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of air-stable chiral Cu(II) chlorides†

Ali Azmy,a Nivarthana W. Y. A. Y. Mudiyanselage,b Kamal E. S. Nassar,a Mike Pham,a

Nourdine Zibouche, c Manh-Huong Phan b and Ioannis Spanopoulos *a

Chiral magnetic metal halide semiconductors (MHSs) have recently emerged as a unique platform of hybrid

materials for state-of-the-art applications, where both chiroptical and magnetic properties are essential.

Motivated by the scarcity of MHS compounds that feature the latter traits and the absence of relevant

structure–property relationships, we present here the synthesis and the optical, electronic, and magnetic

properties of two new polar 0D, Cu(II) based materials, namely (S-/R-THBTD)2CuCl6, where THBTD =

4,5,6,7-tetrahydro-benzothiazole-2,6-diamine. Both enantiomers exhibit direct and indirect optical

bandgap characteristics based on UV-vis and density functional theory (DFT) calculations, while circular

dichroism (CD) measurements confirmed their chiral character. Magnetometry measurements revealed

a notable transition from a paramagnetic to a ferromagnetic-like state at around 4 K, with a low-

temperature saturation magnetization value of up to 9.86 emu g−1, which is among the highest reported

for chiral magnetic MHSs. Notably, (S-/R-THBTD)2CuCl6 maintain their structural integrity and magnetic

and optical properties (based on UV-vis studies) after one year of air exposure, a record stability

performance among chiral magnetic MHSs. This work proves that air-stable MHSs with competitive

chiroptical and magnetic properties can be acquired by properly selecting suitable templating agents,

paving the way for further materials development.
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circularly polarized photoluminescence (CPL), nonlinear
optical (NLO) properties, and the bulk photovoltaic effect
(BPVE).6–8 Combining chirality and magnetism within the same
material gives access to more intricate applications, such as
spin–orbit torque memory devices9 and magneto-optical
modulators.10 Therefore, the development of chiral magnetic
semiconductor materials is greatly sought aer.

To this end, hybrid (organic–inorganic) metal halide semi-
conductors (MHSs) represent a versatile solution for the afore-
mentioned demanding applications. Evidently, by means of
molecular and crystal engineering, it is possible not only to
introduce chirality and magnetism within the same crystal
structure but also to ne-tune the corresponding optoelectronic
andmagnetic properties. Furthermore, MHSs feature a plethora
of traits, such as long spin lifetimes,7 long diffusion lengths,11

high carrier mobility,12 strong spin–orbit coupling (SOC),13 and
large Rashba/Dresselhaus (R/D) splitting,14,15 which are difficult
to be encountered altogether in other classes of fully organic or
inorganic semiconductors.

Incorporating chirality into MHSs can generally be achieved
by utilizing chiral organic molecules as counter cations and
structure-directing agents, giving rise to non-centrosymmetric
structural motifs.16 Moreover, their hybrid nature allows the
use of transition-metal ions, such as Cr(II), Cu(II), Mn(II), Fe(II),
Co(II), and Ni(II), thus promoting the acquisition of chiral, polar
ferromagnetic or ferroelectric MHSs.17–19

Despite the exquisite properties of chiral magnetic transition
metal halides, there are a limited number of materials reported,
evaluating both their magnetic and chiro-optical properties. In
particular, in 2020 Sun et al. reported two copper-based metal
halides, namely (R-MPEA)2CuCl4 and (S-MPEA)2CuCl4 (R-/S-
MPEA = R-/S-(+)-b-methylphenethylammonium), revealing
strong magneto-chiral anisotropy,20 Xue et al. reported a new
layered chiral iron double perovskite with magnetic ordering
with the formula (R-MPA)4AgFeCl8, where R-MPA is R-(+)-b-
methylphenethylammonium21 and Panda et al. reported two
manganese halides based on 1,4-diazabicyclo[2.2.2]octane
(DABCO) with the formula (H2DABCO)MnX4$4H2O (X = Cl and
Br) that crystallized in the P212121 space group and exhibited
the magnetocaloric effect at low temperatures.22 In 2021, Tani-
guchi et al. evaluated the magnetoelectric effect in (R-/S-
MPA)2CuCl4,17 while in 2022, they developed two chiral
manganese chloride enantiomers [R-/S-MPA]2[MnCl4(H2O)]
featuring weak ferromagnetic properties.23 Ai et al. synthesized
a 2D Cr2+-based compound, namely ([DFCBA]2CrCl4], (DFCBA =

