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INTRODUCTION
Attention has been exhibited to the crystal engineering of 
hybrid organic-inorganic materials because of their ability to 
frame supramolecular structures with the upgraded figure of 
merit to drive nonlinear optics from the laboratory to real-time 
applications [1 - 3]. Ionic salt materials provide an important 
and extremely flexible approach for the development of 
new materials that are applicable over a very broad range of 
frequencies [4]. The inclusion of an inorganic additive with an 
organic molecule provides high optical nonlinearity, chemical 
resilience, thermal stability and fabulous transmittance in 
the visible region [5 - 9]. Morpholine is a kind of secondary 

aliphatic amine. The addition of a suitable anion in the six-
member ring makes the molecule a good nucleophile. In the 
development of novel nonlinear optical materials based on 
morpholine, an aliphatic ring can serve as an acceptor group. 
These compounds optical nonlinearities can be improved by 
enhancing the acceptor character of the aliphatic ring [10, 11].  
Because of their propensity to take protons in the presence of 
acids, they have become an important component in nonlinear 
optical applications [12]. Morpholine and its derivatives, when 
combined with inorganic complexes, may form a sophisticated 
assembly from discrete ionic or molecular building pieces due 
to the strength and directionality of hydrogen bonds [13]. 

Protonated inorganic acids salts are an important class of 
nonlinear optical materials; interest has been increased 
after the discovery of promising nonlinear optical 
properties in molecular-ionic crystals of morpholinium 
nitrate [14], morpholinium perchlorate [15], morpholinium 
tetrafluoroborate [16] and morpholinium bromide [17]. The 
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A novel hybrid single crystal of bis[4-(2-aminoethyl) morpholine] cadmium diacetate 
tetrahydrate (AEMCA) with a bar-like transparent morphology was grown by the slow 
evaporation solution growth technique. The unit-cell parameters of AEMCA were determined 
as a = 8.8639(4) Å, b = 9.1035(5) Å, c = 9.2106(5) Å, α = 66.004(2)°, β = 73.603(2)°, γ = 
70.161(2)°, and V = 629.63(6) Å³ by single-crystal X-ray diffraction analysis. FTIR analysis 
confirmed the presence of characteristic functional groups through molecular vibrations. The 
UV–Vis study revealed a cut-off wavelength of 260 nm and an optical band gap of 4.75 
eV, highlighting its potential for optical applications. Z-scan analysis was used to evaluate 
nonlinear optical parameters such as the nonlinear refractive index (n₀), nonlinear absorption 
coefficient (β), and third-order nonlinear susceptibility (χ³), which was found to be 2.148 × 
10⁻⁷ esu. Interestingly, the χ³ value of AEMCA is significantly higher than that of potassium 
dihydrogen phosphate (KDP). The crystal exhibits thermal stability up to 100 °C. Vickers 
microhardness measurements indicate that AEMCA belongs to the soft material category. 
The frequency-dependent electrical response of the sample was studied at room temperature.
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technique of producing these materials has gained significant 
popularity due to their prospective uses. Ratajczak et al. [18] 
also reported on morpholinium dihydrogen phosphate’s crystal 
structure, spectral properties and SHG efficiency. Morpholine 
is widely regarded as a useful ligand for the synthesis of a 
diverse spectrum of organometallic compounds [19, 20], 
including discrete complexes [21] and metal–organic polymers 
[22]. Although a morpholine molecule has the potential to 
be an ambidentate N - and O - donor ligand, morpholine is 
typically bound to a metal centre via the nitrogen atom [23, 
24], unless the nitrogen atom is protonated [25, 26]. As a result, 
the oxygen atom can operate as a halogen-bond acceptor [27] 
or engage in hydrogen bonding [28], resulting in a wide range 
of supramolecular structures. In the O - halogen bond, the O 
atom works, while the halogen (except F) acts as a donor. The 
hydrogen atom of the secondary amino group can be easily 
replaced by an electrophilic species, allowing morpholine to 
be derivatized into matching hydrazine, carbonyl compounds 
or Schiff bases [29-32]. The carboxylation of the nitrogen 
atom, which produces morpholine-N-carboxylic acid or the 
corresponding morpholine-N-carboxylate (Morph COO-) 
anion [33], is a potentially intriguing method of derivatizing 
the morpholine molecule. This should function as an anionic 
ligand, coordinating metal ions via the carboxylate group [34]. 
In the ongoing research on 4-(2- aminoethyl) morpholine, 
four new compounds were synthesized and reported their 
crystal structure by our group [35-38]. In this present work, 
a synthesized compound of bis[4-(2-aminoethyl) morpholine] 
cadmium diacetate tetrahydrate (AEMCA) was grown as 
a single crystal and its physiochemical properties such as 
spectral, optical, thermal, mechanical and electrical are 
discussed.  

