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Excited-State Structural Dynamics of the Cubane-Type Metal
Cluster [Cu4I4(py)4] Explored by Time-Resolved X-Ray
Liquidography

Doyeong Kim, Hosung Ki, Donghwan Im, Yunbeom Lee, Seonggon Lee, Jun Heo,
Seunghwan Eom, Eun Hyuk Choi, Doo-Sik Ahn, and Hyotcherl Ihee*

Cubane-type metal clusters respond uniquely to stimuli like light and electric
potential, resulting in behaviors such as crystal-to-crystal phase transitions.
While structural adaptability is known to be linked to these responses, direct
experimental evidence for the associated structural changes has been
missing. This study addresses this gap by examining the structural dynamics
of the copper(I) iodide cubane (Cu4I4(py)4, py = pyridine) upon
photoexcitation using time-resolved X-ray liquidography. The results reveal: 1)
100 picoseconds (ps) after excitation, two distinct excited states—the
cluster-centered triplet (3CC) state and the (metal+halide)-to-ligand charge
transfer triplet (3(M/X)LCT) state—are present; 2) the 3(M/X)LCT state decays
with an apparent time constant of 1.21 ns, primarily transitioning to the 3CC
state, with a small fraction undergoing decay to the ground state (GS); and 3)
the 3CC state eventually returns to the GS. The molecular structures, provided
for these states serve as benchmarks for theoretical studies. Importantly, the
3CC structure exhibits significant distortion in the Cu4I4 core and reduced
symmetry, findings that are unanticipated by previous models. This
comprehensive investigation deepens the understanding of the structural
transformations occurring upon photoexcitation, with a potential impact on
future applications of these compounds as versatile components in
photosensitive metal–organic frameworks.
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1. Introduction

Cubane-type metal cluster compounds
have attracted significant attention for
their unique responses to external fac-
tors such as light, solvent, pressure, and
electric potential.[1–3] These stimuli in-
duce various distinct behaviors, including
magnetic phase transitions and crystal-
to-crystal transformations.[4,5] For this
reason, cubane-type complexes have found
applications in functional materials, where
they serve as secondary building units
in metal–organic frameworks and as
catalysts. Notable examples of these com-
plexes include metal-oxides (M4O4) and
metal-halides (M4X4), with a representative
structure shown in Figure 1a.[5–9]

A representative model system for
cubane-type metal clusters is Cu4I4(py)4,
a copper(I) iodide tetramer with pyridine
ligands. This complex has been the subject
of comprehensive theoretical and spectro-
scopic investigations,[1,10–14] primarily due
to its dual luminescence.[15] The molec-
ular structure of the cluster is shown in
Figure 1b. From the spectroscopic studies,

it was reported that the complex shows dual emission, which was
assigned to 3CC state and 3(M/X)LCT state.[1,12–14] The low-energy
emission band at ≈550–650 nm is dominant at room tempera-
ture, attributed to 3CC emission consisting of a mixture of halide-
to-metal charge transfer (3XMCT) and metal cluster-centered (d10

Cu→ d9s1 Cu) characteristics.[12] The high-energy emission band
in the blue region (400–450 nm) dominates at 77 K and is as-
signed to the state possessing a mixed feature of both halide-to-
ligand charge transfer (3XLCT) and metal-to-ligand charge trans-
fer (3MLCT) transitions.[1] Here, we term the state of the latter, a
mixed state of 3XLCT and 3MLCT, as 3(M/X)LCT (See the “Char-
acterization of the two emissive states in Cu4I4(py)4” section in
Supporting Information.

The physical and chemical characteristics of cubane-type metal
clusters primarily arise from their structures, particularly the
metal–metal distances within the cubane framework.[12,16] There-
fore, it becomes essential to monitor and investigate the struc-
tural changes within the cubane framework associated with the
dual luminescence dynamics, aiming to unravel the underlying
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Figure 1. Molecular structure and absorption spectrum of Cu4I4(py)4. a) Simplified structure of a cubane-type metal halide cluster. Here, the symbols
M, X, and L refer to metal, halide, and ligand, respectively. b) Structure of Cu4I4(py)4, with color codes: I (purple), Cu (brown), N (blue), C (gray),
and H (white). c) Molar extinction coefficient and calculated oscillator strength of Cu4I4(py)4 in acetonitrile solution. The measured molar extinction
coefficient is represented by the black curve, while the oscillator strengths for singlet-singlet transitions, calculated using TD-DFT, are depicted as
red bars. d) Schematic diagram illustrating the initial state reached through 267 nm excitation and the excited states targeted for observation in this
experiment.

mechanism behind this phenomenon. Until now, the study of
the emissive state’s structure of Cu4I4(py)4 has solely relied on
theoretical investigations, lacking direct experimental evidence.
Recognizing this gap, we employed time-resolved X-ray liquidog-
raphy (TRXL),[17–21] also known as time-resolved X-ray solu-
tion scattering, to investigate Cu4I4(py)4 in acetonitrile solution.
TRXL is a powerful technique capable of directly capturing the
structural changes of molecules in solution.[22–26] Importantly,
the TRXL signal displays exceptional sensitivity to the distances
between heavy atoms, such as Cu and I, rendering it an opti-
mal method for capturing structural changes within the Cu4I4
frame in Cu4I4(py)4. Our TRXL experiments on the copper-iodide
cubane cluster unveiled three key findings: i) Upon photoexcita-
tion, the two excited states, characterized by 3CC and 3(M/X)LCT
features, are rapidly reached within the first 100 ps; ii) Through
internal conversion, the 3(M/X)LCT transitions into 3CC state,
followed by a recovery to the GS; iii) The 3CC state, as deter-
mined through experiment, exhibits a more pronounced struc-
tural change, including a reduction in symmetry, diverging from
the results reported in a theoretical study.[14]

2. Results and Discussion

2.1. Absorption Spectrum of Cu4I4(py)4 and Assignment of
Transitions Associated with 267 nm Excitation

To investigate the photophysical properties of Cu4I4(py)4, we con-
ducted density functional theory (DFT) and time-dependent den-

sity functional theory (TD-DFT) calculations. The correspond-
ing molecular diagram of ground state Cu4I4(py)4 is illustrated
in Figure S1 (Supporting Information). Briefly, the HOMO to
HOMO-4 share similar characteristics, featuring a mix of the 4p
orbital of I and the 3d orbital of Cu. LUMO to LUMO+3 predom-
inantly exhibit 𝜋 orbital character localized in the py ligands. As a
result, the previously mentioned (M/X)LCT transition likely cor-
responds to an electronic transition from the HOMO-to-HOMO-
4 to the LUMO-to-LUMO+3. In contrast, the LUMO+4 consists
of a mixture of the 5s orbital of Cu and the 4p orbital of I. Note that
the LUMO+4 shows bonding character among the four Cu atoms
and antibonding character between all Cu and I atoms. Consider-
ing the bonding nature of the LUMO+4 between Cu atoms, the
transition between HOMO-to-HOMO-4 and the LUMO+4 is ex-
pected to exhibit metal cluster-centered characteristics. Figure S2
(Supporting Information) presents the natural transition orbitals
(NTOs) corresponding to the two bright transitions.