3,3-diuor-ocyclobutyslammonium), which exhibited both
ferroelectricity and ferromagnetism,24 while Lu et al. shed light
on the chiroptical and magnetic properties of (R-/S-MBA)3Ru2-
Br9 (MBA = methylbenzylammonium).18

On the road to device assembly and commercialization,25 the
long-term environmental stability of chiral magnetic MHSs is
crucial and must be evaluated. Although there are multiple
reports on the air stability of chiral lead-free MHSs,26 there is
almost a complete absence of information on the air stability of
chiral magnetic MHSs.

Motivated by the above concerns, we report here the
synthesis and chiro-optical and magnetic properties of two new
This journal is © The Royal Society of Chemistry 2024
0D Cu(II) chloride compounds, namely (S-/R-THBTD)2CuCl6
(THBTD = 4,5,6,7-tetrahydro-benzothiazole-2,6-diamine),
which have been air stable for a year so far. Both compounds
crystallize in the triclinic space group P1, diffuse reectance CD
(DRCD) veried the chiral nature of the two structures, while
magnetic studies revealed a transition from the paramagnetic to
a ferromagnetic-like state at ∼4 K, with a low-temperature
saturation magnetization value of up to 9.86 emu g−1, among
the highest reported for chiral magnetic MHSs.

Results and discussion
Synthetic aspects and structural characterization

Green block crystals of (S-/R-THBTD)2CuCl6 (R or S) were
acquired through the reaction of copper(II) chloride with the
chiral ligand in a hot HCl solution. When the concentration of
the organic linker varies from 0.25 M to 0.1 M, the size of the
crystals can be tuned from 30 mm to 0.3 cm (Fig. S1†). Scanning
electron microscopy (SEM) studies revealed the formation of
well-faceted block crystals, while energy dispersive spectroscopy
(EDS) measurements conrmed the atomic ratio between Cu
and Cl to be 1 : 6, consistent with the proposed formula
(Fig. S2†).

Single crystal XRD studies demonstrate that both enantio-
mers are isostructural, crystalizing in the polar triclinic space
group P1 (Table 1). The structure consists of isolated square-
planar [CuCl4]

2− moieties separated and charge-balanced by
two Cl− and two double protonated THBTD ligands (Fig. 1a and
b). Under current synthetic conditions only two of the three
amine groups are protonated, the aliphatic primary amine (R–
NH3) and the aromatic secondary amine (–NH]). The corre-
sponding chiral organic cations feature an antiparallel brick-
wall conguration and are eclipsed along the c-axis, lying at
a distance of 3.2 and 3.6 Å along the c and b-axes, respectively.

Having a closer look at the R analog, we observe that the
corresponding Cu–Cl bond length ranges between 2.245(3) and
2.272(2) Å (Table S3† and Fig. 1c). It is pointed out that these
Cu(II)–Cl bond lengths are consistent with previously reported
0D Cu(II) chlorides, such as (R-/S-MBA)2CuCl4 with values
ranging from 2.234 to 2.262 Å, (R-/S-NEA)2CuCl4 (NEA = a-
naphthylethylamine) featuring bond lengths spanning from
2.2380 to 2.2592 Å and (R-/S-)-(FE)2CuCl4 (FE](4-uorophenyl)
ethylamine) exhibiting Cu–Cl values varying from 2.240 to 2.267
Å, albeit at 100 K.27–30 There is a miniscule asymmetric distor-
tion in [CuCl4]

2− deriving from the deviation of Cl–Cu–Cl angles
from the ideal value of 90° for square planar moieties. Two of
the corresponding bond angles lie slightly below the latter value
(89.02° and 89.97°), while the other two angles lie above it
(90.25° and 91.06°) (Table S4†).

