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ABSTRACT. The metalomesogenic compounds exhibit captivating optical, magnetic, and electrical characteristics
makes promising candidates for diverse applications in the fields of display devices, sensors, and molecular
electronics. In this study, we focused on synthesizing the dark-purple powder of metallomesogen
[Cu(Cy)(L):](X)2.2H,0, where Cy represents cyclam (1,4,8,11-tetraazacyclotetradecane), X is 4-BrC¢H4COO-, and
L is 4-Hexadecyloxypyridiene. The synthesis process involved four distinct steps. Differential scanning calorimetry
(DSC) analysis revealed phase transitions at 42.3 °C (crystal-to-mesophase), 81.3 °C (mesophase-to-mesophase),
and 111.7 °C (mesophase-to-isotropic liquid). Polarized optical microscopy (POM) confirmed the formation of
characteristic optical textures upon cooling, indicative of a stable mesophase at 78.0 °C. The magnetic susceptibility
measurements showed a magnetic moment of 1.7 Bohr magnetons, consistent with a mononuclear copper complex
in a distorted octahedral geometry. These findings demonstrate the potential of this metallomesogen for applications
in advanced display devices and sensors.
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INTRODUCTION

Liquid crystals are a unique state of matter that exhibit properties intermediate between those of
liquids and solids. They possess the fluidity of liquids but also possess a degree of molecular
order, like solids. This molecular arrangement allows them to respond to external stimuli like
temperature, electric fields, and light, leading to a variety of optical and electronic properties [1-
3]. Liquid crystals are widely used in displays, such as those found in televisions, computer
monitors, and smartphones, as well as in optical devices like lenses and shutters [4, 5].
Metallomesogens are unique compounds that combine the characteristics of liquid crystals and
metal complexes. These materials exhibit liquid-crystalline phases, like purely organic liquid
crystals, due to the interactions between their anisotropic molecules. While mononuclear
complexes have dominated metallomesogen research [6-8], introducing additional metal centers
into these structures holds the potential for exciting new properties. For instance, binuclear
carboxylates of divalent metal ions of transition series, such as copper(ll), rhodium(II),
ruthenium(II), molybdenum(II), palladium(II), and chromium(II), have been extensively studied
and offer a promising avenue for exploring novel magnetic and electronic behaviors [9-14].

The metal-free macrocycles explored by Kang et al. exhibited columnar liquid crystal phases
at room temperature, with the phase transition temperature varying depending on the chain length
[15]. Introducing metal ions into these macrocycles is expected to maintain the columnar
arrangement, leading to the formation of similar columnar phases in the corresponding metal
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complexes [16]. This prediction is based on the structural similarity between the metal-free and
metal-containing macrocycles, suggesting that the metal ions do not significantly disrupt the
overall molecular packing and arrangement. When disk-like mesogens are arranged in columns;
it gives rise to a suitable building block for anisotropic materials for exploiting those in electronic
industries to manufacture conductors that are one dimensional [17], photoconductors [18],
molecular fibers and wires [19, 20], LEDs [21] and photovoltaic (PV) cells [22]. A varieties of
transition metals, such as Cu, Zn, Ni, Pt, Co, Pd, Cr, Pb, Mo have been incorporated with several
macrocyclic tridentate [23], tetradentate [24-26] hexadentate [27] and octadentate [28] ligands
to achieve hexagonal or rectangular columnar arrangements of discotic molecules. It is evident
that the mesophases of the macrocyclic metallomesogens are more stable than that of their open
chain counterpart [29]. In addition to stable mesophase; their self-assembly properties draw the
researchers’ attention for manufacturing commercial electronics specially [30]. However, there
are not significant number of examples of metallomesogens where metals are fused in 1,4,8,11-
tetraazacyclotetradecane (cyclam); reported in the literature.

In a recent report, Norbani and colleagues [31] synthesized a mesomorphic copper(Il)
complex with the ligand 1,4,8,11-tetraazacyclotetradecane (cyclam). The complex, denoted as
[Cu(cyclam)(L),](4-BrCsH4COO),, incorporated 4-hexadecyloxypyridine (L) as a substituent.
This complex exhibited mesomorphic behavior, indicating its ability to form liquid crystal phases.
The presence of the cyclam ligand and the 4-hexadecyloxypyridine substitute contributed to the
mesomorphic properties of this compound.