SYNTHESIS AND GROWTH OF AEMCA
According to the reaction strategy (Fig. 1), commercially 
available analytical grade (Merck, 99%) 4-(2-aminoethyl)
morpholine (2 moles) and cadmium acetate dihydrate 
(1 mole) were combined in double deionized water. The 
recrystallization method enhanced the purity of the synthesized 
salt. The saturated solution was filtered and left to gently 
evaporate at ambient temperature (303 K). After 30 days, well-
defined, clear, bar-shaped crystals with excellent morphology 
were extracted. Fig. 2 is an image of a grown single crystal 
of AEMCA measuring 7 x1 x 1 mm3. Fig. 3 depicts the 
morphology of AEMCA.

Fig. 1 Reaction scheme of AEMCA compound

Fig. 2 Photograph of as-grown AEMCA single crystal

Fig. 3 Morphology of AEMCA single crystal

RESULTS AND DISCUSSION
Single crystal XRD analysis

To validate AEMCA complex production, a Bruker kappa 
APEX II diffractometer was used with graphite monochromatic 
Mo Kα radiation (λ=0.71073 Å) at 296 K. The intensity of 
X-ray data was measured for a grown AEMCA crystal. Table 
1 summarises the derived unit cell parameter values. The 
complete structural data have been analysed and reported in 
our previous article [37]. 

Table 1. Crystal structure data of AEMCA

Crystal parameters Data     

Chemical formula [Cd(C2H3O2)2(C6H14N2O)2] ·4H2O

Molecular weight (g/mol)
Crystal system, space group
Temperature (K)
a, b, c (Å)
α, β, γ ()
V (Å 3)
Z
Crystal size (mm)

562.93
Triclinic, P ¯1

296
8.8639 (4), 9.1035 (5), 9.2106 (5)
66.004 (2), 73.603 (2), 70.161 (2)
629.63 (6)
1
0.42 x 0.25 x 0.20 
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FTIR study

The FTIR spectrum of AEMCA (Fig. 4) was recorded in the 
wavenumber range of 4000-400 cm-1 using Bruker FTIR 
spectrometer by KBr pellet technique. The ssignments 
are discussed in three different regions namely the high 
wavenumber region (3300-2000 cm-1), medium wavenumber 
region (2000-1000 cm-1) and a low wavenumber region 
(below 1000 cm-1). In the high wavenumber region, there are 
four characteristic peaks at 3287, 3220, 2969 and 2869 cm-

1. The NH2 asymmetric and symmetric stretching vibration 
of morpholine yielded peaks at 3287 and 3220 cm-1 but 
their feature is very much different from that observed for 
free morpholine [39]. In comparison to 4-(2-aminoethyl) 
morpholine (AEM), peak broadening is significantly enhanced 
in AEMCA which confirms the interaction between the acetate 
carbonyl group and NH2 group in the coordination sphere. 
The CH2 asymmetric and symmetric stretching vibrations 
are observed at 2969 and 2887 cm-1, respectively.  The NH2 
bending vibrations yielded a sharp peak at 1587 cm-1 and a 
shoulder peak at around 1628 cm-1. is shifted to a very low 
wavenumber compared to that of free morpholine (AEM). The 
CH3 and CH2 bending vibrations are observed at 1440 cm-1 
and 1363 cm-1, respectively. The symmetric (C-O) vibration 
occurred at 1262 cm-1. The bands observed at 1165 and 1101 
cm-1 are asymmetric and symmetric vibrations of (C-O-C), 
respectively.  The bands at 1065 and 849 cm-1 are due to 
symmetric stretching and bending vibrations of (C-O) and (C-
H), respectively.  The COO deformation occurs at 652 cm-1. 
The band at 538 cm-1 is attributed to the metal coordination 
with the nitrogen of the morpholine ligand. The vibrational 
assignments are compared with the free morpholine ligand and 
summarized in Table 2.