Interestingly, the coordination environment of Cu(II) in (S-/R-
THBTD)2CuCl6 is quite uncommon for 0D Cu(II) halides,
featuring usually a tetrahedral geometry, as in the case of (R/S)-
(MBA)2CuCl4.31 Apparently, for (R-THBTD)2CuCl6 in particular,
the number and magnitude of hydrogen bonds in-plane
strongly impose a square planar coordination geometry. There
are multiple interactions among the hydrogen atoms of the
three amine groups of the ligand, the aliphatic primary amine
J. Mater. Chem. A, 2024, 12, 25730–25739 | 25731
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Table 1 Crystal and structure refinement data for (R-/S-THBTD)2CuCl6 at various temperaturesa

Compound
(R-THBTD)2CuCl6
at 296 K

(S-THBTD)2CuCl6
at 296 K

(S-THBTD)2CuCl6
at 100 K

(S-THBTD)2CuCl6
at 400 K

Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1
Unit cell dimensions a = 7.9289(3) Å,

a = 80.228(2)°
a = 7.9425(8) Å,
a = 80.3380(10)°

a = 7.9251(6) Å,
a = 81.219(2)°

a = 7.9476(10) Å,
a = 79.779(7)°

b = 8.7451(3) Å,
b = 88.9030(10)°

b = 8.6593(8) Å,
b = 88.8210(10)°

b = 8.5677(6) Å,
b = 88.198(2)°

b = 8.8059(12) Å,
b = 89.351(7)°

c = 8.8198(3) Å,
g = 87.605(2)°

c = 8.8291(9) Å,
g = 87.3220(10)°

c = 8.7377(7) Å,
g = 86.916(2)°

c = 8.8600(11) Å,
g = 88.008(7)°

Volume 602.11(4) Å3 597.92(10) Å3 585.32(8) Å3 609.86(14) Å3

Z 1 1 1 1
Independent reections 4308 [Rint = 0.0258] 4339 [Rint = 0.0217] 3970 [Rint = 0.0362] 4245 [Rint = 0.0445]
Completeness to q =

25.242°
99.2% 99.9% 98.3% 99.3%

Renement method Full-matrix least-
squares on F2

Full-matrix least-
squares on F2

Full-matrix
least-squares on F2

Full-matrix
least-squares on F2

Data/restraints/
parameters

4308/3/265 4339/3/265 3970/3/265 4245/3/265

Goodness-of-t 1.014 1.070 1.055 1.056
Final R indices [I > 2s(I)] Robs = 0.0290,

wRobs = 0.0754
Robs = 0.0217,
wRobs = 0.0625

Robs = 0.0240,
wRobs = 0.0615

Robs = 0.0339,
wRobs = 0.0954

R indices [all data] Rall = 0.0327,
wRall = 0.0797

Rall = 0.0227,
wRall = 0.0633

Rall = 0.0241,
wRall = 0.0616

Rall = 0.0432,
wRall = 0.1005

Largest diff. peak and
hole

1.125 and −0.291 e$Å−3 0.380 and −0.256 e$Å−3 0.301 and −0.463 e$Å−3 0.479 and −0.345 e$Å−3

a R = S‖Foj − jFc‖/SjFoj, wR = {S[w(jFoj2 − jFcj2)2]/S[w(jFoj4)]}1/2 and w = 1/[s2(Fo
2) + (0.0247P)2 + 0.3469P], where P = (Fo

2 + 2Fc
2)/3.

Fig. 1 Part of the crystal structure of (R-THBTD)2CuCl6 viewed along the (a) c-axis and (b) b-axis, respectively. (c) Representation of the square
planar geometry of the [CuCl4]

2− moieties along with two representative Cu–Cl bond lengths and one Cl–Cu–Cl angle. (d) The molecular
structures of the chiral ligands S-THBTD and R-THBTD.

