to the ground state. The significant oscillatory feature
in the high-q region of the difference scattering curve at 50 ps
indicates that the first species is generated within 50 ps after
photoexcitation. This information led us to conclude that the
first species generated within 50 ps transforms to the second
species with the apparent time constant of ∼500 ps. A previous
study has proposed that, upon photoexcitation, [Ce(III)Cl6]3−

undergoes a reaction with the substrate leading to its oxidation
to [Ce(IV)Cl6]2−.19 Following the scheme reported in the
literature, we assigned the first and second species to
[Ce(III)Cl6]3−(ES) and [Ce(IV)Cl6]2− generated by the
reaction of [Ce(III)Cl6]3−(ES) with the substrate, respectively.
Based on this assignment, we constructed a simple sequential
kinetic model and obtained the time profiles of the relative
contributions of these species (Figures 3A and S3A).

For the [Ce(III)Cl6]3−-only data, the fitting of the first RSV
resulted in a time constant of 9.4 ± 0.3 ns for the exponential
function (Figure S2H), which is considerably longer than the

time constant observed for the [Ce(III)Cl6]3−/substrate data
(∼500 ps). Furthermore, the amplitude of the first RSV of
[Ce(III)Cl6]3−-only data decreases over time, in contrast to the
[Ce(III)Cl6]3−/substrate data. It is noticeable that the time
constant obtained from TRXL is different from the reported
lifetime of the excited state (∼22 ns) obtained from time-
correlated single photon counting (TCSPC) measured under
inert gas conditions.19 In addition, the difference scattering
curve at 1 μs shows a clear signal due to the structural change
of the photocatalyst, suggesting that not all populations of the
excited state recover to the ground state through radiative
decay. We hypothesized that the inconsistent lifetimes and
long-lived non-ground-state species may be attributed to the
presence of oxygen. To verify this hypothesis, we measured the
excited-state lifetimes under ambient and N2-purged con-
ditions using TCSPC and found that the presence of oxygen
significantly affected the lifetime, with values of 10.02 ± 0.02
ns under ambient conditions and 25.07 ± 0.04 ns under N2-
purged conditions (Figure S4B). The latter is similar to the
reported lifetime, which was obtained under inert gas
conditions, while the former was similar to the time constant
obtained from TRXL, which was performed under ambient
conditions. The dependence of the excited-state lifetime on the
presence of oxygen implies that [Ce(III)Cl6]3−(ES) can react
with oxygen, and the fact that the emission from [Ce(III)-
Cl6]3−(ES) is still observed under the presence of oxygen
implies that the pathway of reaction of [Ce(III)Cl6]3−(ES)
with oxygen is competing with another reaction pathway where
[Ce(III)Cl6]3−(ES) radiatively decays to [Ce(III)Cl6]3−(GS).
We proposed that the former pathway, the reaction of
[Ce(III)Cl6]3−(ES) with oxygen, can proceed through two
competing pathways: (1) oxidation via electron transfer and
(2) nonradiative decay to the ground state via energy transfer,
because a model that only considers the pathway of oxidation
due to oxygen (corresponding to (1)) did not provide a
satisfactory fit to our data. This suggests that there are

Figure 2. Difference scattering curves of the [Ce(III)Cl6]3−/substrate and [Ce(III)Cl6]3−-only samples and the difference scattering curves of two
samples at representative early and late time delays. (A, B) The experimental (black) and theoretical (red) difference scattering curves of the
[Ce(III)Cl6]3−/substrate (A) and [Ce(III)Cl6]3−-only (B) samples. The details of the calculation of the theoretical difference scattering curves are
described in the “Calculation of theoretical difference scattering curves” section in the Supporting Information (SI). The data are presented as
mean values ± standard errors of the mean (SEM). (C) Comparison of the difference scattering curves at the early (black) and late (red) time
delays for the [Ce(III)Cl6]3−/substrate (top) and [Ce(III)Cl6]3−-only (bottom) samples. For both samples, the difference scattering curves at 50
ps and 10 ns are used for the representative early and late time delays. Blue arrows indicate changes in the difference scattering curves over time.
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additional pathways or processes involved, which we propose
to be energy transfer to oxygen (corresponding to (2)). Both
competing pathways proposed for the reaction with oxygen are
feasible from an energetic standpoint. According to a previous
study, the estimated reduction potential of [Ce(III)Cl6]3−(ES)
is approximately −3.45 V (vs Cp2Fe0/+, where Cp2Fe is
ferrocene),19 which is larger than the potential required to
reduce oxygen (approximately −1.3 V vs Cp2Fe0/+),47

indicating that the oxidation of [Ce(III)Cl6]3− by oxygen is

possible. Through the oxidation reaction, [Ce(III)Cl6]3−(ES)
and oxygen would become [Ce(IV)Cl6]2− and a superoxide
anion, respectively. In addition to the oxidation via electron
transfer, energy transfer from the photocatalyst to oxygen is
feasible, as the energy gap between the first excited state and
the ground state of oxygen (∼0.97 eV) is smaller than that of
the photocatalyst (∼3.5 eV) obtained from the emission
spectrum.48 Further details can be found in the “Kinetic
analysis” section of the SI.