Fig. 4 FTIR spectrum of AEMCA

Table 2 Wavenumber assignments of AEMCA with 
4-(2-aminoethyl) morpholine 

Wavenumber (cm-1)
Assignment4-(2-aminoethyl) 

morpholine
AEMCA

3365 3287 γas(N-H)
- 3220 γs (N-H)

2864 2969 γas(CH2)
- 2869 γs (CH2)

1658 1628, 1587 δ (NH2)
- 1440 δ (CH3)

1355 1363 δ (CH2)
1308 1328 γs (NH2)
1273 1262 γs (C-O)

- 1165 γas (C-O-C)
1115 1101 γs (C-O-C)
1069 1065 γs (C-O)
866 849 δ (C-H)
764 742 γs (C-N)

- 652 COO deformation
- 538  (Cd-N) 

 γs - symmetric stretching; γas - asymmetric stretching; δ – 
bending

UV-Vis -NIR studies

The optical transmission range and the transparency cut-off 
wavelength play a vital role in the design of NLO materials. 
The UV-Vis-NIR spectrum of AEMCA crystal has been 
recorded in the wavelength region 200-1200 nm using a Perkin 
Elmer LAMBDA 950 Spectrophotometer. The UV-Vis-NIR 
absorption and transmission spectra of AEMCA crystals are 
shown in Fig. 5. The crystal exhibits 85–90% transmission 
over the wavelength range of 260–1200 nm. The cut-off 
rwavelength of AEMCA crystal was found to be 260 nm, 
which was attributed to the promotion of an electron from a 
‘non-bonding’ (lone-pair) n orbital to a ‘anti-bonding’ π orbital 
designated as π* (n → π*) due to the bonding of cadmium 
acetate ion with the morpholinium cation. No characteristic 
absorption was observed in the entire visible region. The 
following Tauc’s plot relation (Eq. 1) used to calculate the 
direct band gap energy: 

where α is absorption coefficient, hυ represents photon energy 
and A is a constant.  The crystal’s band gap was calculated 
as 4.75 eV by graphing (αhv)2 against hν (Fig. 6). Based on 
the following equations (2 and 3), the linear refractive index 
(no) and extinction coefficient (K) of AEMCA are calculated 
[40 - 42]:

 

Where T is the transmittance and 𝞴  is the wavelength. The 
extinction coefficient of a crystal is the percentage of light lost 
from scattering and absorption per unit distance in a medium. 
Figs. 7 and 8 show the computed extinction coefficient and 
refractive index as functions of wavelength. The low value of 
the refractive index indicates that the grown crystal is useful 
for anti-reflection coating in solar thermal devices.
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Fig. 5 Optical transmittance-absorbance of spectra of 
AEMCA
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Fig. 7 Plot of extinction coefficient vs wavelength for the 
AEMCA
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3.4. Z-scan study

The Z-scan experiment was carried out with a diode laser 
at 632.8 nm and a power of 12 mW. The beam waist was 
created by focusing the polarised Gaussian laser beam of 
mode TEM00 through a convex lens with a focal length of 
20 cm. Typically, in Z-scan characterization approaches, the 
Z-scan curve displays normalized transmittance as a function 
of sample location Z relative to the focus plane. The Z-scan 
normalized transmittance is determined using the starting and 
steady-state values of the transmitted intensity in the AEMCA 
crystal as a function of sample location Z relative to the focus 
point. The magnitude and sign of the nonlinear refractive 
index, nonlinear absorption coefficient and third-order 
susceptibility are calculated using Z-scan data. Fig.  9 shows 
the difference between the prefocal transmittance maximum 
(peak) and postfocal transmittance lowest (valley) in the 
Z-scan curve, which yields the value of ΔTP-V. According to 
the Fig. 9, the normalized transmittance peak followed by the 
valley indicates that the nonlinear refractive index is negative, 
resulting in the photorefractive lens effect (self-defocusing) 
[42]. The nonlinear refractive index (n2) is -3.783x10-9 cm2/W 
[43], as calculated using the Eq. 4. Eq. 5 yields the nonlinear 
absorption coefficient (β) of 2.385x10-4 cm/W, where ΔT 
represents the normalized transmittance with an open aperture 
(Fig. 10). It is seen that such Z-scan curves with no aperture 
are symmetric about the focus (Z=0), where they exhibit the 
highest transmittance (multiphoton absorption) [44, 45]. 