25732 | J. Mater. Chem. A, 2024, 12, 25730–25739 This journal is © The Royal Society of Chemistry 2024
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(R–NH3), the aromatic primary amine (R–NH2) and the aromatic
secondary amine (–NH]), and the Cl atoms of the [CuCl4]

2−

moieties. The corresponding bond distances (N–H/Cl) feature
values spanning from 2.39 Å to 2.71 Å, signaling moderate to
strong hydrogen bonding interactions (Fig. S3†). On the other
hand, the out-of-plane hydrogen bonding interactions are much
weaker, spanning from 3.14 to 3.37 Å, thus impacting to a much
smaller extent the coordination geometry of Cu(II) ions.

The absence of symmetry elements dictates a triclinic P1
space group, which prompted us to explore whether there are
underlying structural phase transitions that would li the non-
centrosymmetric nature.32 Evidently, variable-temperature XRD
studies at 100 K and 400 K revealed that the structure maintains
its polar nature, as (S-THBTD)2CuCl6 crystallizes in the P1 space
group in both cases (Table 1). This performance is quite
uncommon for hybrid metal halide materials, which feature
multiple phase transitions within the examined temperature
range (100 K–400 K).33 We observed only a gradual increase in
the unit cell volume due to thermal expansion (from 585.32(8)
Å3 at 100 K to 609.86(14) Å3 at 400 K).

In-house powder X-ray diffraction (PXRD) studies conrmed
the uniform phase purity of the as-made crystals since experi-
mental PXRD patterns and calculated ones from single crystal
XRD studies are identical. Furthermore, (R-/S-THBTD)2CuCl6
have maintained their structural integrity in air for a year so far.
Aer 12 months of air exposure, the experimental PXRD
patterns of the air-treated materials are identical to those of the
freshly made ones (Fig. 2 and S4†). There is no appearance of
additional, unpredicted from the crystal structure diffraction
peaks, indicative of structure degradation. Single crystal XRD
studies of the 1 year air-treated (R-THBTD)2CuCl6 analog
(Tables S17–21†) corroborate the above results. A comparison of
the PXRD patterns for the 1 year air-treated (R-THBTD)2CuCl6
compound with the calculated pattern derived from the corre-
sponding solved single-crystal structure reveals no changes
(Fig. S5†), conrming phase purity. It is pointed out that this is
record air stability performance for chiral magnetic MHSs.30,34

We ascribe this to the 0D nature of the structure, where the
[CuCl4]

2− moieties are shielded from incoming H2O molecules
due to the presence of the bulky, hydrophobic THBTD counter
Fig. 2 (a) Comparison of the PXRD patterns for the as-made (R-/S-TH
solved single-crystal structure. (b) Comparison of the PXRD patterns for t
5%) to the calculated pattern derived from the solved single-crystal stru

This journal is © The Royal Society of Chemistry 2024
cations. In general, hybrid Cu halides exhibit improved air
stability as compared to fully inorganic ones due to the presence
of the organic part of the structure. For example, Rb2CuCl3
degrades within a day in moist air,35 while (R/S-MBA)2CuX4 (X =

Cl, Br) are air-stable for 1 month.30 Degradation products
include the formation of hydrates (e.g., Rb2CuCl4$2H2O).
Therefore, any strategy aiming at enhancing the hydrophobic
nature of the material will improve air/moisture stability.

Thermogravimetric analysis (TGA) revealed that (R-/S-
THBTD)2CuCl6 are thermally stable up to 181 °C. There are two
decomposition steps at ∼181 °C and ∼293 °C (Fig. S6a†). The
rst weight loss (∼35%) corresponds to the decomposition of
the organic part of the structure and HCl, while the second step
(∼65%) is ascribed to the decomposition of the inorganic metal
halide.

The corresponding thermal stability behavior is consistent
with other reported Cu(II) metal halides.22,36,37 Moreover,
differential scanning calorimetry (DSC) measurements support
the absence of phase transitions in the 25–180 °C range, further
corroborating the XRD studies (Fig. S6b†).
DFT studies

In order to elucidate the electronic structure of the new
compounds, rst-principles DFT calculations were performed
(the details of the calculations are given in the ESI†). The opti-
mized structural parameters are in good agreement with the
corresponding experimental values. Specically, for both R/S
systems, the lattice parameters a are slightly elongated with
values of 0.08%/0.12%, whereas the b and c parameters are
shortened by −2.2%/−1.5% and −0.3%/−0.4%, respectively.
Similarly, the angles a are enlarged by 0.7%/1.3%, whereas the
angles b and g are contracted by −1.3%/−1.3% and −1.1%/
−0.6%, for R/S systems, respectively. The calculated Cu–Cl2/Cu–
Cl4 bond lengths, as shown in Fig. 1c, are found to be 2.303 Å/
2.293 Å, respectively, whereas the corresponding angle is found
to be 91.38°.

