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The irreversible transformation of ETPCuCl, into ETPCuCl;
achieves functional switching from second harmonic generation to
magnetism through an oxidation-induced phase transformation
strategy, which not only offers a new approach to the design of
novel multifunctional materials, but also guides applications in
optical and spintronic devices.

Phase transformation is essentially a process of structural per-
formance synergy changes between different phases caused by
external environmental influences, such as temperature,
solvent atmosphere, light, pressure, electric field, chemical
environment, pH regulation, selective solvent induction, and
chiral ligand induction. Among these, oxidation-induced
phase transformation (OIPT), as a typical chemically driven
phase transformation process, is an irreversible process
between different valence states of metals,' including Cu® —
cu*’, Ti*" - Ti'", sn** - sn*, V" - V*', Mn*" —» Mn",
etc.,>”® which amplifies the small electronic structure changes
of atoms into changes in crystal symmetry, dimensional
characteristics, and material properties. The phase transform-
ation of materials is also a method for preparing new sub-
stances to achieve a wider range of applications, and it has
become a research hotspot in fields such as light-emitting
devices, sensors,”® information storage,'®"* catalysis,"*'** bio-
medicine, energy conversion, and gas storage. Organic-in-
organic hybrid metal halides are a type of functional material
formed by the coordination or ionic bonding of metal halide
anion frameworks with organic/inorganic cations, possessing
a diversity of metal valence states and a wide range of struc-
tures, which are an ideal platform for investigating phase
transformations.’>'® Compared to other organic-inorganic
hybrid metal halides, the advantages of copper-based hybrid
materials lie in their excellent cost-effectiveness and sustain-
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ability, combined with their unique chemical properties, such
as variable valence state, flexible coordination, catalytic per-
formance, and efficient luminous ability. Moreover, copper-
based hybrid materials serve as an ideal model system for elu-
cidating the fundamental mechanisms of OIPT due to their
unique multi-valent coordination characteristics (Cu*/Cu*").
For example, the Cu" — Cu** valence transition readily occurs
in an oxidizing environment, which can alter the symmetry of
the coordination polyhedron through changes in the Cu-O
bond length and drive the crystal to undergo structural recon-
struction from a low-dimensional chain-like structure (e.g.,
[Cul,],,) to a three-dimensional open framework structure (e.g:,
Cu-MOF-74). In copper() based organic-inorganic hybrid
materials, the d'® closed-shell electron configuration of Cu®
confers non-centrosymmetric bonding characteristics (linear/
tetrahedral coordination), conferring unique advantages in
second harmonic generation."””™ Owing to the Jahn-Teller
effect-induced octahedral structural distortion,?*** the d° con-
figuration of Cu®" is capable of altering the crystal lattice sym-
metry of copper(n) based organic-inorganic hybrid materials
to induce tunable absorption in the near-infrared region
through d-d transition pathways and activate single-ion mag-
netic anisotropy. Interestingly, the accompanying magnetic
ground state transition during this process is particularly
important. The pristine Cu’ system exhibits diamagnetism
due to its d'° unmagnetized state. In contrast, oxidized Cu>*
forms long-range antiferromagnetic order through super-
exchange interactions involving its unpaired electrons, enhan-
cing magnetic anisotropy,”® thereby providing a design foun-
dation for spin valve devices. Therefore, utilizing changes in
the valence of metal ions to achieve significant structural and
performance changes in copper-based organic-inorganic
hybrid materials has certain practical significance. Here, bulk
ETPCuCl, (ETP=C,,H,,P) and ETPCuCl; single crystals were
grown by the slow evaporation method, and their OIPT process
was discovered for the first time. The structure of the material
changes from non-centrosymmetric to centrosymmetric,
accompanied by a shift in performance from frequency dou-
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bling to magnetism. Furthermore, the in-depth exploration of
structure-property correlations for ETPCuCl, and ETPCuCl;
crystals induced by oxidation could not only provide a theore-
tical framework for designing phase-change materials, but
also lay the foundation for the development of next-generation
multifunctional magnetic materials.