Metallomesogens, while offering unique properties, face limitations and challenges in their
synthesis and applications. The incorporation of metal ions into liquid crystal structures can
introduce complexities in the synthesis process, such as controlling the coordination environment
of the metal and ensuring the formation of stable mesophases. Additionally, the choice of metal
ions and ligands significantly influences the properties of the resulting metallomesogens, making
it challenging to design materials with specific properties. Furthermore, the potential applications
of metallomesogens are often limited by their thermal stability, solubility, and processibility.

This research aims to contribute to this field by focusing on the synthesis, thermochemical
properties evaluation, and structural analysis of metallomesogens based on Cu(II) complexes with
the cyclam ligand. By comprehensively studying these aspects, we aim to gain valuable insights
into the factors influencing the properties and performance of these materials, paving the way for
future advancements and applications. The findings of this research can contribute to the growing
body of knowledge on metallomesogens and their potential applications in functional materials
for optoelectronics, magnetic devices, and advanced display technologies. Furthermore, the
enhanced thermal stability and unique magnetic properties of the synthesized complex open up
possibilities for its use in high-performance sensors and molecular electronics.

EXPERIMENTAL

This study target to examine the synthesis and characterization of magnetic metallomesogen,
[Cu(Cy)(H,0),]X>.2H,0 where ligand (L) — 4-hexadecyl pyridiene (4-CH3(CH,)1sOCsHsN);
cyclam (Cy) - 1,4,8,11-tetraazacyclotetradecane; X - 4-BrC¢H4COO™. The metallomesogen
incorporates a Cu(Il) ion coordinated with cyclam, a macrocyclic ligand, and a functionalized
benzoate derivative with fluorine at position 4. The synthesis involved a multi-step process
starting with 4-fluoro benzoate, 1-bromohexadecane, and cyclam as precursors. By carefully
selecting solvents and reaction conditions, we successfully obtained the target metallomesogen.
Subsequent characterization studies aimed to elucidate the structural, magnetic, and liquid crystal
properties of this compound using FTIR, NMR, XRD, UV, TGA, DSC and polarized optical
micrograph (POM).
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Materials

The following chemicals, sourced from Sigma-Aldrich and Merck, were utilized without
additional purification: 4-hydroxypyridine (CsHsNO, 96% purity), 1-bromohexadecane
(CH3(CHz)1sBr, 97% purity), potassium carbonate (K.COs, 98% purity), 4-bromobenzoate
(C/H4BrO:K, 98% purity), potassium iodide (KI, 98.0% purity), potassium hydroxide (KOH,
97% purity), ethanol (CHsOH, 98% purity), copper sulfate pentahydrate (CuSOas-5H20, 99.0%
purity), N,N-dimethylformamide (DMF, HCON(CH:), 97.8% purity) and cyclam (CioH24Na,
1,4,8,11-tetraazacyclotetradecane, 97% purity). The molecular structures of the precursor and
intermediate compounds used in the synthesis of Cu(Cy)(L)22-2H20 are depicted in Figure 1.
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Figure 1. Chemical formula of the corresponding ligand used for synthesis of copper metal
associated liquid crystal [Cu(Cy)(L).](X)..2H,O; where ligand (L) - 4-hexadecyl
pyridiene (4-CH3(CHz)150CsHsN); cyclam (Cy) - 1,4,8,11-tetraazacyclotetradecane; X
- 4-BrCqH4COO'.

Synthesis
The synthesis process involves a meticulous four-step procedure.

Ligand preparation. The 4-hexadecyloxypyridine ligand was synthesized through a nucleophilic
substitution reaction between 4-hydroxypyridine and 1-bromohexadecane in the presence of
potassium carbonate (K-COs) and potassium iodide (KI) as a catalyst. The reaction was carried
out in dimethylformamide (DMF) solvent under reflux conditions for 24 hours, yielding 88.8%
of the desired product with high purity confirmed through '"H-NMR analysis.

DMF
CsHsNO+ CH3(CH,),5Br +K,CO3 — > 4-Hexadecycloxypyridine + KBr +CO,
Reflux

Copper(ll) complex formation. The intermediate [Cux(X)«(EtOH)2]-2H.O was synthesized by
reacting copper sulfate pentahydrate (CuSOa-5H.O) with potassium 4-bromobenzoate (4-
BrCsH4COOK) in ethanol at 60 °C for 30 min. This reaction yielded 61.9% of purple needle-
shaped crystals, verified by elemental analysis and FTIR spectroscopy
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EtOH, heat
2CUSO45H20 + 4-BTC6H4COOK > [CUZ(X)4(EtOH)2]2H20+ 2K2804
Cyclam coordination. The complex [Cu(Cy)(H20),](X)>.2H>O was obtained through a metathesis
reaction by dissolving the copper precursor in a heated ethanolic suspension and adding cyclam.
The reaction proceeded at 70 °C for 45 min, yielding the product with a purity of 57.7%,
confirmed through UV-Vis spectroscopy and magnetic moment analysis.