The systems are shown to exhibit ferromagnetic-like char-
acteristics at low temperatures based on magnetometry studies.
We have calculated the electronic band structures for (R-/S-
THBTD)2CuCl6, in the ferromagnetic state, as plotted in Fig. 3a
BTD)2CuCl6 compounds to the calculated patterns derived from the
he S and (c) R enantiomers after 1 year of air exposure (RH = 35–55% ±

cture.

J. Mater. Chem. A, 2024, 12, 25730–25739 | 25733
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Fig. 3 Calculated band structures of the ferromagnetic phases of (a) (R-THBTD)2CuCl6 (b) and (S-THBTD)2CuCl6 materials, respectively. (c)
Density of states of the (S-THBTD)2CuCl6material, where the insets highlight an enlarged view of the PDOS that contributes to the VBM and CBM
states. The spin-down and spin-up states are represented by a dashed line and a solid line, respectively.
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and b. The highest valence band (VBM) for each system is
slightly dispersed, whereas the lowest conduction band (CBM)
is entirely at, given the 0D nature of these systems. Both
materials exhibit an indirect character for the fundamental
band gap with values of 2.17 and 2.19 eV for (R-THBTD)2CuCl6
and (S-THBTD)2CuCl6, respectively. The corresponding band
gap values feature a small difference of 0.02 eV and are in good
agreement with the measured optical band gaps of the two
materials, as discussed below. The direct transitions of the (R-/
S-THBTD)2CuCl6 materials are found at the Y points of the
Brillouin zone with values of 2.18 and 2.20 eV, for the R and S
analogs, respectively, as shown in Fig. 3. Direct bandgap values
lie at slightly higher energy than the indirect ones, closely
matching the experimental trend from Tauc plot analysis (see
the next section). It is pointed out that direct transitions from
the highest valence band to the lowest conduction band may
also occur in different regions of the Brillouin zone due to the
atness of the bands. The density of states (DOS) plotted in
Fig. 4 (a) Comparison of normalized absorbance spectra for (R-THBTD
transitions. (b) DRCD spectra for the (R-THBTD)2CuCl6 and (S-THBTD)2C

25734 | J. Mater. Chem. A, 2024, 12, 25730–25739
Fig. 3c for the (S-THBTD)2CuCl6 system exhibits a sharp peak
structure due to the zero dimensionality of the system. The
partial density of states (PDOS) (and the band structures) show
that both the spin-up and spin-down states contribute to the
VBM, which is mainly dominated by the hybridization of the p
orbitals of the C, N, and S atoms composing the organic
molecule, whereas only the spin-down states contribute to the
CBM that is primarily composed of the d and p orbitals of Cu
and Cl elements.
Optical properties

Utilization of the Kubelka–Munk equation (see the ESI†)
allowed the determination of the optical absorbance from UV-
vis diffuse reectance studies (Fig. S7†). The absorption spectra
of (R-/S-THBTD)2CuCl6 display three major peaks, a narrow one
at ∼285 nm which is associated with the p / p* transition of
THBTD (Fig. S8†), a broad one at∼390 nmwhich is attributed to
)2CuCl6 and (S-THBTD)2CuCl6 along with the corresponding assigned
uCl6 materials verifying their chiral nature.