The calculated oscillator strengths to the singlet excited states,
along with the measured absorption spectrum of Cu4I4(py)4, are
shown in Figure 1c. Notably, a prominent absorption peak is ob-
served at ≈247 nm. Our TD-DFT calculations reveal energy bands
with significant oscillator strengths (> 0.05) in the range of 253
to 258 nm, as detailed in Table S1 (Supporting Information). The
calculated transition energies exhibit a slight red-shift compared
to the measured absorption spectra. Considering a typical devia-
tion of 0.2–0.4 eV between excitation energies from TD-DFT[27]

and experimental values, the calculated energies align well with
the absorption spectrum. To gain insight into the character of the
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electronic transitions assigned via TD-DFT calculations, we per-
formed transition density matrix[28,29] analysis for the five signifi-
cant transitions near the prominent absorption peak. The results,
presented in Figures S3–S4 and Tables S2–S3 (Supporting Infor-
mation), suggest a complex nature of this absorption band, with
various types of transitions contributing in a mixed manner. The
transitions contributing to the absorption band can be classified
into the following two categories, reflecting the primary character
of the transition: i) Transitions with CC character, where CC prop-
erties account for more than 80% of the total characteristics (S7 to
S9), and ii) Transitions primarily characterized by (M/X)LCT tran-
sitions, accounting for more than 50% of the total characteristics
(S12 to S13). A detailed description of the characteristics of each
type of transition is provided in the “Characterization of the two
emissive states in Cu4I4(py)4” section in Supporting Information.

We used an excitation wavelength of 267 nm, corresponding
to the shoulder of the lowest electronic absorption band, as con-
firmed by the measured absorption spectrum and TD-DFT calcu-
lations. Given that these bands possess high oscillator strengths
and their energies significantly overlap, we expected that both
transitions—those with CC character and those with (M/X)LCT
character—would occur. Figure 1d depicts a schematic illustra-
tion of the energy states accessible through the 267 nm excitation
and the states we aim to investigate in the TRXL experiment. We
note that limitations in the instrument response function (IRF)
in this TRXL experiment, which is ≈100 ps, did not allow cap-
turing the initial moments of the reaction. This includes the ex-
pected dynamics that start with an initial population of cluster-
centered singlet (1CC) or (metal+halide)-to-ligand charge trans-
fer singlet (1(M/X)LCT) states, followed by a transition to emis-
sive triplet states.

2.2. TRXL Data and SVD Analysis

To track the structure of the two emissive states and their subse-
quent dynamics, we conducted a TRXL experiment on Cu4I4(py)4
in acetonitrile solution. The TRXL scattering curves are influ-
enced by three types of structural changes: changes in the so-
lute, changes in the interatomic distances between the solute
molecule and its surrounding solvent molecules (cage), and
structural changes in the bulk solvent. Given our focus on the
structural changes related to the solute molecules and cages, we
applied the projection to extract the perpendicular component
(PEPC) method. This technique effectively screens out the influ-
ence of bulk solvent, leaving only the solute and cage contribu-
tions, by projecting the data into a subspace orthogonal to the
solvent terms, as detailed in the previous work.[30] The details
regarding the subtraction process of the solvent term using the
PEPC method are described in the “Projection to extract the per-
pendicular component method” section in SI. In addition to the
solvent heating component, other factors—such as laser fluence-
dependent artifacts—may have contributed to the data, compli-
cating the extraction of solute-related kinetics from the TRXL
data. To address this issue, we performed additional TRXL exper-
iments, measuring solvent responses at two different laser flu-
ences. This approach allowed us to identify and isolate an artifact
that could not be accounted for by the two known heating compo-
nents. Further details on the methodology used to extract and cor-

rect for this additional artifact are provided in the “Data process-
ing” section of Supporting Information. The profiles of the sol-
vent heating components, along with the high-fluence-induced
artifact, are presented in Figure S5 (Supporting Information).

The resulting PEPC-treated data, which we refer to as a solvent-
contribution-free signal, ΔS⟂(q, t), are displayed in Figure 2.
ΔS⟂(q, t) is a function of time delay (t) and the magnitude
of the momentum transfer vector (q), represented by q =
(4𝜋/𝜆)sin(2𝜃/2). Here, 𝜆 denotes the X-ray wavelength, and 2𝜃
signifies the scattering angle. The raw data, ΔS(q, t), before re-
moving the solvent contribution using this method, are also illus-
trated in Figure S6 (Supporting Information). The theory curves
in Figure 2 and Figure S6 (Supporting Information) were gener-
ated using a linear combination fit of the solute term, cage term,
and solvent term, based on the optimized molecular structure
obtained through structure refinement. To highlight the region
where the structural changes of the solute molecules primarily
contribute, namely the high-q region, we multiplied ΔS⟂(q, t) by
q to generate qΔS⟂(q, t). A clear oscillatory pattern emerges in
the high-q region within a time delay of 100 ps. The rapid sig-
nal development signifies the population of excited states with
structures distinct from the GS, occurring within the IRF of the
experiment.