The crystal growth strategy is shown in Scheme 1. The start-
ing materials were ETPCl and CuCl mixed in a 1:1 molar
ratio, which were reacted in an appropriate amount of HCl-
H;3PO, mixed solvent. Using the slow evaporation method, two
organic-inorganic hybrid halide crystals were grown:
ETPCuCl, (colorless and transparent plate-like crystals, Fig. 1a)
and ETPCuCl; (black bulk crystals, Fig. 1b). Notably, ETPCuCl,
single crystals underwent oxidation when exposed to air in the
mother liquor for approximately 3 days. The mother liquor
changed from colorless and transparent to green and transpar-
ent and eventually turned into a black solution (Fig. S1, SI).
This process indicated the gradual oxidation of Cu® to Cu**
until complete oxidation, and the ETPCuCl; crystals were
obtained, as shown in Fig. 1b and Fig. S2 (SI).

Oxidation-induced phase transformation is essentially a
redox reaction where the oxidation states of certain elements
within crystals change. These alterations in oxidation states
lead to shifts in bond lengths and angles within the crystalline
materials, thereby affecting their crystal structure. In the
process of ETPCuCl, — ETPCuCl;, the core reaction equation
of oxidation-reduction is Cu” — Cu®" + e”. This process
requires a suitable oxidizing reagent to accept the electron.
This reaction is conducted in an acidic environment, which
can facilitate the progression. In the experiment, the Cu(u)
form is more stable under acidic conditions, preventing its
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Scheme 1 Synthesis route to ETPCuCl, and ETPCuCls by the reaction
of ETPCl and CuCl raw materials.
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Fig. 1 Photographs, structures, and PXRD of ETPCuCl, and ETPCuCls
crystals. Photographs of ETPCuCl, (a) and ETPCuCls (b) crystals; crystal
structures of ETPCuCl; (c) and ETPCuCl; (d); (e) PXRD and SCXRD dia-
grams of ETPCuCl; and ETPCuCls.
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hydrolysis into other precipitates. The oxidation process is not
merely “in situ” oxidation, and it can cause the original
cuprous-based crystal framework to fracture and reorganize,
forming a new copper-based framework. At room temperature,
the crystal structures of ETPCuCl, and ETPCuCl; were deter-
mined through single-crystal X-ray diffraction (SCXRD).
ETPCuCl, crystals are found to belong to the monoclinic
crystal system, with the space group P2; (no. 4), exhibiting a
non-centrally symmetric structure. ETPCuCl; belongs to the
monoclinic crystal system, with the space group C2/c (no. 15),
exhibiting a centrosymmetric structure, as shown in Table S1
(SI). Detailed bond length and angle data are presented in
Tables S2 and S3 (SI). Surprisingly, XRD results indicate that
atoms in ETPCuCl, crystals form a metal halide chain struc-
ture, resulting in a non-centrosymmetric arrangement. In con-
trast, the peak of the ETPCuCl; single crystal generated by
Cu** oxidation crystallization shifts to the right as a whole
without obvious splitting, which corresponds to the phenom-
enon of lattice distortion. This transformation originates from
the Jahn-Teller effect, wherein asymmetric electron distri-
bution induces crystal field distortion. This distortion influ-
ences the magnetic properties of copper ions, manifesting
magnetic behavior in this structure.*” Concurrently, Cu atoms
coordinate with any four Cl atoms, forming polyhedral struc-
tural units. As shown in Fig. 1c and d, the inorganic compo-
sition of ETPCuCl, single crystals changes before and after the
phase transformation. The coordination number of copper
atoms shifts from 2 to 4, leading to abrupt changes in lattice
parameters, bond lengths, and bond angles compared to
ETPCuCl,.”*?" In Fig. 1e, powder X-ray diffraction (PXRD) pat-
terns of ETPCuCl, and ETPCuCl; agree well with the single-
crystal X-ray diffraction (SCXRD) patterns. To qualitatively
analyze the chemical state of ETPCuCl, and ETPCuCl; crystal
materials, XPS measurements were performed on both crys-
tals. The test results are shown in Fig. S3 (SI). All XPS test
results were calibrated based on C 1s (284.8 eV). Especially,
the XPS spectrum of the Cu 2p binding energy for the
ETPCuCl, single crystal exhibits a doublet, as shown in
Fig. S3b, with peaks at 952 eV (2p;,,) and 932 eV (2ps,), and a
splitting energy of 20 eV. It should be noted that the binding
energy of Cu®" in the Cu 2p region typically lies around 935 €V,
but no peak at this position is present in the Cu 2p spectrum,
indicating the absence of Cu®" in the sample. In the full XPS
spectra of ETPCuCl;, the presence of Cu®" in the material is
clearly evident, as shown in Fig. S3g (SI). Although the main
XPS peak position of Cu** in Cu 2p region is similar to that of
Cu', it typically exhibits a distinct peak in the 935 eV-940 eV
range, which is used to distinguish between the two valence
states. As shown in Fig. S3b (SI), a distinct peak is observed
near 937 eV, confirming the presence of Cu**. Comparing the
XPS spectra reveals that when the ETPCuCl, sample is exposed
to air, Cu' is easily oxidized, with all Cu" being oxidized to
Cu**. The bond valence sum (BVS) calculations indicate that
the valence states of Cu (1.18) in ETPCuCl, and Cu (2.04) in
ETPCuCl; are near +1 and +2, respectively. The details of BVS
calculations are shown in Table S4 (SI).
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Based on the aforementioned research, we conducted an in-
depth study of the optical properties and band gap of the
material before and after the phase transformation. The elec-
tronic properties of ETPCuCl, and ETPCuCl; were calculated
using density functional theory (DFT). The UV-vis spectra
results are shown in Fig. 2a and d. ETPCuCl, exhibits an
optical bandgap of 3.35 eV, while the optical bandgap of
ETPCuCl; is 2.09 eV. In DFT calculations, as shown in Fig. 2b
and e, ETPCuCl, has a direct bandgap of 2.23 eV, with the
valence band maximum (VBM) and conduction band
minimum (CBM) both located at the Z point. In contrast,
ETPCuCl; has an indirect bandgap of 0.36 eV, with the VBM at
the I" point and the CBM at the Z point. This indicates that the
band gap decreases after the phase transformation, and the
two systems align well. Additionally, we calculated the pro-
jected density of states (PDOS) plots for all studied systems
and selected key components from the plots. Fig. 2c and f
show that the VBM of ETPCuCl, is primarily composed of Cu
3d and ClI 3p atomic orbitals, while the CBM is primarily com-
posed of C 2p atomic orbitals. Especially, C 2p represents the
whole organic cation (ETP). In contrast, the valence band
maximum (VBM) of ETPCuCl; is primarily composed of spin-
up Cl 3p and Cu 3d atomic orbitals, while the conduction
band minimum (CBM) is primarily composed of spin-down Cl
3p and Cu 3d atomic orbitals.