Figure 3. Kinetic analysis and structure refinement for the [Ce(III)Cl6]3−/substrate and [Ce(III)Cl6]3−-only samples. (A, C) Time-resolved
populations of the first (magenta) and second (blue) species involved in the photoreaction of the [Ce(III)Cl6]3−/substrate (A) and [Ce(III)Cl6]3−-
only (C) samples. The open circles indicate the optimal contributions of the species obtained by fitting the experimental data using the linear
combination of the PEPC-treated SADSs (qA(q)⊥s), and the solid lines indicate the relative contributions of the species obtained from the kinetic
models. The first and second species were assigned to the excited and oxidized states, respectively. (B, D) The qA(q)⊥ curves (black) of the first
and second species of the [Ce(III)Cl6]3−/substrate (B) and [Ce(III)Cl6]3−-only (D) samples and their fits (red) obtained via the structure
refinement. The qA(q)⊥s are presented as mean values ± SEM. (B) and (D) are shown in the same scale. (E) Molecular structures of the ground
state ([Ce(III)Cl6]3−(GS)), excited state ([Ce(III)Cl6]3−(ES)), and oxidized state ([Ce(IV)Cl6]2−) determined via the structure refinement using
qA(q)⊥s. The cerium and chloride atoms are shown in blue and green, respectively. The lengths of the axial and equatorial Ce−Cl bonds are
indicated. The associated errors and comparisons with those obtained via X-ray crystallography, EXAFS, and quantum calculations are presented in
Table 1. The time constants above and below the arrow correspond to the [Ce(III)Cl6]3−/substrate and [Ce(III)Cl6]3−-only samples, respectively.
For the [Ce(III)Cl6]3−-only sample, the time constant for the oxidation is shown instead of the apparent time constant for the decay of
[Ce(III)Cl6]3−(ES), which involves two competing processes of oxidation to [Ce(IV)Cl6]2− and recovery to [Ce(III)Cl6]3−(GS). The recovery to
[Ce(III)Cl6]3−(GS) can occur via either energy transfer from [Ce(III)Cl6]3−(ES) to oxygen or emission. The bond lengths of the molecular
structures are exaggerated for clear visualization.
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After considering the competing pathways for the reaction
with oxygen, we concluded that only a fraction of [Ce(III)-
Cl6]3−(ES) would undergo oxidation to form [Ce(IV)Cl6]2−.
Based on this analysis, we can justify our assignment of the
same [Ce(IV)Cl6]2− species as the second species for both the
[Ce(III)Cl6]3−-only sample and the [Ce(III)Cl6]3−/substrate
sample, despite the different trends observed in the amplitude
in the first RSVs. In the [Ce(III)Cl6]3−/substrate sample, the
oxidation of [Ce(III)Cl6]3−(ES) to [Ce(IV)Cl6]2− is indicated
by a slight increase in the amplitude of the TRXL signal. In
contrast, in the [Ce(III)Cl6]3−-only sample, only a small
fraction of [Ce(III)Cl6]3−(ES) undergoes the oxidation, while
the remaining fraction returns to [Ce(III)Cl6]3−(GS). There-
fore, although the same oxidation reaction of [Ce(III)-
Cl6]3−(ES) is observed in both samples, the amplitude of the
TRXL signal decreases in the [Ce(III)Cl6]3−-only sample due
to the limited participation of [Ce(III)Cl6]3−(ES) in the
oxidation reaction. We assigned the first and second species to
[Ce(III)Cl6]3−(ES) and [Ce(IV)Cl6]2−, respectively, and
established a sequential kinetic model in which the first
species formed within 50 ps is transformed into the second
species with an apparent time constant of 9.4 ns (Figure S3B).
Then, the time profiles of the relative contributions of the two
species were obtained from the kinetic model (Figure 3C).
The contribution of the two slow reaction pathways, the
radiative decay of [Ce(III)Cl6]3−(ES) and the reaction of
[Ce(III)Cl6]3−(ES) with oxygen, on the [Ce(III)Cl6]3−/
substrate sample is expected to be negligible, as the observed
time constant (∼500 ps) in the sample is more than 10 times
faster than the time constant (∼9.4 ns) observed for the two
slow reactions.