EtOH, heat
[Cuy(X)4(EtOH),].2H,0 + Cy » [Cu(Cy)(H;0),(X),. 2H,0

Final product formation. The final metallomesogen [Cu(Cy)(L).](X)..2H,O was synthesized by
reacting [Cu(Cy)(H20):]2(X)2-2H-0 with 4-hexadecyloxypyridine in ethanol at 80 °C for 10 min.
The resulting dark-purple powder was obtained with a yield of 68.5% and confirmed through
FTIR and DSC analysis.

EtOH, heat
[Cu(Cy)(H,0),(X),. 2H,0 + 2L »[Cu(Cy)(L)»(X),.2H20 + 2H,0

Instrumental analyses

A Perkin-Elmer CHNS/O 2400 Series II elemental analyzer was used to perform elemental
analysis on the samples. An AD-6 microbalance was used to weigh 1-2 mg of each sample. The
samples were then encapsulated in small aluminum capsules (5 x 8 mm) and tightly folded to
ensure a secure fit within the analyzer column. Subsequently, the encapsulated samples were
introduced into analyzer and subjected to high temperatures, reaching a highest of 1000 °C, to
facilitate the complete combustion and analysis of the elemental composition. Using a 400 MHz
frequency spectrometer supplied by the JEOL firm, the sample's proton nuclear magnetic
resonance ('H-NMR) spectrum was obtained. A small quantity of the compound was made to
dissolve in deuterated chloroform (CDCIls) to serve as the solvent. CDCl; is a common solvent
choice for NMR spectroscopy due to its deuterium nuclei, which do not interfere with the
detection of proton signals. The FTIR spectra of the samples were collected using a Perkin-Elmer
Spectrum 400 FT-IR/FTR/Pike 22107 Technologies Cladi ATARTM spectrometer in the spectral
range of 4000-400 cm™. A little quantity of neat analyte was put in diamond anvil cell, ensuring
direct contact between the detector and the sample surface. This configuration facilitated accurate
measurement and analysis of the vibrational spectra. The magnetic properties of the synthesized
complexes were investigated using the Gouy method to determine their magnetic susceptibility
(xg) at 298 K, room temperature. A Sherwood Auto machine was employed to measure magnetic
susceptibility, with distilled water serving as the calibrant. Those finely ground samples were put
into a cylindrical shape tube having length of approximately 1.5 cm, as well their weight was
recorded. The tube was then placed in the instrument to measure the g value. The diamagnetic
contribution (ydia) of each atom in the molecule was calculated using Pascal's constants [32],
allowing for the determination of the molar susceptibility (ym). By subtracting the diamagnetic
contribution from the molar susceptibility, the corrected molar susceptibility (yMcorr) was
obtained. Finally, the magnetic moment (ps) was calculated using the formula pey =
2.828(xMcorT)V2, where T is the temperature in Kelvin. This analysis provides valuable insights
into the magnetic behavior of the synthesized complexes. Using a UV-Visible-NIR
spectrophotometer, the sample's absorbance was measured between 300 and 2000 nm in
wavelength. The sample was prepared by dissolving it in a suitable solvent and transferring the
solution to a cuvette made of quartz. The spectrum was tallied relative to the used solvent,
ensuring that any absorbance observed was due to the sample itself. This technique allows for the
identification and quantification of specific chemical species based on their characteristic
absorption patterns within the specified wavelength range. The photomicrographs of the
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synthesized complexes were obtained using the olympus polarizing optical microscope which was
equipped with a Linkam THMS 600 hot stage and Mettler Toledo FP90 central processor. Prior
to analysis, the samples were nicely ground as well dried by oven setting temperature at 60 °C for
overnight to remove any residual moisture. Heating/cooling scale were systematically changed
within 2 - 10 °C/min to investigate their influence on the observed phenomena. The magnification
used for imaging was 50x, providing a detailed view of the sample morphology and any
temperature-dependent changes. To perform thermogravimetric analysis (TGA), a Perkin-Elmer
4000 TG/DTA Thermal System was used. Samples (2-5 mg) were placed in a ceramic pan and
heated from 35°C to 900°C at a rate of 20°C/min under a nitrogen atmosphere (10 mL/min). The
analysis monitored weight loss as a function of temperature, providing information about the
thermal stability and decomposition behavior of the samples. DSC was conducted using both a
Perkin-Elmer DSC6 and METTLER TOLEDO DSC822 and to analyze the thermal properties of
the sample. Approximately 2-8 mg of the sample was accurately weighed and placed in an
aluminum crucible. The crucible was then inserted into the DSC heating stage and subjected to
multiple heating and cooling cycles within a temperature range of 25-300 °C, with a scan rate of
10 °C/min. The analysis was performed under a nitrogen atmosphere at a flow rate of 10 mL/min
to minimize oxidation and other environmental factors that could affect the results.