Since second harmonic generation (SHG) is a typical non-
linear optical characteristic, its essence relies on the non-
centrosymmetric structure within the whole material.>*** This
structure effectively breaks the spatial inversion symmetry,
thereby achieving frequency multiplication efficiency. Based
on the unique non-centrosymmetric structural characteristics
of ETPCuCl, crystals, experimental investigations into their
second-order nonlinear optical (NLO) properties were per-
formed. During the experiment, potassium dihydrogen phos-
phate (KDP) polycrystals were selected as the reference stan-
dard for SHG signal intensity. The measurement results in
Fig. 3a indicate that the SHG intensity stabilizes at approxi-
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Fig. 2 (a) UV-visible diffuse reflectance spectra of ETPCuCl,; (d) UV-
visible diffuse reflectance spectra of ETPCuCls; (b) DFT energy band
structure of ETPCuCl,; (e) DFT energy band structure of ETPCuCls; (c)
PDOS map of ETPCuCly; (f) PDOS map of ETPCuCls.
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Fig. 3 (a) SHG signal of ETPCuCl, on the reference KDP with the same
particle size; (b) comparison of SHG signals between ETPCuCl, and the
standard material KDP with the same particle size; (c) ESR data of
ETPCuCls; (d) VSM data of ETPCuCls.