Based on the kinetic model determined for each sample
(Figures 3A,C and S3), we extracted the species-associated
difference scattering curves (SADSs) from the experimental
data. Specifically, we applied kinetics-constrained analysis
(KCA) on the PEPC-treated data with the kinetic models
determined from the kinetic analysis to extract PEPC-treated
SADSs, represented as qA(q)⊥, for [Ce(III)Cl6]3−(ES) and
[Ce(IV)Cl6]2−.49−53 Here, we will use Greek capital letter A to
represent the SADS in q-space. The symbol is derived from the
first letter of the Greek term for reciprocal space, “αμοιβαιός
χώρος” (amoivaiós choŕos), meaning reciprocal space. This
notation will be consistent throughout the article. The first
PEPC-treated SADS (qA1(q)⊥) and the second PEPC-treated
SADS (qA2(q)⊥), shown in Figure 3B and D, correspond to
the difference scattering curves of [Ce(III)Cl6]3−(ES) and
[Ce(IV)Cl6]2−, respectively. The SADSs contain information
on the detailed molecular structures of not only the reaction
intermediates but also the reactants, enabling their use for
structural analysis. Before conducting detailed structural
analysis using SADSs, we compared the shape of the qAi(q)⊥s
(i = 1 and 2) obtained from the two samples, [Ce(III)Cl6]3−-
only and [Ce(III)Cl6]3−/substrate (Figure S5). The compar-
ison revealed that the shape of qA1(q)⊥ obtained from the two
samples was almost identical, and the two scaled qA1(q)⊥

curves almost completely overlapped, as shown in Figure S5A.
This remarkable similarity strongly supports our assignment
that the species corresponding to qA1(q)⊥ is likely the same in
both samples, which is [Ce(III)Cl6]3−(ES). Meanwhile, the
presence of the substrate significantly perturbs the difference
scattering curves, as the structural change of the substrate also
contributes to the difference scattering curves in addition to
the structural change of the photocatalyst (Figures 4B, S5, and

Figure 4. Contribution of the reaction of the substrate, 1-fluoro-4-
iodobenzene (F−Ph−I), to the SADSs of the [Ce(III)Cl6]3−/
substrate data. (A) The qA1(q)s, (B) qA2(q)s, (C) r2Π1(r)s, and
(D) r2Π2(r)s of the [Ce(III)Cl6]3−/substrate and [Ce(III)Cl6]3−-only
data. The qA1(q) in (A) and qA2(q) in (B) were obtained from
qA1(q)⊥ and qA2(q)⊥ after correcting the distortion due to the PEPC
treatment. Those without such correction (qA1(q)⊥ and qA2(q)⊥) are
shown in Figures 3B and D and S5. The r2Π1(r)s and r2Π2(r)s were
obtained by performing Fourier sine transforms on qA1(q)s and
qA2(q)s, respectively. In all panels, the curve for the [Ce(III)Cl6]3−/
substrate is shown in black, and that of the [Ce(III)Cl6]3−-only is
shown in red. For comparison, the scales of the curves for the
[Ce(III)Cl6]3−-only and [Ce(III)Cl6]3−/substrate were adjusted. In
all panels, the residual obtained by subtracting the curve of the
[Ce(III)Cl6]3−-only from that of the [Ce(III)Cl6]3−/substrate is
shown in blue. The residuals for qA1(q) in (A) and r2Π1(r) in (C) are
negligible, indicating that the SADSs of the [Ce(III)Cl6]3−/substrate
and [Ce(III)Cl6]3−-only are identical in both q- and r-spaces. In
contrast, the residuals for qA2(q) in (B) and r2Π2(r) in (D) are not
negligible and exhibit a distinct feature, indicating that the SADSs of
the [Ce(III)Cl6]3−/substrate in q- and r-spaces are different from
those of the [Ce(III)Cl6]3−-only. In fact, these residuals can be
explained by the theoretical qΔS(q) due to the reaction of the
substrate (shown in magenta) in (B) and its theoretical difference
radial distribution function (shown in magenta) in (D). The
theoretical difference scattering curve of the reaction of the substrate
was calculated considering the dissociation of F−Ph−I to
fluorobenzene (F−Ph) and iodide ion (I−). In (C) and (D), the
vertical bars indicate the distances between the Ce and Cl atoms
(red), those between the Cl atoms in the cis position (black), and
those between the Cl atoms in the trans position (blue) of the
photocatalyst. The magenta vertical bars indicate the distances
between the atoms related to the reaction of the substrate. F···I
indicates the distance between F and I atoms in the substrate, and
I−···CCHd3,solv indicates that between I− and the C atom of the methyl
group in an acetonitrile molecule. The vertical bars above the gray
solid line indicate the distances in the products ([Ce(III)Cl6]3−(ES),
[Ce(IV)Cl6]2−, F−Ph, and I−), whereas those below the gray solid
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S6). This results in a difference in the q-space shape of the
qA2(q)⊥ curves between the [Ce(III)Cl6]3−/substrate sample
and the [Ce(III)Cl6]3−-only sample (Figure S5B).