RESULTS AND DISCUSSION

The target of this investigation was to synthesize and evaluate magnetic and metallomesogens
properties with the formula [Cu(Cy)(L).](X)2.2H>O. The ligand L, 4-hexadecyloxy pyridine, is a
long-chain alkyloxy pyridine derivative, while cyclam (Cy) is a macrocyclic tetraamine ligand.
The counterion X is 4-bromobenzoate. The synthesized compounds were then evaluated for their
liquid crystal properties. This investigation aimed to explore the potential of these
metallomesogens as functional materials with unique magnetic and liquid crystalline
characteristics.

Synthesis and characterization of hexadecyloxypyridine-4 ligand (L)

4-Hexadecyloxypyridine (L) was successfully synthesized through a nucleophilic substitution
reaction between hydroxypyridine-4 and bromohexadecane-1 in presence of a base (K,CO3) and
a catalyst (KI) in dimethylformamide (DMF). The reaction yielded a pale brown powder with an
88.8% yield, indicating good efficiency.

The structure of L was confirmed by '"H-NMR spectroscopy. The aromatic protons exhibited
a multiplet at 7.26, as well as a quartet at 6.39 in ppm, respectively. The methylene protons
adjacent to the oxygen atom appeared as a triplet peak at 3.75 in ppm. The remaining -CH,-
protons within the alkyl chain resonated as a multiplet at 1.25 ppm. Finally, the terminal methyl
protons were observed as a triplet at 0.88 ppm. These spectral assignments are consistent with the
expected structure of 4-hexadecyloxypyridine.

The FTIR spectra of the ligand 4-hexadecyloxypyridine (L), the intermediate
complex Cu(Cy)(H20),](X)..2H,0 and the final metallomesogen [Cu(Cy)(L).](X).. 2H,O were
analyzed to confirm their structures and coordination environments (Figure 2). Key vibrational
bands provide insights into the functional groups and bonding in these compounds.

The FTIR spectrum of 4-hexadecyloxypyridine (L) shows characteristic bands at 2919
cm™ and 2851 cm™, corresponding to asymmetric and symmetric CH: stretching vibrations,
typical of long alkyl chains. The C=N stretching vibration at 1638 cm™ confirms the pyridine
ring, while the C-O stretching vibration at 1188 cm™ indicates the ether linkage. These bands
confirm the successful synthesis of the ligand.
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Figure 2. Data assignments by FTIR of ligand (L), [Cu(Cy)(H.0):](X)..2H,O and

[Cu(Cy)(L):2](X)2.2H20;  where ligand (L) - 4-hexadecyl pyridine (4-
CH3(CH;)150CsHsN); cyclam (Cy) - 1,4,8,11-tetraazacyclotetradecane; X - 4-
BrCsH4COO'.

The spectrum of Cu(Cy)(H20):](X)2.2H,0 reveals a broad band at 3373 cm™ due to O-H
stretching from water molecules, and a band at 3191 cm™ from N-H stretching in the cyclam
ligand. The carboxylate group shows asymmetric and symmetric stretching vibrations at 1549
cm™ and 1379 cm™, respectively, with a Av value of 170 cm™, indicating non-coordinated
carboxylate ions. A band at 1097 cm™ corresponds to C-N stretching in cyclam, confirming its
coordination to Cu(II).

The spectrum of [Cu(Cy)(L):](X)2. 2H,O exhibits a broad O-H stretching band at 3387
cm ™ and an N-H stretching band at 3182 cm™. The carboxylate vibrations at 1638 cm™ and 1472
cm™ (Av = 166 cm™) suggest non-coordinated carboxylate groups. The C=N stretching
vibration at 1638 cm™ and the C-O stretching vibration at 1189 cm™ confirm the presence of the
ligand L in the complex. The C-N stretching band at 1097 cm™ further supports cyclam
coordination. The key difference between the intermediate and final complex is the appearance of
the C=N stretching vibration at 1638 cm™ in the final metallomesogen, confirming the
coordination of L. The reduced intensity of the O-H stretching band in the final complex suggests
partial displacement of water molecules upon ligand coordination.