To gain further insights from ΔS⟂(q, t), we applied singular
value decomposition (SVD) analysis on ΔS⟂(q, t). SVD decom-
poses the original signal matrix into a product of the left sin-
gular vectors (LSVs), singular values, and right singular vectors
(RSVs). The resulting LSVs depict the time-independent compo-
nents in q-space that comprise ΔS⟂(q, t), the RSVs are the tem-
poral changes of both shape and amplitude of the signal, thereby
representing the kinetics, and singular values indicate the relative
contributions of the corresponding components. More detailed
information regarding SVD analysis can be found in the “Singu-
lar value decomposition (SVD) analysis” section in Supporting
Information. The obtained RSVs, LSVs, and singular values are
presented in Figure S7a–c (Supporting Information). The SVD
analysis revealed two major signal components, suggesting the
involvement of two distinct species in the reaction pathways. To
extract the kinetics of these two species, we performed a global fit
of the first two major RSVs using a sum of exponential functions,
each incorporating a constant term, with the same time constants
applied across both RSVs. For the fitting of the RSV1, the con-
stant term was fixed at zero. Analysis with varying numbers of
exponential functions indicated that a sum of two exponential
functions satisfactorily fits the two RSVs, as depicted in Figure
S8 (Supporting Information). The exponential fitting, shown in
Figure S7d (Supporting Information), determined two time con-
stants: 1.21 ± 0.61 ns and 202 ± 37 ns.

2.3. Elucidating Reaction Pathways: Structural Analysis and
Kinetic Modeling

Subsequently, we extracted and analyzed the decay-associated dif-
ference scattering curves (DADS(q)) to investigate the dynamic
origins of the two time constants. The term, DADS, is named
after “decay associated spectra”, which is commonly used in
the field of spectroscopy to represent a spectrum corresponding
to a specific decay time constant. The details about the DADS
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Figure 2. Time-resolved solvent-contribution-free difference X-ray scattering curves of Cu4I4(py)4 in acetonitrile. a) Experimental difference scattering
curves (black) are plotted together with simulated theoretical fits (red). The theoretical fits were obtained using linear combination fitting (LCF) of ΔS⟂(q,
t) at each time delay. b) Difference radial distribution function, r2ΔS⟂(r, t), obtained by Fourier sine transformation of qΔS⟂(q, t) in (a).

analysis is described in the “Kinetic analysis” section in SI. Each
i-th DADS (DADSi(q)) stands for the difference X-ray scatter-
ing curve of the solution before and after the dynamics occur-
ring with the corresponding i-th time constant, 𝜏 i. The resulting
DADS(q)s multiplied by q are described in Figure 3a and Figure
S9 (Supporting Information).

Considering that a constant term was included during the ex-
ponential fitting analysis of RSVs, we also performed an anal-
ysis using three DADSs, including DADS3, which corresponds
to a long-lived species. The result of this analysis, shown in
Figure S10 (Supporting Information), revealed that DADS3 con-
tains only negligible structural signals, indicating that all inter-
mediates decay to the ground state at least within a time con-
stant of 202 ns. Related discussions are provided in the Support-

ing Information section titled “Investigation of the potential for
long-lived photochemical products that do not decay within the
observed time window”.

To identify the structural changes corresponding to the ob-
tained DADSi(q), we first generated candidate structures that are
potentially involved in the photoreaction pathways. Subsequently,
we calculated theoretical difference scattering curves correspond-
ing to various transitions between these candidate structures. By
comparing the candidate theoretical difference scattering curves
with the experimentally obtained DADSi(q), we identified the
structural transition that best matches the observed DADSi(q).
The comparisons are shown in Figure S11 (Supporting Infor-
mation). We considered two candidate structures, correspond-
ing to the 3CC and 3(M/X)LCT excited states, respectively. The
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Figure 3. Comprehensive analysis of decay-associated difference scattering curves (DADSs) for Cu4I4(py)4. a) Experimental and theoretical solvent-
contribution-free DADSs in q-space. The experimental DADS1(q) and DADS2(q) are shown in black and blue, respectively. The theoretical DADSs,
obtained through structure refinement and depicted in red, are overlaid on the experimental DADSs for comparison. The y-axis is expressed in electron
unit per molecule. b) r2ΔS(r)s obtained through Fourier sine transforms of qDADS1(q) and qDADS2(q), illustrating structural changes in r-space. Each
panel displays interatomic distances within the Cu4I4 framework as vertical bars, distinguishing positive (above) from negative (below) contributions
to the signals. The bars are color-coded by atom type and their heights are scaled according to atomic numbers to accurately reflect the contribution of
the corresponding atomic pair to the scattering signal. The corresponding structures for these distances are labeled on the left side of the figure. For
DADS1(r), only the changes associated with the major transition were represented using bars. c) Time-dependent concentration profiles of molecules
occupying each assigned excited state (e.g., 3(M/X)LCT and 3CC states). Solid lines represent biexponential fits using time constants derived from
kinetic analysis of RSVs obtained through SVD analysis of ΔS⟂(q, t).

structures of the two excited states, as well as the ground state
(GS), were obtained using DFT calculations. At this stage, we
calculated the theoretical difference scattering curves using the
DFT-optimized structures without further refinement or adjust-
ment of structural parameters to fit the experimental data (In a
later stage, the structural parameters are also refined via structure
refinement). The molecular orbitals and structural parameters of
the DFT-optimized candidate structures can be found in Figure
S1 and Table S4 (Supporting Information). Additional informa-
tion regarding the DFT calculations is available in the “Density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculation” section in SI. Upon comparing the
candidate theoretical curves with the DADSs (Figure S11, Sup-
porting Information), we assigned DADS1(q), which corresponds
to the 1.21 ns time constant, to the transition from 3(M/X)LCT to
3CC, and DADS2(q), with the 202 ns time constant, to the transi-
tion from 3CC to GS, respectively.

It is worth noting that previous studies[1,31] proposed a model,
based on their observation of the concentration-dependent high-
energy emission rate from the 3(M/X)LCT state, that consists of
two competing pathways: 1) emissive decay directly to the ground
state (3(M/X)LCT → GS), and 2) a bimolecular energy transfer
process from one Cu4I4(py)4 molecule in the 3(M/X)LCT state to
another in the GS, producing the 3CC state (3(M/X)LCT + GS
→ GS + 3CC). At higher concentrations, the bimolecular energy
transfer pathway dominates, while at lower concentrations, direct
decay to the GS prevails. Given that our experimental concentra-
tion (5 mm) exceeds even the highest concentration used in prior
studies (1.35 mm), it is reasonable to infer that bimolecular en-
ergy transfer is the predominant pathway under our experimen-
tal conditions.