mately 0.6 times that of KDP. This result clearly demonstrates
the significant second-harmonic generation effect exhibited by
this crystal material, confirming its promising application in
the field of nonlinear optics. Furthermore, since SHG effect in
powder samples primarily depends on particle size, the
ETPCuCl, crystal samples were ground and screened to obtain
five distinct powder particle size ranges of 40-80, 80-100,
100-180, 180-280, and 280-460 pm. As shown in Fig. 3b, the
SHG intensity exhibits an increasing trend with growing par-
ticle size. When the particle size reaches approximately
280 pm, the SHG signal intensity gradually approaches satur-
ation. This behavior fully aligns with type I phase matching
(PM) characteristics. In-depth analysis shows that the second
harmonic generation effect of the ETPCuCl, crystal is attribu-
ted to the internal lattice distortion and the synergy between
organic ligands and metal ions. These factors collectively con-
tribute to the formation of the crystal’s overall non-centro-
symmetric structure. Traditionally, second-order nonlinear
optical (NLO) and magnetic properties have been jointly deter-
mined using distinct ion/ligand designs, crystal symmetries,
and electronic configurations, respectively. These two pro-
perties were considered mutually independent and mutually
exclusive (strong NLO requires non-centrosymmetric crystal
structures and d°/d'® closed-shell electronic configurations,
while magnetic properties demand open-shell electronic con-
figurations and spin order). In this study, however, the oxi-
dation of Cu* to Cu®" induces a significant change in elemen-
tal valence states, leading to a transformation in the crystal
material’s properties and enabling a switch from second har-
monic generation to magnetism.

The magnetic properties of crystalline materials primarily
originate from the motion of electrons within atoms.
According to quantum mechanics, this motion manifests in
two forms: first, the orbital motion of electrons around the
nucleus, generating orbital magnetic moments; second, the

This journal is © The Royal Society of Chemistry 2025
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intrinsic spin motion of electrons, producing spin magnetic
moments. Within the atomic system, these two components
collectively form the total magnetic moment of the atom. At
the macroscopic level of crystalline materials, magnetic pro-
perties depend on the collective ordered arrangement of
atomic magnetic moments through mechanisms such as inter-
actions. Among these, exchange interaction—a quantum
mechanical force causes the magnetic moments of neighbor-
ing atoms to align either parallel (ferromagnetism) or antipar-
allel (antiferromagnetism), endowing materials with diverse
magnetic behaviors. To elucidate the aforementioned prin-
ciple, the oxidation-induced phase transition of a class of
copper-based materials was studied. For instance, oxidation
serves as a significant external stimulus capable of triggering
pronounced phase transformations within crystalline
materials. This primarily manifests as a structural transition
from non-centrosymmetric to centrosymmetric crystal struc-
tures. Such a shift in symmetry directly induces a transition in
material properties from second-order nonlinearity to mag-
netic characteristics. During this phase transformation, the
fundamental cause of magnetism lies in the oxidation of Cu"
to Cu®*.*® At this time, the crystal structure changes to a
centrosymmetric structure. This oxidation process creates mag-
netic moment carriers possessing unpaired electrons (S = 1/2
or —1/2). For copper ions, the electronic configuration of the
Cu”" ion is 3d°, with one unpaired electron residing in its 3d
orbital. The presence of this electron constitutes the essential
condition for the material to exhibit magnetism.>”*®

To investigate the magnetic properties exhibited by
ETPCuCl; crystals, this study systematically examined the regu-
latory effect of copper ion localization changes induced by oxi-
dation on magnetic behavior. This was achieved through a
combined approach utilizing electron paramagnetic resonance
(EPR) and vibrating sample magnetometer (VSM)
methods.”** In the EPR measurements, the prominent reso-
nance absorption peak observed in the spectrum (Fig. 3c)
revealed a g-factor of 2.16 for the divalent copper crystal
material. This value significantly deviates from the g-factor of
free electrons (2.0023), directly indicating that the 3d orbital
electrons of copper ions are strongly influenced by surround-
ing ligands. Further analysis suggests that this deviation likely
stems from the crystal field effect. Specifically, copper ions
interact with surrounding non-magnetic ligands (e.g., chloride
ions), causing splitting of the 3d electronic levels and forming
orbitals with distinct energies. From an electronic structure
perspective, the Cu®” ion possesses a 3d° configuration with
one unpaired electron (spin S = 1/2 or —1/2). The crystal field
effect further splits the 3d orbitals into ey (dy.—y2, d;2) and ty,
(dxy di, dy) orbitals. Among these, the d,._,. orbital energy
increases due to the Jahn-Teller distortion, with the unpaired
electron predominantly occupying this orbital to form an
axially oriented spin state. This behaviour is consistent with
the deviation of the experimental value g = 2.16. The single-
peak characteristic of the electron paramagnetic resonance
spectrum further indicates that Cu®" ions within the crystal
occupy a uniformly coordinated environment. Its spin-orbital