To determine the molecular structures of [Ce(III)-
Cl6]3−(GS), [Ce(III)Cl6]3−(ES), and [Ce(IV)Cl6]2−, structure
refinement was performed using qA1(q)⊥ and qA2(q)⊥ of the
[Ce(III)Cl6]3−/substrate sample. The details of the structure
refinement are provided in the “Structure refinement” section
of the SI. During the structure refinement process, two Ce−Cl
bond lengths were used to describe the structure of each
species. One is the Ce−Cl bond length for the four equatorial
ligands, and the other is the Ce−Cl bond length for the two
axial ligands. Using two Ce−Cl bond lengths instead of a single
Ce−Cl bond length is intended to account for the possibility of
losing octahedral symmetry. Considering that the substrate
undergoes C−I bond dissociation when [Ce(IV)Cl6]2− is
formed, the contribution due to the C−I bond dissociation of
the substrate was also considered in the calculation of
theoretical qA2(q)⊥. The theoretical qA(q)⊥s obtained through
the structure refinement described the experimental qA(q)⊥s
well (Figure 3B).

Notably, the C−I bond dissociation was found to contribute
significantly to the TRXL data, as indicated by its
corresponding theoretical curve (magenta solid line) in Figures
4B, S5B, and S6B, which displays pronounced oscillatory
feature with substantial amplitude. To quantitatively estimate
the sensitivity of the TRXL signal to the C−I bond dissociation
or the contribution of the C−I bond dissociation to the TRXL

signal, we generated a sensitivity plot for the reaction
investigated in this work (Figure S7).54 In terms of interatomic
distances, the darkness of the line in the sensitivity plot
denotes the degree of contribution of a particular interatomic
distance to the TRXL signal, with darker lines indicating more
dominant contributions. Meanwhile, in terms of the positions
of atoms, the size of the circle in the sensitivity plot denotes
the degree of contribution of an atomic position to the TRXL
signal, with larger circles indicating more dominant contribu-
tions. The sensitivity plot confirms that the C−I bond length
and the position of the iodine atom, of which the sensitivity is
represented as the gray line and medium-sized circle,
respectively, make a significant contribution to the TRXL
data in addition to the Ce−CI bond lengths and the positions
of Cl atoms, which make dominant contributions. Therefore,
the sensitivity plot highlights the considerable contribution of
the structural change of the substrate, C−I bond dissociation,
to the overall TRXL signal.

The structural parameters for [Ce(III)Cl6]3−(GS), [Ce(III)-
Cl6]3−(ES), and [Ce(IV)Cl6]2− determined from the structure
refinement are presented in Figure 3E and Table 1. While the
axial and equatorial Ce−Cl bond lengths were used as
independent parameters, both bond lengths converged to the
same value during the structure refinement, indicating that
octahedral symmetry is maintained in all states, including
[Ce(III)Cl6]3−(ES). The refinement result revealed that the
Ce−Cl distance contracts by approximately 0.16 Å from 2.753
Å in [Ce(III)Cl6]3−(GS) to 2.593 Å in [Ce(III)Cl6]3−(ES).
For comparison, the structural parameters reported from the
static X-ray crystallography studies and those determined by
theoretical calculations are also summarized in Table 1. It
should be noted that the molecular structure of [Ce(III)-
Cl6]3−(ES) is not available via static X-ray crystallography.

Figure 4. continued

line indicate the distances in the reactants ([Ce(III)Cl6]3−(GS) and
F−Ph−I).

Table 1. Axial and Equatorial Ce−Cl Bond Lengths of [Ce(III)Cl6]3−(GS), [Ce(III)Cl6]3−(ES), and [Ce(IV)Cl6]2−

Determined via TRXL and Comparison with Those from Other Experimental Methods and Quantum Calculations

[Ce(III)Cl6]3−(GS) (ground state) [Ce(III)Cl6]3−(ES) (excited state) [Ce(IV)Cl6]2− (oxidized state)

method axial Ce−Cl (Å) equatorial Ce−Cl (Å) axial Ce−Cl (Å) equatorial Ce−Cl (Å) axial Ce−Cl (Å) equatorial Ce−Cl (Å)

TRXL (this work) 2.753 ± 0.002 2.753 ± 0.001 2.593 ± 0.005 2.593 ± 0.003 2.561 ± 0.003 2.561 ± 0.001
crystallographya 2.78 ± 0.02b - 2.61 ± 0.02c

crystallographyd 2.77 ± 0.02e - 2.599 ± 0.001
EXAFS (solid)d 2.79 ± 0.02 - 2.62 ± 0.02
CASSCF/CASPT2f 2.816 2.757 -
CASPT2g 2.85 - 2.62
RASPT2g 2.86 - 2.64
B3LYPg 2.82 - 2.67
PBEg 2.79 - 2.65
B3LYP (this work)h 2.815 (+0.062) 2.697 (+0.104) 2.776 (+0.183) 2.654 (+0.093)
PBE0 (this work)h 2.783 (+0.030) 2.670 (+0.077) 2.736 (+0.143) 2.621 (+0.060)
ωB97X (this work)h 2.799 (+0.046) 2.684 (+0.091) 2.776 (+0.183) 2.632 (+0.071)
CAM-B3LYP (this work)h 2.799 (+0.046) 2.683 (+0.090) 2.766 (+0.173) 2.629 (+0.068)