Heer, 

where k is a wavevector (9.9241x106 m-1), and Io is the laser 
beam intensity at the focal point (29.4 MW) and Leff is the 
effective thickness (9.89x10-4 m).
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The real and imaginary parts of the third-order nonlinear 
optical susceptibility of the AEMCA were calculated by 
using the following equations (6 & 7). In that equation, c is 
the velocity of light (3x108 m/s) and εo is the permittivity of 
vacuum (8.854 x 10-12 F/m). 

 	

According to the Eq. 8, third-order susceptibility of the 
AEMCA crystal is 2.148x10-7 esu, which is significantly higher 
than those of other well-known nonlinear optical crystals such 
as KDP (8.34x10-14 esu), BBO (5.7x10-14 esu) and LiNbO3 
(33.7x10-14 esu) [46, 47]. The calculated linear and nonlinear 
optical parameters of the AEMCA crystal are presented in 
Table 3. 
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Table 3 Linear and nonlinear optical parameters of AEMCA

Parameters Calculated values
Laser beam wavelength (λ) 633 nm
Focal length of the lens (f) 20 cm
Power of the laser (P) 12 mW
Diameter of the laser beam (d) 5 mm
Beam radius at the aperture (Wa) 9 mm
Radius of aperture (ra) 2 mm
Linear absorption coefficient (α) 12.4 m-1

Linear refractive index (no) 1.496
The difference between the peak and valley
transmission (ΔTP-V) from Figure 9. 0.04346
The difference between the maximum transmittance
and valley peak (ΔT) from Figure 10. 0.02464
Nonlinear refractive index (n2) -3.7833x10-9 

cm2/W
Nonlinear absorption coefficient (β) 2.38483x10-4 

cm/W
Real part of the third-order 
susceptibility (Re (χ3))

-2.15x10-7 esu

Imaginary part of the third-order 
susceptibility (Im (χ3))

6.82x10-8esu

Third order nonlinear susceptibility 
(χ3)

2.148x10-7 esu

3.5. Thermal studies

The thermal study of AEMCA was performed using a NETZCH 
STA 2500 thermal analyzer. The starting weight of 13.09 mg 
was used to record TGA and DTG traces at temperatures 
ranging from 27 to 1000 ℃, with a nitrogen environment 
and a heating rate of 10 K/min maintained. Alumina was 
used as the reference material in an Al2O3 crucible. Figure 
11 shows AEMCA’s thermogravimetric (TG) and derivative 
thermogravimetric (DTG) thermograms. The TG–DTG curves 
reveal a multistep decomposition process with distinct mass-
loss events. Initially, the crystal exhibits negligible weight 
loss up to approximately 80 °C, indicating the absence of 
loosely bound surface moisture and confirming the good 
thermal stability of the material at ambient conditions. The 
first decomposition stage occurs between 80 and 150 °C, 
accompanied by a DTG peak centered at 118.7 °C. This mass 
loss is attributed to the release of four lattice water molecules 
present in the crystal structure. The second decomposition 
stage is observed in the temperature range of approximately 
150 – 240 °C, with a DTG maximum at 193.4 °C. This stage 
corresponds to the partial decomposition of coordinated organic 
moieties, primarily involving the acetate groups and the initial 
breakdown of the 4-(2-aminoethyl)morpholine ligands. A 
major and rapid decomposition event occurs between 240 and 
300 °C, as evidenced by the intense DTG peak at 287.9 °C. 
This stage is associated with the complete degradation of the 
organic ligands and acetate groups, resulting in a substantial 
mass loss.  The TG curve shows a sharp decrease in mass from 
about 55 – 60% to nearly 23%, indicating the collapse of the 
organic framework surrounding the cadmium center. Beyond 
300 °C, the decomposition proceeds gradually with minor 
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mass-loss steps extending up to 1000 °C. These processes 
are attributed to the oxidation and carbonization of residual 
organic fragments, producing volatile gases such as CO₂, CO, 
NH₃, and other decomposition products. The gradual decline 
in mass suggests the formation of thermally stable inorganic 
residues. At temperatures above 700 °C, the TG curve reaches a 
relatively stable region, leaving a final residue of approximately 
7 – 10 wt.% at 1000 °C. This residue is likely composed of 
cadmium-containing inorganic species, predominantly CdO 
formed through the thermal oxidation of cadmium-containing 
intermediates. The absence of any significant decomposition 
below approximately 100 °C and the major decomposition 
onset above 150 °C indicate that the AEMCA crystal possesses 
moderate thermal stability. 
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Fig. 11 TG – DTG traces of AEMCA
Microhardness study 