Noting that the previous measurements[1,31] were conducted
for Cu4I4(py)4 dissolved in a different solvent, benzene, we per-
formed time-correlated single-photon counting (TCSPC) mea-
surements in acetonitrile to investigate whether the two pro-

posed pathways for the decay of 3(M/X)LCT state are also oper-
ative in acetonitrile. The TCSPC results are presented in Figure
S12 and Table S5 (Supporting Information). For these measure-
ments, the samples were excited at 280 nm, corresponding to
the same absorption band as the 267 nm wavelength used in our
TRXL experiments. The luminescence lifetime was measured at
an emission wavelength of 315 nm, which corresponds to the
high-energy emission band among the dual-emissive bands of
Cu4I4(py)4 in acetonitrile at 293 K (see Figure S13, Supporting
Information).

The TCSPC results confirmed that both pathways contribute
to the decay of the 3(M/X)LCT state in acetonitrile. The lumines-
cence lifetime of the 3(M/X)LCT state decreased with increasing
Cu4I4(py)4 concentration, indicating a concentration-dependent
bimolecular process. This aligns with the bimolecular energy
transfer pathway proposed in the previous studies.[1,31] Addition-
ally, the decay rate did not converge to zero at near-zero concen-
trations, suggesting the presence of a concentration-independent
pathway. Comparison of the TCSPC data collected under ambi-
ent air and inert conditions revealed two distinct concentration-
independent processes: 1) oxygen quenching of the triplet excited
state, and 2) radiative decay independent of oxygen. These find-
ings corroborate the model proposed in the previous study and
provide additional insights into the interplay of concentration-
independent and concentration-dependent processes in the de-
cay of the 3(M/X)LCT state. The details of the TCSPC measure-
ments and the resulting kinetic model are provided in the Sup-
porting Information section, “Understanding the variation in lu-
minescence lifetimes of Cu4I4(py)4: Solvent effects and concen-
tration.”.

The TCSPC measurements further confirmed contributions
from two competing pathways: 1) 3(M/X)LCT → 3CC, and 2)
3(M/X)LCT → GS, with quantitative contributions of 74% and
26%, respectively. Based on these results, we established a kinetic
model, illustrated in Figure S12d (Supporting Information).
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To gain a more intuitive insight into structural changes, we ap-
plied Fourier sine transform to DADSi(q)s. A comprehensive de-
scription of the procedure for obtaining the difference radial dis-
tribution functions, represented as DADS(r), is provided in the
“Fourier sine transform for converting q-space data into r-space
information” section of SI. The resulting DADSi(r)s directly visu-
alize the changes in interatomic distances in real space, as pre-
sented in Figure 3b. Here, we inverted the signs of DADSi(q)
and DADSi(r) in Figure 3a,b, presenting them as -qΔS⟂(q) and
a -r2ΔSi(r) graphs, respectively, to illustrate the contributions
of reactants as negative and products as positive. DADS1(q) re-
flects a major contribution from the transition from 3(M/X)LCT
to 3CC, as well as a minor contribution from the transition
from 3(M/X)LCT to GS. Consequently, its reciprocal represen-
tation, DADS1(r), is a superposition of negative contributions
from 3(M/X)LCT and positive contributions from 3CC and GS.
The DADS1(r) exhibits two prominent negative peaks at ≈2.6
and 4.3 Å, attributed to the Cu–Cu and Cu–I distances of the
3(M/X)LCT structure, respectively. The long Cu–I distances in the
3(M/X)LCT structure contrast with the shorter ones in the 3CC
structure, which are ≈2.5 Å. The corresponding positive peak of
3CC in DADS2(r) is barely distinguishable, because it is overshad-
owed by the strong negative contributions from the Cu–Cu and
Cu–I distances in the 3(M/X)LCT structure. These interatomic
distances contributing negatively to the signal, associated with
the 3(M/X)LCT structure, are present in the vicinity of the inter-
atomic distances contributing positively, associated with the 3CC
structure. It is worth noting that the 3CC structure exhibits a wide
distribution of I–I distances ranging from 4.2 to 5.9 Å. Among
these distances, the long I–I distances, particularly those around
5.9 Å, make a significant contribution to the pronounced positive
peak observed in the high-r region (r > 5 Å) of DADS1(r).

The DADS2(r) exhibits a clear reversal in sign in comparison
to that of DADS1(r). In other words, positions where DADS1(r)
displayed negative signals exhibit positive signals in DADS2(r),
while positions that exhibit positive signals in DADS1(r) show
negative signals in DADS2(r). This reversal can be primarily at-
tributed to two main factors: 1) Unlike DADS1(r), which illus-
trates the population increase of the 3CC state associated with
the depletion of the 3(M/X)LCT state, DADS2(r) corresponds to
the decay of the 3CC state to the GS; 2) The structural similar-
ity between the 3(M/X)LCT and GS structure further substanti-
ates this sign reversal. Upon analyzing the distribution of inter-
atomic distances between Cu and I atoms in the 3(M/X)LCT and
GS structures in Figure 3b, it becomes apparent that these two
states exhibit structural similarity. Two prominent positive peaks
are observed in DADS2(r), approximately at 2.7 and 4.5 Å. These
peaks represent Cu–Cu (2.6 Å), Cu–I (2.7–2.9 Å), and I–I (4.5 Å)
distances in the GS, indicating recovery of GS from 3CC.

To extract detailed structural information for each species, we
refined the DFT-optimized structures of the GS, 3(M/X)LCT, and
3CC states by adjusting specific structural parameters. This re-
finement aimed to minimize the discrepancy between the theo-
retical DADS(q)s, calculated from the structures of the species,
and the experimental DADS(q)s.

To identify the most appropriate approach for our structural
analysis, we compared the results obtained from three distinct
methods: 1) utilizing the DFT-optimized structures without fur-
ther refinement, 2) refining both the copper and iodine atom

positions, and 3) refining only the iodine atom positions while
keeping the copper atoms fixed according to the DFT-optimized
structures. A comparison of the results is illustrated in Figure
S14 (Supporting Information), and the structural parameters ob-
tained from each approach are provided in Table S4 (Support-
ing Information). As shown in Figure S14 (Supporting Infor-
mation), the third approach—where only the iodine atom posi-
tions were refined while the copper positions remained fixed—
significantly improved the fitting quality compared to the direct
use of the DFT-optimized structures. Although the second ap-
proach, which involved optimizing both copper and iodine po-
sitions, provided slightly better fitting quality, it led to the gen-
eration of abnormally short Cu–Cu bond distances. In contrast,
the third approach avoids this artifact, offering a more chemi-
cally reasonable representation of the structural parameters. To
balance fitting quality and physical plausibility, we adopted the
third approach, fixing the positions of the Cu atoms based on
the DFT-optimized structures while allowing only the positions
of the iodine atoms to vary during the refinement process. Fur-
ther details on the structure refinement process are described in
the “Structure refinement by DADS fitting” section in Supporting
Information. The resulting structural parameters are provided in
Table S4 (Supporting Information). We note that the occurrence
of longer metal-metal distances in DFT-optimized structures is
a well-known phenomenon in metal complexes compared to ex-
perimentally measured distances.[17,32–34]