aYin et al.19 bThe mean value and standard deviation of six Ce−Cl bonds in the crystal structure. Six Ce−Cl bond lengths are 2.7988 ± 0.0006,
2.7988 ± 0.0006, 2.7790 ± 0.0006, 2.7790 ± 0.0006, 2.7612 ± 0.0006, and 2.7612 ± 0.0006 Å. cThe mean value and standard deviation of six Ce−
Cl bonds in the crystal structure. Six Ce−Cl bond lengths are 2.6079 ± 0.0006, 2.6079 ± 0.0006, 2.6275 ± 0.0005, 2.6275 ± 0.0005, 2.5897 ±
0.0006, and 2.5897 ± 0.0006 Å. dLöble et al.55 eThe mean value and the standard deviation of six Ce−Cl bonds in the crystal structure. Six Ce−Cl
bond lengths are 2.7559 ± 0.0008, 2.7682 ± 0.0008, 2.7986 ± 0.0008, 2.7663 ± 0.0008, 2.7679 ± 0.0008, and 2.7520 ± 0.0008 Å. fBarandiarań et
al.56 The calculations used the polarizable continuum model (PCM) to consider the effect of bulk acetonitrile solvent (ε = 38.8). gBeekmeyer et
al.57 The calculations used the PCM to consider the effect of bulk water solvent (ε = 78.4). hCalculations were conducted for each basis set under
three different conditions: 1. without considering both solvent and scalar relativistic effects, 2. considering solvent (conductor-like PCM, C-PCM)
without considering scalar relativistic effects, and 3. considering both solvent (C-PCM) and scalar relativistic effects (ZORA). The table presents
only the results corresponding to condition 3, while the results of all the calculations are presented in Tables S1−S3. The numbers in parentheses
indicate the differences between the parameters obtained from the calculations and those determined from the TRXL experiments.
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Successful determination of the structure of [Ce(III)-
Cl6]3−(ES) via TRXL demonstrates that TRXL can provide
invaluable information about the reaction intermediates, which
is typically challenging to elucidate with static X-ray
crystallography. One noticeable finding is that the error of
the Ce−Cl bond lengths we have determined is remarkably
small, with values even reaching as low as 0.001 Å, indicating
the exceptionally high resolution of the structural parameters
obtained in our study. We note that the error of the Ce−Cl
bond lengths indicates random error, not considering system-
atic error, and thus the small error implies precision rather than
accuracy.

One of the distinct advantages of the TRXL technique is
that it provides information on structural changes in real
space.28 Each of ΔS(q, t)s and qA(q)⊥s obtained from the
experiments display oscillations in q-space, which can be
transformed into r-space using the Fourier sine transform
(Figures S5 and S8). In particular, the SADSs in r-space,
obtained from the Fourier sine transform of qA(q)s and
represented as r2Π(r)s, provide information on the differences
of the structures of [Ce(III)Cl6]3−(ES) and [Ce(IV)Cl6]2−,
compared to [Ce(III)Cl6]3−(GS). We have introduced the use
of the Greek capital letter Π to denote the SADS in r-space,
recognizing the importance of distinguishing it from the
previously defined SADS in q-space. The symbol Π is derived
from the first letter of the Greek term for real space,
“πραγματικo ́ χώρο” (pragmatiko ́ choŕos). This notation will
be consistently used throughout this article to distinguish
between the two distinct SADSs in q- and r-spaces,
respectively. It should be noted that r2Π(r) discussed here
represents a SADS that is free from the effects of PEPC.
Therefore, unlike the previously mentioned qA(q)⊥, r2Π(r)
does not include this symbol. To obtain these r2Π(r)s, we
corrected the distorted shapes of qA(q)⊥ in q-space caused by
the PEPC process to obtain the PEPC-free SADSs in q-space,
represented as qA(q) (Figure 4A and B).46 Then, the qA(q)s
were Fourier sine transformed to obtain the PEPC-free SADSs
in r-space, represented as r2Π(r)s. Figure 4C and D show the
first PEPC-free SADS in r-space, r2Π1(r), and the second
PEPC-free SADS in r-space, r2Π2(r), respectively. Further
details can be found in the “R-space analysis” section of the SI.
These r2Π(r)s offer valuable insights into the structural
changes that occurred and validate our structures retrieved
through the structure refinement.