This journal is © The Royal Society of Chemistry 2024
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the Cl to metal charge transfer (LMCT) and a broader vis-NIR at
∼752 nm which can be attributed to Laporte forbidden Cu(II) d–
d transitions (Fig. 4a).28,31,38,39 Tauc plot analysis reveals both
direct and indirect bandgaps associated with CT transitions.
Apparently, for the indirect transition (Fig. S9c and d†), the
corresponding bandgap values are 2.21 and 2.18 eV for the S
and R analogs, while for the direct transition, the determined
values are 2.53 and 2.50 eV for the S and R analogs, respectively
(Fig. S9a and b†). The latter trend is consistent with the DFT
band structure calculations. Prominently, both enantiomers
show only miniscule changes in their optical absorption spectra
aer 1 year of air exposure, showcasing the robustness of the
optical properties (Fig. S10†). The corresponding differences
can be explained by examining closely the single crystal struc-
ture of the 1 year air-treated (R-/S-THBTD)2CuCl6 sample to the
freshly prepared one. Apparently, the only noticeable difference
is a slight elongation of the Cu–Cl bond lengths for the air-
treated sample (see Table S22†), expanding from 2.247(2) and
2.272(2) Å to 2.2531(14) and 2.2761(17) Å for the fresh and air
treated ones, respectively. This difference is potentially
responsible for the minuscule shi in the corresponding LMCT
peak in the UV-vis spectrum (Fig. S10a†) to higher energy values
(from 2.88 eV to 2.93 eV), derived from the reduction in the Cu–
Cl orbital overlap due to the bond elongation. In the same
regard, the decrease in the relative intensity for the d–d transi-
tions (1.65 eV) for the air-treated samples compared to the fresh
ones is also ascribed to the increase in the distance of the Cl
ligand from the metal center, thus inducing a decrease in the d–
d transition probability.
Fig. 5 Temperature-dependent magnetic susceptibility (c) and inverse 1/
THBTD)2CuCl6; Curie–Weiss fit (red line) within the range of 20–100 K

This journal is © The Royal Society of Chemistry 2024
Diffuse reectance CD (DRCD) measurements on the as-
made powder samples of (S-/R-THBTD)2CuCl6 reveal mirrored
CD signals, conrming the non-centrosymmetric nature of the
materials. The CD spectra of the two enantiomers feature
multiple peaks at ∼660, 470, and 360 nm, which are correlated
to the CT and d–d transitions of the absorbance spectra.
Completely different CD spectra for the hybrid semiconductors
versus the chiral molecules S-THBTD and R-THBTD indicate
that the corresponding CD signals do not derive from the states
of the chiral organic cations.40 For determining the anisotropy
factor (gCD), the following equation was utilized:

g
CDjabsj¼

CDðmdegÞ
32980� A

where A is the conventional absorbance of non-polarized light
and CD is the differential absorbance of le and right circularly
polarized lights, respectively. The maximum anisotropy factor
of (S-THBTD)2CuCl6 and (R-THBTD)2CuCl6 turned out to be 6.8
× 10−4 and 2.8 × 10−4 at 478 nm and 471 nm, respectively.
These values are one order of magnitude lower than those of 0D
(R-/S-1,2-NEA)2CuCl4, and three orders of magnitude lower than
those of 0D (R-MBA)2CuCl4 and (R-/S-1,1-NEA)2CuCl4.31,41

Magnetic properties

To characterize the magnetic properties of the samples, we
evaluated the temperature-dependent magnetic susceptibility
(c). In Fig. 5a and c, the observed c increases with decreasing
temperature under a 0.1 T static magnetic eld, as thermal
uctuations become less potent. It is worth noticing that c
c under a 0.1 T static magnetic field of (a) (S-THBTD)2CuCl6 and (c) (R-
for (b) (S-THBTD)2CuCl6 and (d) (R-THBTD)2CuCl6, respectively.
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increases sharply at temperatures below 6 K. This might imply
that the material undergoes a transition from the paramagnetic
(PM) to a ferromagnetic (FM)-like state below 6 K. The Curie–
Weiss equation (shown in Fig. 5b and d), capturing the
magnetic susceptibility of a material in the paramagnetic
region, was utilized to t the experimental data for the
temperature-dependent inverse susceptibility (Fig. 5a and c). As
shown in Fig. 5b and d, the tting focused on the temperature
range of 20 K to 100 K, revealing a linear behavior of c with
respect to change in temperature. It is noticed here that we have
found a negligible effect of diamagnetic correction from ligands
present in the samples on the t of the temperature-dependent
susceptibility data.