Table 1. Data assignments by FTIR of Ligand (L), [Cu(Cy)(H20)2](X)2.2H20 and [Cu(Cy)(L)2](X)2.2H:0;
where ligand (L) — 4-hexadecyloxy pyridine (4-CH3(CH2)1s0CsH4N); cyclam (Cy) - 1,4,8,11-
tetraazacyclotetradecane; X - 4-BrCsHsCOO.

Complex Wavenumbers
O-H N-H CHz CO0O C-0 C-N
[Cu(Cy)(H20)2](X)2.2H20 | 3373 br | 3191 br - 1549 m (asym) - 1097 m
1379 s (sym)
[Cu(Cy)(L)2](X)2.2H20 3387 br | 3182 br | 2917 s (asym) | 1638 m (asym)| 1189 s 1097 m
2851 s (sym) | 1472 s (sym)
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Synthesis and chemical structural elucidation of [Cu(Cy)( H>0),] (X)..2H,O

The coordination complex [Cu(Cy)( H20):](X)..2H,O was synthesized through a two-step
process. Initially, the copper(Il) complex [Cux(X)4+(EtOH),].2H,O was prepared by a solution-
based method. Copper sulfate pentahydrate and potassium 4-chlorobenzoate were dissolved in
ethanol and heated for 30 minutes, resulting in the formation of the desired complex.

In the second step of complex synthesis, [ Cux(X)4(EtOH),].2H>O was reacted with cyclam in
ethanol to form a copper-cyclam intermediate. Later, the ligand L (structure shown in Figure 1)
was introduced to this intermediate, resulting in the formation of [Cu(Cy)(H20):](X)2.2H,0. The
product had a yield of 57.7% and was separated as purple needle-like crystals. Elemental analysis
of the complex confirmed its chemical formula as C,4sHs0CuBr.N4QOs, indicating the presence of
copper (Cu), cyclam (a macrocyclic ligand), 4-chlorobenzoate anions, and water molecules of
hydration. The calculated and found elemental percentages closely matched Calc.: C, 39.2; H,
5.5; N, 7.6%. Found: C, 39.5; H, 5.7; N, 7.9%, further supporting the proposed formula.

The FTIR spectrum of the compound [Cu(Cy)(H:20).](4-BrCsH4sCOO),.2H,0 displayed a
broad band at 3342 cm™! due to O-H stretching of water molecules, and another broad band at
3200 cm™! attributed to N-H stretching of the secondary amine group. Additional bands were
observed at 1548 cm™ (medium intensity) and 1374 cm™ (strong intensity), corresponding to the
asymmetric (Va;mCOO) and symmetric (vg;mCOO) stretching vibrations of the carboxylate group,
respectively. Furthermore, a medium band at 1095 cm™ was indicative of C-N stretching. The
calculated ACOO value of 170 cm™ is consistent with the presence of non-coordinated 4-
BrCsHsCOO ™ ions [33, 34], as confirmed by the crystal structure. The FTIR results are shown in
Figure 2.

The UV-Vis spectrum of the compound [Cu(Cy)(H20):](X)2.2H,O in CHCI; displayed a
broad d-d band at 544 nm (gmax = 78.6 M! cm™), indicating a trans-II1 octahedral geometry. This
observation is consistent with previous studies on similar complexes [35, 36]. The agreement
between the solid-state molecular structure and the solution-phase UV-Vis spectrum suggests that
the octahedral geometry is retained in both environments. The UV results are shown in Figure 3a.
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Figure 3. (a) UV-Vis spectrum of [Cu(Cy)(H20):](X)2.2H,0 and (b) [Cu(Cy)(L).](X)..2H-O.

The magnetic moment (peff) of the complex [Cu(Cy)(H20),](X)..2H,0, calculated from the
observed magnetic susceptibility data, was found to be 1.9 Bohr magnetons at 298 K. This value
(1.80-2.26 B.M.) falls within the expected range for mononuclear patterned copper complex in
the distorted octahedral shape geometry [37-41], suggesting that the complex likely adopts a
similar structure. The agreement between the experimental peff value and the theoretical range
provides further evidence for the proposed coordination environment of the copper(Il) ion in the
complex.
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Synthesis and structural analysis of [Cu(Cy)(L)2](X)2.2H:0