The 3D representations of refined structures and their corre-
sponding structural parameters are depicted in Figure S15 (Sup-
porting Information). We note that the Cu4I4(py)4 cluster has a
complex structure, making the 3D representation challenging
to understand at a glance. Therefore, in Figure 4, we depicted
an exaggerated and simplified schematic representation of the
molecular structures to emphasize the symmetry of each struc-
ture and the differences between structures. The comparison be-
tween the theoretical difference scattering curves derived from
these refined structures and the experimental DADSi(q)s is illus-
trated in Figure 3a. Meanwhile, once each DADSi(q) is assigned
to transitions between specific species, we can extract the differ-
ence scattering curves for each species and track their concentra-
tion changes. Figure 3c shows the concentration profiles of the
two species, 3(M/X)LCT and 3CC, over time.

2.4. Molecular Structures of the Ground State and the Two
Excited States Observed via TRXL

In the case of GS, the Cu4I4 frame exhibits a high degree of sym-
metry with symmetrical structures for the Cu4 core. Specifically,
in the GS of the Cu4I4(py)4 cluster, the six Cu–Cu interatomic dis-
tances are similar to each other, and the six I–I interatomic dis-
tances are also similar to each other. Figure 4b and Figure S15a
(Supporting Information) showcase the spatial arrangement of
Cu atoms in the GS, revealing a unique spatial pattern: Cu1 and
Cu3 are positioned on an “upper floor”, relatively closer to the
viewer when seen from a direction perpendicular to the plane of
the figure. Conversely, Cu2 and Cu4, the remaining atoms, are
located in the “lower floor”, farther from the viewer. As previ-
ously noted, the transition from GS to 3(M/X)LCT entails mini-
mal structural changes. Comparisons shown in Figure 4b–d and
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Figure 4. Refined molecular structures for GS, 3(M/X)LCT and 3CC states. a) Schematic diagram displaying the molecular structure of Cu4I4(py)4 (left),
with pyridine ligands omitted for clarity (middle). On the right, a further simplified schematic diagram abstracts the representation for streamlined
visualization. In this representation, atoms closer to the viewer are rendered larger and clearer, while those further away are smaller and more translucent.
The images at the top and bottom each present the same structure from different perspectives for comprehensive visualization. b−d) Projections of the
Cu4, I4 cores, and Cu−I3 framework in GS (left), 3(M/X)LCT (middle), and 3CC (right) states, exaggerated to highlight distinctive atomic pair distances.
Here, the atomic pair distances obtained from DFT calculations are shown in parentheses, while those obtained from TRXL experiments are presented
without parentheses. b,c) Structures of Cu4 (b) and I4 (c) cores for GS, 3(M/X)LCT, and 3CC states, viewed from the same direction as the top illustration
in (a). For a clear description of the distortion in the Cu4 core in the 3CC state, the four Cu atoms in (b) are designated as follows: the atom in the lower
left corner is labeled Cu1, with the subsequent atoms named clockwise as Cu2, Cu3, and Cu4, respectively. Likewise, the four I atoms in (c) are labeled in
the same way as I1, I2, I3, and I4. In (b), the distances within 2.98 Å are depicted with solid lines, reflecting a reported Cu–Cu binding energy of −0.175 eV
within that range.[35] Distances beyond this threshold are indicated with dotted lines. d) Structures of the Cu−I3 framework for GS, 3(M/X)LCT, and 3CC
states, viewed from the same direction as the lower illustration in (a). The illustration depicts the Cu1 atom and its adjacent three I atoms, namely I1,
I2, and I4.
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Figure S15a,b (Supporting Information) reveal that changes in
interatomic distances largely fall within a range of 0.2 Å. Specifi-
cally, 3(M/X)LCT exhibits a slight expansion in Cu–Cu distances
alongside a slight contraction in I–I distances. This transition to
the 3(M/X)LCT state results in a reduction in symmetry, mani-
festing as a broad distribution of both Cu–Cu and I–I interatomic
distances within this state. The variation in Cu–Cu distances is
attributed to the displacement of one Cu atom by ≈0.15 Å during
the transition, whereas the positions of the other three Cu atoms
remain largely unchanged from the GS.

In contrast to 3(M/X)LCT, the 3CC structure exhibits pro-
nounced structural deviation from the GS structure. First and
foremost, there is a marked reduction in the symmetry of the
structure, a stark contrast to the minor reduction observed in
the 3(M/X)LCT structure. In the 3CC structure, substantial po-
sitional shifts of Cu atoms relative to the GS are observed. For
example, with Cu1 as reference, Cu2 and Cu4 shift significantly
towards Cu1 (r(Cu1–Cu2): from 2.68 to 2.36 Å; r(Cu1–Cu4): from
2.64 Å to 2.51 Å), whereas Cu3 shifts significantly away from Cu1
(r(Cu1–Cu3): from 2.64 to 3.37 Å), indicating marked structural
rearrangements. The longest Cu–Cu distance, ≈3.4 Å, is note-
worthy because it exceeds twice the van der Waals radius, which
is ≈2.8 Å. This extended distance suggests the loss of bonding in-
teractions between the two Cu atoms. These structural changes
lead to a significant alteration in the shape of the frame formed
by the four Cu atoms (Figure 4b,c). In the GS structure, the four
Cu atoms form a nearly regular tetrahedral shape. In the 3CC
structure, this shape becomes highly distorted. The distortion is
readily observable in the molecular structure even without exag-
gerated representation, as depicted in Figure S15 (Supporting In-
formation), and is further highlighted in Figure 4b.