The r-space r2Π(r)s display distinct oscillatory patterns,
where positive and negative peaks represent the distances of
newly formed and disappeared atom−atom pairs, respectively.
For instance, when a particular atom−atom pair distance
decreases, the negative peak is observed at the initial distance
before the contraction, while the positive peak emerges at the
position at the reduced distance after the contraction.
Similarly, in the event of bond dissociation, the interatomic
distances that disappear due to the bond dissociation are
represented by the negative peak without the corresponding
positive peaks. Importantly, in Figure 4C and D, both r2Π1(r)
and r2Π2(r) exhibit positive peaks located to the left of their
respective negative peaks, providing unequivocal evidence of
bond contraction. A comparison of r2Π1(r)s for the [Ce(III)-
Cl6]3−-only and [Ce(III)Cl6]3−/substrate samples reveals
striking similarities in their shapes, thereby confirming that
the presence of the substrate has a negligible effect on the
structural change associated with the first species, [Ce(III)-
Cl6]3−(ES). In contrast, the comparison of r2Π2(r)s for these

samples uncovers significant differences, as illustrated in Figure
4D, indicating the influence of the substrate on the structural
change associated with the second species, [Ce(IV)Cl6]2−. We
confirmed that this difference arises from the reaction of the
substrate and can be interpreted in terms of the structural
change of the substrate and the concomitant change in the
cage structure surrounding the substrate molecules. Specifi-
cally, r2Π2(r) for the [Ce(III)Cl6]3−/substrate sample displays
a pronounced negative peak at approximately 6 Å, signifying
the vanishing of the F···I atomic pair due to the C−I bond
dissociation in the substrate. In addition to this, the newly
established distance of around 4 Å, originating from the cage
structure surrounding the newly formed I− fragment, is
manifested in the r2Π2(r). Overall, the r-space r2Π(r)s offer
a qualitative framework for interpreting the structural changes
and corroborate the structures obtained through the structure
refinement. Furthermore, the r2Π(r)s underscore the effective-
ness of our TRXL data in capturing the structural change in the
substrate occurring in conjunction with the structural change
of the photocatalyst.

For the analysis of the qA(q)s of the [Ce(III)Cl6]3−-only
sample, the structural parameters obtained through the
structure refinement of the [Ce(III)Cl6]3−/substrate data
were used without modification. The theoretical qA(q)⊥s,
calculated by using these structural parameters, demonstrate
satisfactory agreement with the experimental qA(q)⊥s, as
illustrated in Figure 3D. These results confirm that the
structural changes of the photocatalyst are identical for both
samples, regardless of the presence or absence of the substrate.
However, upon comparison of the relative amplitudes of
qA2(q)⊥ and qA1(q)⊥ for the two samples (Figure 3B and D),
it becomes apparent that the relative amplitude of qA2(q)⊥ is
significantly smaller in the [Ce(III)Cl6]3−-only sample
compared to the [Ce(III)Cl6]3−/substrate sample. The smaller
relative amplitude of SADS indicates that, considering that the
amplitude is proportional to the yield of the species, the
reaction yield of the oxidation of the photocatalyst ([Ce(III)-
Cl6]3−(ES) → [Ce(IV)Cl6]2−) is significantly lower in the
absence of the substrate. In other words, a substantial fraction
of [Ce(III)Cl6]3−(ES) undergoes recovery to [Ce(III)-
Cl6]3−(GS) instead of participating in the oxidation reaction
in the sample without the substrate. By quantitatively analyzing
qA2(q)⊥ for the [Ce(III)Cl6]3−-only sample, we determined
the fraction of [Ce(III)Cl6]3−(ES) that undergoes the
oxidation reaction. According to the results, approximately
40.9 ± 0.3% of [Ce(III)Cl6]3−(ES) was oxidized, and the
remaining 59.1 ± 0.3% decayed to [Ce(III)Cl6]3−(GS). Using
the apparent time constant of 9.4 ns and the fractions of
[Ce(III)Cl6]3−(ES) undergoing oxidation and ground-state
recovery, we calculated time constants corresponding to
oxidation and ground-state recovery as 23.0 ± 0.8 and 15.9
± 0.5 ns, respectively.

The structure of [Ce(III)Cl6]3− has been investigated both
experimentally19,55,58,59 and theoretically,19,55−58,60−62 primar-
ily in the context of its utilization as a dopant in solid materials.
A study has focused on quantum calculations using CASSCF/
CASPT2 and reported the structures of [Ce(III)Cl6]3−(GS)
and [Ce(III)Cl6]3−(ES) in acetonitrile, without investigating
the structural parameters of [Ce(IV)Cl6]2−, as it was beyond
the scope of the study.56 Another study employed various
functionals for quantum calculations and provided the
structures of [Ce(III)Cl6]3−(GS) and [Ce(IV)Cl6]2− in
water, without determining the structure of [Ce(III)-
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Cl6]3−(ES).57 Additionally, one theoretical study only
described the character of the electronic transition associated
with 330 nm photoexcitation, without providing the
corresponding structural parameters of [Ce(III)Cl6]3−(ES).19