The Curie–Weiss temperatures (qCW) serve as approximate
indicators of the strength of magnetic correlations between
magnetic ions, with higher qCW values suggesting stronger
magnetic correlations. The positive sign of qCW implies FM
interactions, while its negative sign refers to antiferromagnetic
(AFM) interactions at T < qCW. The qCW values obtained from the
tting results (Fig. 5b and d) for (S-THBTD)2CuCl6 and (R-
THBTD)2CuCl6 are 3.59 K and 3.65 K, respectively. The positive
values of qCW seem to suggest the existence of FM-like couplings
at T < qCW. From the obtained t parameters (Curie constant
values, C = 5.62 × 10−4 emu K Oe−1 g−1 for (S-THBTD)2CuCl6
and C= 6.44 × 10−4 emu K Oe−1 g−1 for (R-THBTD)2CuCl6), the
effective magnetic moment (meff) values are also calculated to be
1.67 mB and 1.78 mB for (S-THBTD)2CuCl6 and (R-THBTD)2CuCl6,

respectively, using the relationship: meff ¼
ffiffiffiffiffiffi
8C

p
mB in cgs, where

mB is the Bohr magneton.
We note that while the c−1(T) curve may not distinctly

deviate from linearity due to the onset of FM-like ordering at low
temperatures, the combination of the c−1(T) t and eld-
dependent magnetization data suggests a deviation from
purely paramagnetic behavior. Fig. 6a and b and 7a and
b display the magnetic eld-dependent magnetization (M–H)
curves of the two samples at different temperatures. Notably,
the M−H loops for temperatures below 6 K exhibit a subtle
Fig. 6 The M−H data taken at 2.3 K for (a) (R-THBTD)2CuCl6 and (b) (S-T
S = 1/2 (g = 2.0 and T = 2.3 K).

25736 | J. Mater. Chem. A, 2024, 12, 25730–25739
alteration in shape, deviating from a typical paramagnetic
behavior observed at higher temperatures for both samples
(Fig. 6a and b). A similar behavior has recently been reported for
(R)-(FE)2CuCl4-(1D).27 This suggests that as the applied external
magnetic eld increases, magnetic moments become more
aligned with the magnetic eld, giving rise to the total magnetic
moment for both samples. A saturation trend in magnetization
with respect to the magnetic eld observed at low temperatures
(<4 K) is of particular interest, as it might give hints at the
occurrence of the PM–FM transition and the existence of
structurally driven spin chirality in the presently investigated
MHSs.

Following the method adopted in previous studies,42,43 we
have treated this weak ferromagnetism akin to ideal para-
magnetism to estimate the saturation magnetization of our
samples. Thus, the magnetic response at low temperatures (e.g.,
M−H at 2.3 K) can be modeled using the Brillouin function
within the context of equations describing ferromagnetic
ordering:

M ¼ NgJJmB

�
2J þ 1

2J
coth

�
2J þ 1

2J
y

�
� 1

2J
coth

� y

2J

��

where y ¼ gJ JmBH
kBT

;

H = Happ + Hmol (Happ is the applied magnetic eld and Hmol

is the Weiss molecular magnetic eld); N ¼ Ms

gJmB
, where Ms is

the saturation magnetization; gJ is the Lande’ g-factor. It is
evident in Fig. 6 that for both samples, the experimental data
diverge from the Brillouin function t anticipated for S = 1/2,
indicating non-paramagnetic behavior at low temperatures
(e.g., 2.3 K). The experimentally determined magnetic moment
exceeds that derived from the Brillouin function t, suggesting
FM-like behavior in the samples at low temperatures. A similar
phenomenon has been observed in cyclic dimer Ln2L2
complexes constructed from (3-pyridinylmethoxy)phenyl-
substituted nitronyl nitroxide ligands, where the magnetic
HBTD)2CuCl6. The solid line (black) represents the Brillouin function for