If we imagine connecting the Cu atoms in the same plane with
lines—specifically, lines Cu1–Cu3 and Cu2–Cu4—in the GS and
3(M/X)LCT structures, these two lines are oriented nearly perpen-
dicular (90°) to each other. In contrast, in the 3CC structure, the
intersection angle of the two lines is markedly reduced to ≈52°.
This pronounced distortion results in the 3CC structure exhibit-
ing notably broad distributions of both Cu–Cu and I–I distances.
The observed structural change in the 3CC structure is notable
for its considerable reduction in symmetry and distortion of the
Cu framework, signifying a notable deviation from a previous
report.[14] Although the presence of the 3CC state has been identi-
fied in other copper halides across both solid and solution phases,
as well as in various functional materials incorporating copper
halides as secondary building units,[36,37] such significant struc-
tural changes have not been suggested before. The interatomic
distances of GS, 3(M/X)LCT, and 3CC states, obtained from the
structural fit, are listed in Tables S6 and S7 (Supporting Informa-
tion).

In a previous theoretical study on the excited state structures
of Cu4I4(py)4, it was assumed that both emissive states—the 3CC
state and the 3(M/X)LCT states—would maintain the D2d symme-
try observed in the GS.[14] Contrary to this, our TRXL data exhibits
better agreement with structures exhibiting reduced symmetry.
Attempting to fit the excited-state structures with the D2d symme-
try, as shown in Figure S16 (Supporting Information), fails to pro-
vide an adequate description of the experimental data, resulting
in a 𝜒𝜈

2 value significantly higher (more than double) than that
for structures with lowered symmetry. This observation is further

supported by our TD-DFT calculations. Our calculations indicate
that the GS, 3CC and 3(M/X)LCT states possess C1 symmetry, dis-
playing solely the identity element of symmetry. This observation
challenges previous assumptions of D2d symmetry for both the
GS and the two emissive states. Specifically focusing on the Cu4I4
framework, while the GS showcases slightly higher symmetry S4,
the 3CC and 3(M/X)LCT states display C2 and C1 symmetry, re-
spectively. Taking these observations into consideration, we pro-
pose that the symmetry-lowered structures, as derived from our
theoretical calculations and further refined through our TRXL
data, more accurately reflect the real structures of Cu4I4(py)4 in
its excited states compared to those reported in a previous theo-
retical study.[14]

The distortion observed in the 3CC state may seem entirely at-
tributable to a simple Jahn-Teller effect. As shown in Figure S1
(Supporting Information) and confirmed by natural transition
orbital (NTO) calculations, the electronic transitions leading to
the formation of the 3CC state (S7, S8, and S9) predominantly
involve transitions from the HOMO, HOMO-1, and HOMO-2
to the LUMO+4. Notably, HOMO-1 and HOMO-2 are degener-
ate, indicating the potential for Jahn-Teller distortion due to un-
equally occupied degenerate orbitals.

However, two key observations indicate that the Jahn-Teller ef-
fect alone cannot account for the substantial structural distortion
in the 3CC state. First, both the 3CC and 3(M/X)LCT states involve
degenerate orbitals in the electronic transitions that lead to their
formation. If the Jahn-Teller effect were solely responsible for
the structural distortion, a similar degree of distortion would be
expected in the 3(M/X)LCT state. However, the 3(M/X)LCT state
shows no such significant distortion, suggesting that additional
factors must contribute to the structural distortion observed in
the 3CC state. Second, the molecular orbitals of Cu4I4(py)4 are
composed of numerous closely packed orbitals due to the pres-
ence of the four copper and iodine atoms. Consequently, the
structural changes in the excited state of Cu4I4(py)4 are likely in-
fluenced by interactions between these closely stacked orbitals,
complicating the interpretation of the distortion as a result of a
single phenomenon.

2.5. Overall Structural Dynamics of Cu4I4(py)4

The overall structural dynamics of Cu4I4(py)4 upon photoexcita-
tion at 267 nm, including the molecular structures of the excited
states and GS, are depicted in Figure 5. This scheme provides
a detailed and comprehensive view of the pathways and transi-
tions that occur following photoexcitation of Cu4I4(py)4. Initially,
0.524 mm out of the total 5 mm of Cu4I4(py)4 molecules in the
GS undergo excitation, initiating a series of relaxation and en-
ergy transfer processes. Of these photoexcited molecules, ≈45%
relax rapidly back to the GS, releasing their excess energy as heat
into the surrounding solvent. This relaxation process occurs on
a timescale too fast to resolve within the IRF of this experiment.
The remaining 55% of the photoexcited molecules partition into
the 3(M/X)LCT and 3CC states in a ratio of 51:49 within 100 ps.
The 3(M/X)LCT state, after 100 ps, exhibits two competing decay
pathways. The major pathway involves a transition to the 3CC
state, while the minor pathway corresponds to a direct decay to
the GS. The major pathway, the transition to the 3CC state, is
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Figure 5. Proposed dynamics of Cu4I4(py)4. The 267 nm pump pulse ini-
tially excites Cu4I4(py)4 into the 1(M/X)LCT and 1CC states, based on the
result of the TD-DFT calculations. Then, 45% of the excited molecules
rapidly decay to the ground state, releasing excess energy as heat. Of the
remaining 55%, 28% populate the 3(M/X)LCT state within 100 ps, while
27% populate the 3CC state within the same period. 74% of the3(M/X)LCT
state undergoes a transition to the 3CC state with a bimolecular rate con-
stant of 1.23 × 1011 m−1

∙s−1, while the remaining 26% of the state relaxes
to the GS. Subsequently, molecules in the 3CC state recover to the ground
state with a time constant of 202 ns.

hypothesized to occur via a bimolecular energy transfer mech-
anism in which energy is transferred from a molecule in the
3(M/X)LCT state to another molecule in the GS. From our TC-
SPC measurements, the bimolecular rate constant for this pro-
cess is determined to be 1.43×1011 M−1 s−1. In the minor pathway,
the decay to the GS occurs independently of the concentration of
Cu4I4(py)4, with a rate constant of 2.51 × 108 s−1. Under the ex-
perimental condition of 5 mm used in our TRXL measurements,
the relative contributions of these two transitions, 3(M/X)LCT →
3CC and 3(M/X)LCT → GS, are 74:26. Assuming that the same
ratio applies to the observed apparent time constant of 1.21 ns
from the TRXL measurements, we calculated the rate constants
for each transition. The rate constant for the 3(M/X)LCT → 3CC
transition was determined to be 1.23 ± 0.83 × 1011 m−1

·s−1, while
the rate constant for the 3(M/X)LCT → GS transition was calcu-
lated to be 2.15 × 108 s−1, which corresponds to a time constant of
4.65 ± 2.35 ns. Following the transition to the 3CC state, this state
decays back to the GS with a time constant of 202 ± 37 ns. This
final step represents the complete recovery of the system to its
ground state after photoexcitation. We note that the initial popu-
lation of the two distinct states, 3(M/X)LCT and 3CC, could not be
resolved due to the temporal resolution limit of the current exper-
iment, which is ≈100 ps. To capture this early-stage dynamic pro-
cess, further investigation using TRXL with femtosecond tempo-
ral resolution (fs-TRXL) is necessary. Such measurements would
provide valuable insights into the ultrafast process that govern
the population of these states.