To serve as a comprehensive reference for comparison with
our experimental results, the three aforementioned theoretical
studies have a limitation in that they did not include the
structures of all three species captured in our experiments.
Therefore, to address this limitation and to make a direct
comparison, we performed our own calculations using density
functional theory (DFT) and time-dependent DFT (TD-
DFT) with multiple functionals. The resulting structural
parameters, including those from other theoretical studies,
are listed in Table 1 and Tables S1−S3. Our calculation results,
as presented in Table 1, demonstrated variations depending on
the choice of functionals employed. Despite considering the
scalar relativistic effects (with zeroth-order regular approx-
imation, ZORA) and the solvent effect (with a conductor-like
polarizable continuum model, C-PCM) during the calcu-
lations, the DFT calculations still slightly overestimated the
Ce−Cl bond lengths in [Ce(III)Cl6]3−(GS), [Ce(III)-
Cl6]3−(ES), and [Ce(IV)Cl6]2− compared with the TRXL
results. Specifically, in the case of [Ce(III)Cl6]3−(GS), the
DFT calculations exhibited a slight overestimation ranging
from 0.03 to 0.06 Å, depending on the choice of the functional.
For [Ce(III)Cl6]3−(ES) and [Ce(IV)Cl6]2−, the TD-DFT and
DFT calculations exhibit larger overestimations of the Ce−Cl
bond lengths ranging from 0.08 to 0.18 Å and from 0.06 to
0.09 Å, respectively. Among the functionals employed, the
PBE0 functional yielded results that were closest to the bond

lengths determined by TRXL. Following PBE0, the functionals
CAM-B3LYP, ωB97X, and B3LYP produced results in
descending order of proximity to the TRXL-determined
bond lengths. Comparisons provided in Table S1 and Table
S3 clearly illustrate the influence of considering the scalar
relativistic effects and solvents on the calculated structural
parameters. Without considering scalar relativistic effects, the
bond lengths are slightly overestimated compared to the case
where these effects are considered. Neglecting the solvent
effects leads to a significant overestimation of the bond lengths
compared to when solvent effects are considered. We note that
the observation that calculations considering both scalar
relativistic effects and solvent effects provide a better
description of the experimental conditions is reasonable. This
is attributed to two factors: (1) the consideration of the
relativistic effect is necessary due to the presence of a large
number of electrons in cerium, and (2) the acetonitrile solvent
affects the Ce−Cl bond length by stabilizing the solute through
electrostatic interactions with the electron in the singly
occupied molecular orbital (SOMO) of the solute.

Regardless of the functionals used, our calculation results
consistently indicate that the Ce−Cl bond contracts in
[Ce(III)Cl6]3−(ES) compared to [Ce(III)Cl6]3−(GS). In a
theoretical study, where only the character of the electronic
transition associated with the 330 nm photoexcitation was
reported without providing structural parameters, it was
assigned that the photoexcitation corresponds to an electronic
transition from Ce(III) 4f orbitals to a weak Ce−Cl
antibonding orbital with predominant Ce(III) t2g orbital
character of 5d orbitals.19 This assignment to a transition to

Figure 5. Schematic for the structural dynamics of [Ce(III)Cl6]3− upon photoexcitation. Upon photoexcitation, [Ce(III)Cl6]3−(GS) is excited to
the Franck−Condon region (([Ce(III)Cl6]3−)*), whose structure rapidly transforms into the stable structure of the excited state
([Ce(III)Cl6]3−(ES)) with a rate faster than our temporal resolution allows for observation. [Ce(III)Cl6]3−(ES) has Ce−Cl distances shorter
than those of the ground state ([Ce(III)Cl6]3−(GS)). The reaction pathway of [Ce(III)Cl6]3−(ES) depends on the presence of the substrate (1-
fluoro-4-iodobenzene). When the substrate is present, [Ce(III)Cl6]3−(ES) is oxidized through a C−I bond activation reaction with the substrate,
resulting in the oxidized state ([Ce(IV)Cl6]2−) with further contracted Ce−Cl distances. In the absence of the substrate, a portion of
[Ce(III)Cl6]3−(ES) is oxidized through a reaction with oxygen, similar to the case with the substrate. In the absence of a substrate, there are
additional pathways. The remaining [Ce(III)Cl6]3−(ES) recovers to [Ce(III)Cl6]3−(GS) through either emission or reaction with oxygen. In the
schematic, the cerium and chloride atoms are shown in blue and green, respectively. The lengths of the purple arrows in the molecular structures
indicate the degrees of contraction of Ce−Cl bond lengths relative to [Ce(III)Cl6]3−(GS).
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an antibonding orbital may imply an elongation of Ce−Cl
bonds upon the photoexcitation. However, other theoretical
studies reported that Ce−Cl bonds contract, rather than
elongate, upon the photoexcitation to t2g orbitals.56,58,60,61 A
conflicting interpretation was presented in a study on Ce3+-
doped Cs2NaYCl6, suggesting that the t2g orbitals exhibit
bonding characteristics instead of the previously proposed
antibonding characteristics with ligands.60 Additionally, it was
suggested that upon excitation, a vacancy (hole) is formed in
the 4f orbitals, resulting in a charge transfer from Cl to Ce.
This charge transfer process strengthens the ionic bond
character, ultimately leading to a contraction of the Ce−Cl
bond. Our TD-DFT calculations confirm that 330 nm
excitation has a character of the transition from 4f to 5d
(t2g) orbitals, consistent with previous results (Figure S9).
Furthermore, we find that the Ce−Cl bonds undergo
contraction during the geometry optimization of the excited
state (2T2g state), which aligns with the TRXL results and
other theoretical studies.