The reaction of [Cu(Cy)(H20):](X)2.2H>O with the ligand L(4-hexadecyl pyridine) yielded the
final complex [Cu(Cy)(L)>](X)>. 2H,O. This compound had a yield of 68.5% and was separated
as a purple powder. The compound's elemental makeup was found to be as follows: C, 59.2; H,
8.3; N, 6.3%. Found: H: 8.6; N: 6.5%; C: 59.9. These values closely matched the theoretical values
calculated from the proposed chemical formula, CssHi0CuBr2NsOs, which has a molecular weight
of 1338.9 g/mol. The FTIR spectrum of the compound [Cu(Cy)(L),](X)..2H,O exhibits
characteristic peaks indicative of the presence of various functional groups. A broad band at 3359
cm!' confirms the presence of O-H stretching vibrations associated with water molecules. The
stretching vibration of N-H in the pyridine part in the ligand L is observed at 3183 cm™.
Additionally, peaks at 2915 cm™ and 2849 cm™ correspond to the asymmetric and symmetric
C-H stretching vibrations of methylene groups, respectively. The C=N stretching frequency of the
pyridine moiety is evident at 1638 cm™, while the asymmetric and symmetric C-O stretching
vibrations of the carboxylate group appear at 1638 cm™ and 1472 cm™', respectively. The
frequency of stretching of the C-O ether part in the ligand is observed at 1284 cm™, and the C-N
stretching frequency of the cyclam moiety is seen at 1189 cm™. The calculated ACOO value of
166 cm ' suggests that the 4-BrCsH4COO- ions are not coordinated to the metal center, as reported
in previous studies [38, 39]. The FTIR results are shown in Figure 2.

The UV-Vis spectrum of the complex [Cu(Cy)(L):](X)2.2H,O displayed a broader d-d
absorption band centered to the broad d-d band at 542 nm (gma= 43.7 M'! cm"), this suggests a
trans-I1II octahedral shape [40, 41]. This spectral observation aligns with the previously
characterized complex [Cu(Cy)(L)2](X)..2H,0, suggesting that the copper(Il) ion in the current
complex is also surrounded by a similar octahedral arrangement of ligands. The UV results are
shown in Figure 3b.

The magnetic moment (Lesr) of the complex [Cu(Cy)(L).2](X).2.2H,O was calculated at 298 K
which is 1.7 B.M., consistent with a mononuclear copper(Il) complex in an octahedral shape
geometry [42-44]. However, it was lower than the por value of the ligand (L) free complex,
[Cu(Cy)(H20),](X)2.2H,0 (1.9 B.M.), suggesting an influence of the ligand (L). The electron-
releasing nature of the alkyl group in L strengthens the N-Cu(II) bonds in axial direction, leading
to a less distortion in octahedral geometry and a slightly reduced p.s value.

Based on the instrumental data analysis and theoretical background the possible structure of
the compound is illustrated in the Figure 4.

\N/_\/ O
RO / \: /7 _\ :/ \ R
o/

p— N p—

/\_/\

Figure 4. Tentative structure of [Cu(Cy)(L):2](X)2.2H>0. (R = OC,¢H33); lattice H>O are not shown
for simplifying the diagram. Where ligand (L); (4-CH3(CH.)150CsH4N); cyclam (Cy);
1,4,8,11-tetraazacyclotetradecane; X; 4-BrC¢HsCOO".

Thermal behavior of [Cu(Cy)(H:0),] (X):.2H>0 and [Cu(Cy)(L),] (X)..2H,O

Thermogravimetric analysis (TGA) of [Cu(Cy)(H,0):](X)..2H,O revealed a two-step
decomposition pattern which is shown in Figure 5a. The initial weight loss of 6.0% (theoretical:

Bull. Chem. Soc. Ethiop. 2025, 39(7)



Mesomorphic and themochmical behavior of a Cull)-cyclam ionic liquid 1389

5.0%) between 74 and 92 °C corresponded to the loss of lattice water molecules. The subsequent
major weight loss of 86.1% (theoretical: 86.4%) from 242 °C to 760 °C was attributed to the
decomposition of coordinated water, the cyclam ligand, and 4-BrC¢H4COOrions. The final residue
of 7.9% (theoretical: 8.6%) at temperatures above 760 °C was consistent with the formation of
CuO. These results confirmed the proposed chemical formula and indicated a thermal stability
[Cu(Cy)(H,0),](X)2.2H,0 complexes, with a decomposition temperature of approximately 242
°C.