This journal is © The Royal Society of Chemistry 2025
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coupling is mediated by the coordination field, resulting in an
isotropic electron paramagnetic resonance signal. This aligns
with the characteristics of a layered perovskite structure, where
Cu** ions exhibit a regular in-layer arrangement.

Additionally, VSM test results serve as a crucial method for
characterizing a material’s magnetic properties, providing an
intuitive reflection of the material’s magnetization strength
(M) under an external magnetic field (H). As clearly shown in
the results of Fig. 3d, the divalent copper crystal material exhi-
bits a good linear magnetization response relationship under
an applied magnetic field, with no hysteresis phenomena
(such as remanence or coercivity), consistent with the para-
magnetic behaviour. This phenomenon originates from the
magnetic moments of Cu®>" ions exhibiting antiferromagnetic
coupling within the crystal structure. Specifically, when the
bond angle approaches 90°, Cu** and Cl~ form a Cu-Cl-Cu
bridging structure. The super-exchange interaction mediated
by the non-magnetic Cl™ ligand is typically weak and antiferro-
magnetic, arising from insufficient orbital overlap.®® At the
measurement temperature, thermal kinetic energy overcomes
the weak intra-layer antiferromagnetic coupling, preventing
the formation of long-range magnetic order. Consequently, the
system exhibits a paramagnetic linear magnetisation response
rather than ferromagnetic or antiferromagnetic behaviour with
hysteresis characteristics.”® Furthermore, the spatial isolation
effect of interlayer organic cations further weakens interlayer
magnetic interactions, confining these interactions within the
two-dimensional layers. This effectively suppresses the for-
mation of long-range magnetic order. This confirms that
under the test conditions, Cu** in ETPCuCl; crystals exhibits
paramagnetic behaviour, rather than ordered magnetic states,
such as ferromagnetism or antiferromagnetism, which possess
hysteresis characteristics.>>>®

This result elucidates the regulation of “valence-structure-
function” in copper-based OIPT through analysis of the
ETPCuCl, to ETPCuCl; oxidation phase transformations. Its core
lies in the valence transition from Cu* (d'°) to Cu®* (d°). This fun-
damental electronic change not only generates apparent magnet-
ism due to the presence of unpaired electrons, but also drives
crystal structural reconstruction. Subsequently, through super-
exchange interactions, it enables a functional switch from non-
linear optics to magnetism. This mechanism is clearly elucidated
in copper-based systems: modulating d-orbital electrons via
valence state changes to achieve macroscopic properties. Similar
valence control principles are observed in other metallic systems
(e.g., Ni**/Ni**, Ti**/Ti*, Sn**/Sn*"),>?” indicating that oxi-
dation-induced valence transitions represent a universal strategy
for optimizing functional material properties.

In summary, we successfully synthesized ETPCuCl, single
crystals via the slow evaporation method and observed for the
first time their oxidation-induced crystal phase transformation
behavior. The core issue of this process lies in the valence
state transformation of cuprous cations (Cu') in ETPCuCl,
being oxidized into copper ions (Cu®*), which directly triggers
the reconstruction of the centrosymmetric crystal structure of
ETPCuCl;. Moreover, this process facilitates a remarkable
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functional transition in the material, shifting from second har-
monic generation response to magnetic properties. This work
not only reveals the intrinsic “valence-structure-property” cor-
relation mechanism underlying oxidation-induced phase
transformations, enriching the design theory of multifunc-
tional materials, but also lays a crucial foundation for develop-
ing a new generation of magnetic materials with switchable
functionalities.
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