3. Conclusion

By taking advantage of the high sensitivity of TRXL experiments
to the structural details of molecules with heavy atoms, we suc-
cessfully tracked the time-dependent structural changes of metal-

halide cubane clusters triggered by UV excitation, which had not
been previously explored experimentally. Our experiments and
subsequent data analysis elucidated the following insights: i) Ini-
tially, within a time delay of 100 ps, Cu4I4(py)4 populates two dis-
tinct excited states: the 3(M/X)LCT state and the 3CC state. ii) The
system undergoes a transition from the 3(M/X)LCT state to the
3CC state, followed by a recovery of the 3CC state back to the
GS. Notably, the 3CC state exhibited significant structural devi-
ations from the ground state, especially evident in the marked
symmetry reduction characterized by a pronounced tilt between
the upper and lower Cu2I2 layers within the Cu4I4 framework.
Such observations might also be relevant to other cubane-type
metal halide complexes that exhibit the 3CC state. In contrast,
the 3(M/X)LCT did not show significant structural changes com-
pared to the dramatic alterations observed in the 3CC state. These
insights enrich our understanding of cubane-type metal clus-
ter compounds, opening avenues for their potential applications,
including their use as soft secondary building units in metal–
organic frameworks. We believe this study represents a signifi-
cant milestone in the field, as it is the first to experimentally in-
vestigate the detailed structural dynamics of cubane-type metal
complexes following photoexcitation.[38–60]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This work was supported by the Institute for Basic Science (IBS-R033).
The authors thank Norman Kretzschmar and Michael Wulff for their assis-
tance in performing the TRXL experiment. The authors acknowledge the
European Synchrotron Radiation Facility for the provision of synchrotron
radiation facilities. The authors thank the IBS Research Solution Center
for providing access to their computing resources. The authors appreci-
ate Jaedong Kang and Chi Woo Ahn for their assistance in performing the
TRXL experiment, and Jeong Hoon Lee for his assistance with the TCSPC
measurements.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
cubane-type metal cluster, molecular structural dynamics, reaction dynam-
ics, time-resolved X-ray liquidography, time-resolved X-ray solution scat-
tering

Received: November 15, 2024
Revised: January 31, 2025

Published online:

Adv. Sci. 2025, 2414970 2414970 (9 of 10) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202414970 by K

orea A
dvanced Institute O

f, W
iley O

nline L
ibrary on [16/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[1] K. R. Kyle, C. K. Ryu, P. C. Ford, J. A. DiBenedetto, J. Am. Chem. Soc.
1991, 113, 2954.

[2] M. Feliz, R. Llusar, S. Uriel, C. Vicent, E. Coronado, C. J. Gómez-
García, Chem. - Eur. J. 2004, 10, 4308.

[3] D. Tran, J. L. Bourassa, P. C. Ford, Inorg. Chem. 1997, 36, 439.
[4] S. Cho, Y. Jeon, S. Lee, J. Kim, T. H. Kim, Chem. - Eur. J. 2015, 21,

1439.
[5] M. A. Nadeem, M. C. C. Ng, J. van Leusen, P. Kögerler, J. A. Stride,

Chem. - Eur. J. 2020, 26, 7589.
[6] W. Zhang, R.-G. Xiong, S. D. Huang, J. Am. Chem. Soc. 2008, 130,

10468.
[7] A. Karmakar, C. L. Oliver, S. Roy, L. Öhrström, Dalton Trans. 2015, 44,

10156.
[8] L. Zhang, W. Yang, X.-Y. Wu, C.-Z. Lu, W.-Z. Chen, Chem. - Eur. J. 2016,

22, 11283.
[9] Y.-P. Wu, J.-W. Tian, S. Liu, B. Li, J. Zhao, L.-F. Ma, D.-S. Li, Y.-Q. Lan,

X. Bu, Angew. Chem., Int. Ed. 2019, 58, 12185.
[10] C. L. Raston, A. H. White, J. Chem. Soc., Dalton Trans. 1976, 21, 2153.
[11] A. Vogler, H. Kunkely, J. Am. Chem. Soc. 1986, 108, 7211.
[12] M. Vitale, C. K. Ryu, W. E. Palke, P. C. Ford, Inorg. Chem. 1994, 33,

561.
[13] E. Cariati, J. Bourassa, Chem. Commun. 1998, 16, 1623.
[14] F. De Angelis, S. Fantacci, A. Sgamellotti, E. Cariati, R. Ugo, P. C. Ford,

Inorg. Chem. 2006, 45, 10576.
[15] G. Blasse, Chem. Phys. Lett. 1990, 175, 237.
[16] P. C. Ford, A. Vogler, Acc. Chem. Res. 1993, 26, 220.
[17] Q. Kong, J. H. Lee, A. Plech, M. Wulff, H. Ihee, M. H. Koch, Angew.

Chem., Int. Ed. 2008, 47, 5550.
[18] T. B. van Driel, K. S. Kjær, R. W. Hartsock, A. O. Dohn, T. Harlang, M.

Chollet, M. Christensen, W. Gawelda, N. E. Henriksen, J. G. Kim, K.
Haldrup, K. H. Kim, H. Ihee, J. Kim, H. Lemke, Z. Sun, V. Sundström,
W. Zhang, D. Zhu, K. B. Møller, M. M. Nielsen, K. J. Gaffney, Nat.
Commun. 2016, 7, 13678.

[19] C. W. Ahn, H. Ki, J. Kim, J. Kim, S. Park, Y. Lee, K. H. Kim, Q. Kong, J.
Moon, M. N. Pedersen, M. Wulff, H. Ihee, J. Phys. Chem. Lett. 2018,
9, 647.

[20] E. H. Choi, D.-S. Ahn, S. Park, C. Kim, C. W. Ahn, S. Kim, M. Choi, C.
Yang, T. W. Kim, H. Ki, J. Choi, M. N. Pedersen, M. Wulff, J. Kim, H.
Ihee, J. Phys. Chem. Lett. 2019, 10, 1279.