However, there is a discrepancy between the results of
TRXL and our calculation results. In the calculation results, the
axial Ce−Cl bonds contract significantly, while the change in
the equatorial Ce−Cl bond lengths is relatively minor. In
contrast, in the TRXL results, all of the Ce−Cl bonds contract
equally, maintaining octahedral symmetry. We propose that
the difference in the structural change arises from our basic
assumption used for the TD-DFT calculations. In the TD-DFT
calculations, it was assumed that an electron is excited to one
of the triply degenerate t2g orbitals. However, in reality, the
electron would be excited to the triply degenerate t2g orbitals as
a group rather than to a specific orbital within the group.
Considering the challenges associated with optimizing highly
excited states with theoretical calculations, the discrepancy
observed in our comparative study of experimental and
theoretical results emphasizes the significance of direct
experimental determination of the molecular structures. The
detailed molecular structural parameters determined using
TRXL would serve as a reliable reference for future
investigations.

In terms of the experimental efforts to study the structural
change of [Ce(III)Cl6]3− upon photoexcitation, an exper-
imental study using the pressure-dependent absorption and
emission spectra confirmed that Ce−Cl bond lengths decrease
upon photoexcitation of Ce3+-doped Cs2NaLuCl6.59 Another
study analyzing the vibrational progression in the emission
spectra of Ce-doped hexachloroelpasolites argued that the Ce−
Cl bond changes by ∼0.04 Å upon photoexcitation and
assigned this change as contraction based on the ab initio
calculation results.58 However, the detailed structure of
[Ce(III)Cl6]3−(ES) was not experimentally determined in
those studies. In this study, by using TRXL, not only was the
contraction of the bond length confirmed but also the detailed
molecular structure of [Ce(III)Cl6]3−(ES) was visualized.
[Ce(IV)Cl6]2− determined from the structure refinement has
a Ce−Cl bond length of 2.561 Å, indicating that the Ce−Cl
bond lengths contract slightly further (∼0.03 Å) when
[Ce(III)Cl6]3−(ES) is oxidized through reaction with the
substrate. The small structural change of the photocatalyst
demonstrates that TRXL is a powerful tool for revealing the
structure of reaction intermediates, as it can capture minute
structural changes of the target molecules.

The schematics for the photoreaction of the [Ce(III)Cl6]3−/
substrate and [Ce(III)Cl6]3−-only samples are shown in

Figures 5 and S10. Upon photoexcitation, [Ce(III)Cl6]3−(GS)
forms [Ce(III)Cl6]3−(ES) with shorter Ce−Cl bonds via
transiently formed ([Ce(III)Cl6]3−)*. When the substrate is
present, [Ce(III)Cl6]3−(ES) transforms into [Ce(IV)Cl6]2−

with further contraction of the Ce−Cl bonds through a
reaction with the substrate. In the absence of the substrate,
[Ce(III)Cl6]3−(ES) decays via two competing processes.
Approximately 40% of [Ce(III)Cl6]3−(ES) undergoes an
oxidation process to form [Ce(IV)Cl6]2− as in the case when
the substrate is present, but even without the presence of the
substrate, through a reaction with oxygen. The remaining 60%
decays to [Ce(III)Cl6]3−(GS) through the energy transfer to
oxygen or emission.

■ CONCLUSION
In conclusion, this study investigated the structural dynamics
of [Ce(III)Cl6]3−, a Ce-containing photocatalyst, using TRXL
and revealed the distinct structural dynamics both in the
presence and absence of the substrate. The data analysis shows
that the Ce−Cl bonds of [Ce(III)Cl6]3− in the solution phase
contract while maintaining octahedral symmetry upon photo-
excitation. Furthermore, we experimentally determined the
detailed molecular structure of the excited state as well as the
ground and oxidized states. Considering that the excited state
plays an important role as an active species for catalytic
activity, it is important to experimentally unveil the molecular
structure of the excited state. Additionally, we emphasize that
this is the first study to reveal the structural dynamics
depending on the presence of the substrate using TRXL.
Despite that TRXL is an excellent experimental technique for
studying the structural dynamics of photocatalysts, it has not
been utilized to investigate the effect of the substrate on the
dynamics of the photocatalysts. In this regard, this study
should pave the way for employing TRXL to explore the
structural dynamics of the photocatalysts.
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