The indentation diagonal length (d) was measured for various 
loads (P) of 25, 50, and 100 g on the (1 0 1) plane of AEMCA 
crystal with a fixed indentation time of 5 seconds using a 
Vicker’s hardness indenter. Cracks formed on the crystal 
surface around the indenter when a 100 g indentation stress was 
applied. As a result, the experiment was not extended to include 
more loads. Cracks on the crystal surface occur as a result of 
the local release of internal stress caused by indentation. The 
Vicker’s hardness number (HV) was determined using Eq. 9. 

Where, P is the load being applied (kilogram), and d is the 
indentation’s diagonal length (millimetres).
Fig. 12 depicts how hardness numbers vary with applied loads. 
The figure shows that the hardness values rise with the load up 
to 100 g and attain 133 kg/mm2. The developed crystal’s work 
hardening coefficient value (n) was estimated using the least 
square fit approach on a plot of log P vs log d (Fig.13). The 
AEMCA crystal falls under the soft category of materials, as 
indicated by the measured work-hardening coefficient of 6.023 
[48].
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3.7. Dielectric Study

The dielectric constant and dielectric loss were measured on the 
(1 0 0) plane of an AEMCA crystal as a function of frequency 
between 100 Hz and 5 MHz at room temperature (303 K) with 
a HIOKI LCR METRE 1M3536. The crystal was painted 
with silver on the parallel faces of (1 0 0) planes to achieve 
ohmic contact with the electrodes. Figures 14 and 15 show 
how dielectric constant and dielectric loss change with log 
frequency. The plot (Fig. 14) demonstrates that the dielectric 
constant deteriorates rapidly from 127 to 35 as frequency 
increases from 100 Hz to 4 kHz, eventually nearing a constant 
value of 30. This could be related to the effects of space 
charge polarization. Furthermore, space charge polarization 
is determined by the material’s purity and perfection. Figure 
14 shows the same trend, with the dielectric loss decreasing 
with increasing frequency until it reaches an extremely low 
dielectric loss of 0.901 after 4 kHz. The reduced dielectric loss 
at high frequencies suggests that the crystal contains fewer 
flaws. Fig. 16 demonstrates the frequency-dependent variation 
in AC electrical conductivity. AC conductivity is low at low 
frequencies and increases with frequency. At low frequencies, 
the AC conductivity is due to certain carriers becoming trapped 
at the crystal’s defect sites. The increase in AC conductivity 
may be due to a reduction in space charge polarization and 
cation disordering between adjacent locations [49].
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Fig. 16 Variation of AC conductivity as a function of frequen-
cy for AEMCA 

CONCLUSION
Single crystals of AEMCA were produced using a slow 

evaporation approach. Single-crystal XRD analysis confirms 
the structure of produced crystals. It also displays the 
supramolecular structure, Hirsfeld surfaces, and hydrogen 
bond interactions. The FTIR spectrum reveals the functional 
frequencies of AEMCA molecules. This crystal’s transmission 
spectrum displays a large transmission window, with 85 - 90 
percent transmittance across the visible area. The optical band 
gap was determined to be 4.75 eV. Z-scan measurements were 
performed using a diode laser at 633 nm, and the third-order 
susceptibility was determined to be 2.148x10-7 esu. Closed 
aperture z-scan reveals that the peak-valley fluctuation is due 
to the self-defocusing effect of the AEMCA, which indicates 
the negative nonlinear refraction and the value obtained is 
-3.78325x10-9  cm2/W. The thermal investigation using the 
TG-DTG technique shows that the AEMCA is thermally 
stable up to 100 °C crystal. Microhardness investigations on 
AEMCA crystal demonstrate that when the load increases, the 
microhardness number drops, indicating that the material is 
soft. At low frequencies, the dielectric constant and dielectric 
loss are significant, whereas at high frequencies they are low. 
The combined optical, electrical, and structural characteristics 
establish AEMCA as a potential candidate for advanced 
nonlinear optical and high-frequency electronic applications.
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