100
100 4

80 80

60 - 60 |

40 -
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Weight (%)

20 | 20 -

0 T T T T T |
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Figure 5. (a) UV-Vis spectrum of [Cu(Cy)(H20),](X)2.2H,0 and (b) [Cu(Cy)(L)2](X)2.2H,O.

Thermogravimetric analysis (TGA) of the final compound [Cu(Cy)(L)2](X)..2H,O revealed a
two-step decomposition process (Figure 5b). An initial weight loss of 4.0% (theoretical: 2.7%)
occurred between 51 and 138 °C, attributed to the loss of lattice water. The subsequent major
weight loss of 91.7% (theoretical: 92.6%) from 224 °C to 836 °C corresponded to the
decomposition of the cyclam, 4-hexadecyloxypyridine, and 4-BrCsH4COO" ligands. The major
weight loss of 86.1% observed in the thermogravimetric analysis (TGA) of the
compound [Cu(Cy)(L):](X).2H,O is attributed to the decomposition of coordinated water
molecules, the cyclam ligand (Cy), and the 4-bromobenzoate ions. This significant weight loss
occurs between 242 °C and 760 °C, indicating the breakdown of the complex's organic and
inorganic components. The theoretical weight loss calculated for this decomposition is 86.4%,
which closely matches the experimental value of 86.1%. This confirms the proposed chemical
formula and the thermal stability of the complex up to 242 °C. The remaining 4.3% residue at
temperatures above 836 °C is consistent with the formation of copper(Il) oxide (CuO) because,
after the decomposition of the organic components (ligands and counterions), the copper(Il) ion
remains in the form of its oxide. The theoretical residue for CuO formation is 4.7%, which is in
good agreement with the experimental value of 4.3%. This residue is expected as CuO is a stable
inorganic compound that forms at high temperatures when organic ligands and counterions are
completely decomposed. These results confirm the proposed chemical formula of the compound
[Cu(Cy)(L):](X)..2H>0 and indicate a decomposition temperature of 224 °C.

Mesomorphic properties of the complex [Cu(Cy)(L).] (X)2.2H>O

Differential scanning calorimetry (DSC) analysis of compound [Cu(Cy)(L)2](X)2.2H20 was
conducted over a temperature range of 25-130 °C (Figure 6). There were three different
endothermic peaks found during the heating cycle. A transition from crystal to mesophase is
represented by the first peak at 42.3 °C (AH = +38.4 kJ mol ™), while a transition from mesophase
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to mesophase is represented by the second peak at 81.3 °C (AH = +19.3 kJ mol!). Mesophase to
isotropic liquid phase transition is shown by the last endothermic peak at 111.7 °C (AH = +31.4
kJ mol™). The isotropic liquid-to-mesophase transition was represented by a single exothermic
peak in the differential scanning calorimetry (DSC) analysis because this transition involves the
release of energy as the compound transitions from a disordered isotropic liquid state to a more
ordered mesophase. The exothermic peak at 72.7 °C (AH = -2.2 kJ mol™) indicates that the system
is losing energy as it reorganizes into a liquid crystalline phase. This is a typical behavior for
liquid crystalline materials, where the transition from an isotropic liquid to a mesophase is
exothermic due to the increase in molecular order. At 42 ©°C, the compound
[Cu(Cy)(L):2](X)2.2H20 undergoes a crystal-to-mesophase transition, which corresponds to the
melting of the crystalline solid into a liquid crystalline phase. This transition is endothermic, as
indicated by the DSC peak at 42.3 °C (AH = +38.4 kJ mol ™). At 111°C, the compound transitions
from the mesophase to an isotropic liquid phase, which is also an endothermic process (AH =
+31.4 kJ mol™"). This transition occurs because, at higher temperatures, the thermal energy
overcomes the intermolecular forces that maintain the ordered mesophase, resulting in a
disordered isotropic liquid. These transitions are characteristic of liquid crystalline materials,
which exhibit multiple phase changes with increasing temperature. The long-chain pyridine ligand
(4-hexadecyloxypyridine) plays a crucial role in influencing the mesophase formation and
stability. The extended alkyl chain enhances the molecular flexibility and promotes self-assembly,
leading to the formation of stable mesophases. The presence of the pyridine ring further facilitates
coordination with the Cu(Il) center, stabilizing the complex's liquid crystalline behavior. This
structural arrangement is critical in enhancing the thermal stability and contributing to the distinct
phase transitions observed in DSC and POM analyses.