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Magnetic-field dependentmagnetization (M−H) curves of (a) (S-THBTD)2CuCl6 and (b) (R-THBTD)2CuCl6 in a temperature range from 2.3
to 300 K; the 2D surface plots of change in magnetic moment with field and temperature for (c) (S-THBTD)2CuCl6 and (d) (R-THBTD)2CuCl6 for
field changes up to 9 T and temperatures below 10 K.
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moment value derived from the Brillouin function t exceeds
the experimental value, suggesting the presence of
antiferromagnetic-like behavior.43

The low-temperature FM-like behavior of (S-THBTD)2CuCl6
and (R-THBTD)2CuCl6 has been further conrmed by the
observation of a small magnetic hysteresis in the M−H curve at
low temperature (e.g., 2.5 K), as shown in Fig. S12.† We have
determined the coercive eld (Hc) values from M−H measure-
ments at temperatures below 6 K for (S-THBTD)2CuCl6. Our
ndings indicate a decrease inHc from 2.4 mT at 2.5 K to 2.2 mT
at 4 K, approaching 0 mT at 5 K, considering the uncertainty of
the PPMS measurement. This observed trend in Hc(T)
strengthens our assertion that the material displays FM-like
ordering at low temperatures.

From the M−H data, we also nd that (R-THBTD)2CuCl6
possesses a greater magnetic moment (z9.86 emu g−1) (at m0H
= 9 T and at 2.3 K) as compared to (S-THBTD)2CuCl6 (z8.57
emu g−1) (at m0H = 9 T and at 2.3 K). This is in good agreement
with that obtained from the meff calculations. These values
correlate well to other Cu(II) based MHSs, such as (3ampy)CuCl4
with 17.17 emu g−1,44 (R-/S-MPEA)2CuCl4 with 12.5 emu g−1,20

and (R-/S-)-(FE)2CuCl4 with 9.33 emu g−1.27

To capture the interplay of magnetization, magnetic eld
and temperature, two-dimensional (2D) surface plots are dis-
played in Fig. 7c and d. Cool colors denote lower magnetic
moment values, while warm colors signify higher values. It can
This journal is © The Royal Society of Chemistry 2024
be seen that at the measured lowest temperature (2.3 K), the
magnetic eld at which the magnetization changes its slope is
around 4 T for (S-THBTD)2CuCl6 (Fig. 7c), while it is consider-
ably smaller, around 3 T, for (R-THBTD)2CuCl6 (Fig. 7d). This
might suggest some correlation between the structure and
magnetism in the MHS systems. Nevertheless, further studies
are needed to conrm this in a concrete way.

To demonstrate that 1 year of air exposure had no impact on
the magnetic properties of (R-THBTD)2CuCl6, magnetic eld-
dependent magnetization (M−H) studies were performed,
revealing no change for the air-treated sample compared to the
fresh one (Fig. S13† and 7b). The corresponding magnetic
moment for the 1 year air-treated sample is 9.67 emu g−1 (at m0H
= 9 T and 2.3 K), which correlates pretty well to the fresh
sample's value of 9.86 emu g−1 (at m0H = 9 T and 2.3 K), vali-
dating the integrity of the magnetic properties.

Conclusions

Considering the importance of developing chiral magnetic MHSs
and elucidating the underlying structure–property relationships,
we synthesized two new polar 0D materials, namely (S-/R-
THBTD)2CuCl6, and characterized their properties. Cu(II) cations
feature an uncommon characteristic for MHSs, square planar
geometry, imposed by multiple hydrogen bonds in-plane, while
the structuremaintains its non-centrosymmetric nature from 100
to 400 K based on single crystal XRD studies. Both analogs have
J. Mater. Chem. A, 2024, 12, 25730–25739 | 25737
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retained their structural integrity and magnetic and optical
properties for a year so far, based on XRD,magnetometry and UV-
vis studies, a record performance among chiral magnetic MHSs.
DRCD measurements conrmed the chiral character of the two
enantiomers, while magnetization studies revealed a saturation
magnetization value of up to 9.86 emu g−1 at low temperatures
(e.g., 2.3 K), among the highest reported for chiral magnetic
MHSs. Our work demonstrates the versatility and immense
potential of MHSs for demanding applications, where chirality,
magnetism and stability are interwoven.
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