[21] K. Haldrup, G. Levi, E. Biasin, P. Vester, M. G. Laursen, F. Beyer, K. S.
Kjær, T. Brandt van Driel, T. Harlang, A. O. Dohn, R. J. Hartsock, S.
Nelson, J. M. Glownia, H. T. Lemke, M. Christensen, K. J. Gaffney, N.
E. Henriksen, K. B. Møller, M. M. Nielsen, Phys. Rev. Lett. 2019, 122,
063001.

[22] E. H. Choi, J. G. Kim, J. Kim, H. Ki, Y. Lee, S. Lee, K. Yoon, J. Kim, J.
Kim, H. Ihee, Nat. Commun. 2021, 12, 4732.

[23] H. Ki, S. Choi, J. Kim, E. H. Choi, S. Lee, Y. Lee, K. Yoon, C. W. Ahn,
D.-S. Ahn, J. H. Lee, J. Park, I. Eom, M. Kim, S. H. Chun, J. Kim, H.
Ihee, J. Kim, J. Am. Chem. Soc. 2021, 143, 14261.

[24] J. Heo, J. G. Kim, E. H. Choi, H. Ki, D.-S. Ahn, J. Kim, S. Lee, H. Ihee,
Nat. Commun. 2022, 13, 522.

[25] Y. Lee, H. Ki, D. Im, S. Eom, J. Gu, S. Lee, J. Kim, Y. Cha, K. W.
Lee, S. Zerdane, M. Levantino, H. Ihee, J. Am. Chem. Soc. 2023, 145,
23715.

[26] D. Leshchev, A. J. S. Valentine, P. Kim, A. W. Mills, S. Roy, A.
Chakraborty, E. Biasin, K. Haldrup, D. J. Hsu, M. S. Kirschner,
D. Rimmerman, M. Chollet, J. M. Glownia, T. B. van Driel, F. N.

Castellano, X. Li, L. X. Chen, Angew. Chem., Int. Ed. 2023, 62,
e202304615.

[27] D. Jacquemin, B. Mennucci, C. Adamo, Phys. Chem. Chem. Phys.
2011, 13, 16987.

[28] F. Plasser, H. Lischka, J. Chem. Theory Comput. 2012, 8, 2777.
[29] F. Plasser, J. Chem. Phys. 2020, 152, 084108.
[30] H. Ki, J. Gu, Y. Cha, K. W. Lee, H. Ihee, Struct. Dyn. 2023, 10, 034103.
[31] K. R. Kyle, P. C. Ford, J. Am. Chem. Soc. 1989, 111, 5005.
[32] Y. Minenkov, Å. Singstad, G. Occhipinti, V. R. Jensen, Dalton Trans.

2012, 41, 5526.
[33] J. Heo, D. Kim, A. Segalina, H. Ki, D.-S. Ahn, S. Lee, J. Kim, Y. Cha, K.

W. Lee, J. Yang, Nature 2024, 625, 710.
[34] H. Ki, T. W. Kim, J. Moon, J. Kim, Y. Lee, J. Heo, K. H. Kim, Q. Kong,

D. Khakhulin, G. Newby, Chem. Commun. 2022, 58, 7380.
[35] P. K. Mehrotra, R. Hoffmann, Inorg. Chem. 1978, 17, 2187.
[36] Z. Fu, J. Lin, L. Wang, C. Li, W. Yan, T. Wu, Cryst. Growth Des. 2016,

16, 2322.
[37] M. Bi, G. Li, Y. Zou, Z. Shi, S. Feng, Inorg. Chem. 2007, 46, 604.
[38] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.

Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H.
Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko,
R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi,
J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, et al.,
Gaussian 16 Rev. C.01, Gaussian, Inc, Wallingford, CT 2016.

[39] K. S. Kjær, T. B. Van Driel, J. Kehres, K. Haldrup, D. Khakhulin, K.
Bechgaard, M. Cammarata, M. Wulff, T. J. Sørensen, M. M. Nielsen,
Phys. Chem. Chem. Phys. 2013, 15, 15003.

[40] H. Ihee, M. Wulff, J. Kim, S.-I. Adachi, Int. Rev. Phys. Chem. 2010, 29,
453.

[41] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132,
154104.

[42] T. K. Kim, J. H. Lee, M. Wulff, Q. Kong, H. Ihee, ChemPhysChem 2009,
10, 1958.

[43] T. M. Henderson, A. F. Izmaylov, G. Scalmani, G. E. Scuseria, J. Chem.
Phys. 2009, 131, 044108.

[44] J.-D. Chai, M. Head-Gordon, J. Chem. Phys. 2008, 128, 084106.
[45] M. Cammarata, M. Lorenc, T. Kim, J.-H. Lee, Q. Kong, E. Pontecorvo,

M. L. Russo, G. Schiro, A. Cupane, M. Wulff, J. Chem. Phys. 2006, 124,
124504.

[46] F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297.
[47] T. Yanai, D. P. Tew, N. C. Handy, Chem. Phys. Lett. 2004, 393, 51.
[48] K. Refson, Comput. Phys. Commun. 2000, 126, 310.
[49] P. C. Ford, E. Cariati, J. Bourassa, Chem. Rev. 1999, 99, 3625.
[50] C. Adamo, V. Barone, J. Chem. Phys. 1999, 110, 6158.
[51] V. Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995.
[52] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[53] M. Vitale, W. E. Palke, P. C. Ford, J. Phys. Chem. 1992, 96, 8329.
[54] A. K. Rappe, C. J. Casewit, K. S. Colwell, W. A. Goddard, III, W. M.

Skiff, J. Am. Chem. Soc. 1992, 114, 10024.
[55] K. R. Kyle, J. DiBenedetto, P. C. Ford, J. Chem. Soc., Chem. Commun.

1989, 11, 714.
[56] J. E. Loefroth, J. Phys. Chem. 1986, 90, 1160.
[57] W. G. Hoover, Phys. Rev. A 1985, 31, 1695.
[58] S. Nosé, Mol. Phys. 1984, 52, 255.
[59] F. James, M. Roos, Comput. Phys. Commun. 1975, 10, 343.
[60] S. Mai, F. Plasser, J. Dorn, M. Fumanal, C. Daniel, L. González, Coord.

Chem. Rev. 2018, 361, 74.

Adv. Sci. 2025, 2414970 2414970 (10 of 10) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202414970 by K

orea A
dvanced Institute O

f, W
iley O

nline L
ibrary on [16/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com