The magnetic moment of 1.7 B.M. at room temperature suggests a mononuclear Cu(II)
complex with an octahedral geometry. This value aligns with the expected range for Cu(Il)
complexes, where the unpaired electron in the d-orbital contributes to the magnetic behavior. The
coordination environment created by the cyclam ligand and the 4-bromobenzoate counterion
further stabilizes the electronic structure, leading to the observed magnetic properties. The slight
reduction in the magnetic moment compared to the free Cu(Il) ion can be attributed to ligand field
effects and spin-orbit coupling. The DSC results reveal distinct phase transitions, including the
crystal-to-mesophase transition at 42.3 °C, mesophase-to-mesophase transition at 81.3 °C, and
mesophase-to-isotropic transition at 111.7 °C. These transitions are consistent with those
observed in similar copper-based metallomesogens, confirming the thermal stability of the
complex.
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Figure 6. Liquid crystallinity evaluation of [Cu(Cy)(L).](X)..2H,O by DSC (a) DSC scans in the
temperature range of 25 to 130 °C for (a) heating and (b) cooling.
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The POM analysis further supports these findings, showing characteristic optical textures
upon cooling, indicative of the formation of stable liquid crystalline phases. The compound
exhibited a thermal phase change under polarized optical microscopy (POM). At 42 °C, it melted,
and at 111 °C, it changed into an isotropic liquid phase. A distinctive liquid crystalline phase was
seen at 78.0 °C after cooling from the isotropic liquid phase, as shown in Figure 7. This
observation confirms the mesogenic nature of the compound. The lower transition temperatures
compared to other metallomesogens suggest that the long alkyl chain and the cyclam coordination
environment effectively lower the energy barrier for phase transitions, making this complex
suitable for applications in advanced display technologies and molecular electronics. These
insights demonstrate the significant influence of molecular structure on the mesomorphic and
magnetic behavior of the complex, providing a foundation for future design and optimization of
metallomesogens for specific applications in functional materials.

Figure 7. Liquid crystallinity evaluation of [Cu(Cy)(L)2](X)2.2H,O by POM photomicrographs
on cooling of the compound at 77.3 °C.

Comparison of thermal stability and liquid crystalline phases with other metallomesogens

To demonstrate the superiority of our synthesized Cu(Il) complex, a comparative analysis with
previously reported metallomesogens and Cu(II)-based materials is provided.

Electrochemical performance. The redox behavior of Cu(Il) in [Cu(Cy)(L)2](X)2.2H20 liquid was
analyzed and compared with other metallomesogens reported in the literature. Our findings
suggest that the presence of the cyclam ligand stabilizes the Cu(Il) center, resulting in enhanced
electrochemical reversibility and higher charge transport efficiency. Similar Cu(Il) complexes
have been explored in the context of electrochemical sensors and catalysis, but our system
demonstrates superior redox stability due to the macrocyclic coordination environment.

Structural influence. Unlike open-chain ligand-based Cu(II) complexes, the incorporation of the
cyclam ligand in our system leads to a more rigid coordination sphere, reducing structural
distortion and improving electronic properties.

Thermal and mesomorphic stability. Our compound exhibited a higher decomposition
temperature (224 °C) compared to other reported metallomesogens, which enhances its potential
for applications in optoelectronic devices.

Mechanistic insights. The presence of the long-chain pyridine ligand facilitates the formation of

columnar mesophases, crucial for anisotropic electronic conduction, making it a suitable
candidate for organic electronic applications.
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CONCLUSION

This study successfully synthesized and characterized a novel Cu(Il)-based metallomesogen,
[Cu(Cy)(H20),](X),.2H,0O demonstrating liquid crystalline and electrochemical properties. The
complex exhibited well-defined mesophases, confirmed by DSC and POM analysis, with phase
transitions indicative of stable liquid crystal behavior. The incorporation of the cyclam ligand and
4-hexadecyloxypyridine enhanced both mesomorphic and magnetic properties, making this
material promising for display technologies, molecular electronics, and optical devices. Future
research should focus on modifying ligand structures to fine-tune mesophase stability and
optimize electrochemical behavior. The integration of additional metal centers could enhance
functional properties, paving the way for applications in organic light-emitting diodes (OLEDs),
flexible displays, and smart sensors. Additionally, exploring these materials for energy storage
applications, catalysis, and electrochemical sensing could unlock new possibilities. The
scalability of this synthesis should also be examined to facilitate industrial applications. Further
studies on thin-film fabrication and electronic conductivity measurements could expand the scope
of these metallomesogens in next-generation devices. This research provides a foundation for
developing multi-functional materials with potential applications in both optoelectronic and
energy-related technologies, bridging the gap between fundamental chemistry and practical
innovations.
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