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Chapter 3(a)

The coordination chemistry of lanthanide ions has garnered significant attention
over the past two decades owing to their advantageous magnetic, thermal, cytotoxic,
redox, and optical properties, along with their large coordination numbers, facilitating
the formation of highly complex dimensional networks [1-8]. Their diverse properties
have led to applications in NMR imaging, sensors, lighting, fibers, display devices,
lasers, and biological assays [7]. Lanthanides typically exhibit low covalency with
ligands due to the shielding of their 4f electrons by 5s® and 5p° orbitals, along with ion-
specific emission. The sharp electronic transitions of Ln(III) ions result from the modest
stokes shift induced by the intrinsic nature of 4f electrons, which are protected from
disruption by the ligand field. Understanding the bonding of lanthanide complexes
relies on investigating the type and degree of covalency [9] despite limitations imposed
by Laporte (AL=%1) and Spin (AS=0) rules for 4f-4f transitions. Certain spectral
transitions, known as hypersensitive transitions, exhibit higher intensities and
significantly influence covalency due to their sensitivity to the ligand environment.
Judd-Ofelt intensity parameters (2, Q4, Q¢) and oscillator strength calculations are
crucial as they provide insight into the ligand's impact on intra-configurational
transitions of Ln(III) ions based on factors such as covalency, number and magnitude
of lines, and transition intensity ratios [10,11]. These factors offer information about

the rigidity, long-range distance, symmetry, and coordination number of complexes.

Neodymium stands out among the lanthanides for its ability to form alloys,
particularly in producing robust permanent magnets. Neodymium extraction techniques
include ion exchange, flash pyrolysis [12], solvent extraction [13], and others.
Neodymium compounds and nanomaterials exhibit a wide range of properties,
including anticandidal [14], catalytic [15], chemo-selective [15], optical limiting [16],
antibacterial [17], and wastewater treatment capabilities [18], as well as structural,
optical, and electrical activities [19]. Perovskite strontium-doped neodymium
manganite effectively removes Fast Green Dye [20]. Neodymium complexes featuring
ligands with a B-diketone backbone typically favor a distorted square antiprism
geometry [21]. Dynamic coupling mechanisms significantly influence the intensity of
hypersensitive transitions in Nd-fB-diketone complexes [22]. Ternary neodymium tris 3-
diketonate complexes emitting near-infrared light exhibit promising applications in

organic light-emitting devices [23].
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Acylpyrazolone ligands, along with additional ligands such as macrocycles,
thiadiazols, cyclic multidentate groups, and naphthyl moieties [24-27], have attracted
attention due to their ability to adopt variable 7 to 9 coordinated geometries high
absorption coefficient values, efficient Antenna effects, luminous probe activities, and
catalytic and biological recognition capabilities [28—30]. Understanding the properties
of lanthanide-acylpyrazolone complexes relies on analyzing the covalent interactions
between the metal and ligands. The extraction efficiency and effective Antenna effect
of acylpyrazolones with lanthanides are intricately linked to the covalent nature of their
metal-ligand interactions [28-30]. This study proposes a practical approach to
determine the Judd-Ofelt intensity parameters and oscillator strengths of three Nd(III)-
acylpyrazolone complexes—designated as 6, 7, and 8—in various solvents. These
complexes have the general formula [Nd(L)3(H2O)(EtOH)] and adopt a distorted square

antiprismatic geometry.

3a.2.1 Materials and Methods

The preparation of three ligands denoted as HL® (p-chlorobenzoyl 1-phenyl 3-
methyl 5-pyrazolone), HL? (p-chlorobenzoyl 1-(m-chlorophenyl) 3-methyl 5-
pyrazolone), and HL3 (p-chlorobenzoyl 1-(p-tolyl) 3-methyl 5-pyrazolone), followed
the reported procedure [31,32]. Neodymium(lll) nitrate hexahydrate with a purity of
99.9% was acquired from SRL Pvt. Ltd.

3a.2.2 Neodymium-acylpyrazolone Complex Synthesis

A solution containing 3 mmol ligand in ethanol and 3 mmol NaOHq) was
stirred for thirty minutes at 80—-100 °C, as depicted in Figure 3a.1. Subsequently, a
solution of 1 mmol neodymium(III) nitrate hexahydrate in ethanol was added dropwise.
After 18 hours of refluxing, the solution was transferred to a container and evaporated

slowly, yielding an eight-coordinated neodymium-acylpyrazolone complex.

Complex 6 Synthesis

Complex 6 was prepared using HL! ligand (0.9375 g), NaOHq) (0.12 g), and
neodymium(IIl) nitrate hexahydrate (0.438 g). The bright pale-yellow prism-type
crystals of complex 6 were obtained using a slow evaporation recrystallization
technique. Yield (%): 93.14%, M.P.: >200 °C, Molecular formula: Cs3H43CI13N¢NdOs,
Formula wt: 1142.55. Mass peaks (see Figure 3a.2) (m/z) = 1141.14
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([C53Ha3C1NeNdOs]"), 1124.15 ([Cs9HssNsNdOg]"). FTIR (KBr, em™): 3065 (w, vo-

H water), 2930 (W, vo-1 EtoH), 1612 (S, Vc=0 pcB), 1592 (S, VC=0 acylpyz)-

Complex 7 Synthesis

Complex 7 was prepared using HL? ligand (1.0416 g), NaOHq) (0.12 g), and
neodymium(IIl) nitrate hexahydrate (0.438 g). Yield (%): 95.24%, M.P.: >200 °C,
Molecular formula: Cs3Hs0ClsN¢NdOs, Formula wt: 1245.88. FTIR (KBr, cm™): 3051

(W, Vo-H water), 2973 (W, Vo-H EtoH), 1612 (s, vc=0 pcB), 1589 (S, VC=0 acylpyz)-

Complex 8 Synthesis

Complex 8 was prepared using HL? ligand (0.9795 g), NaOHq) (0.12 g), and
neodymium(IIl) nitrate hexahydrate (0.438 g). Yield (%): 92.66%, M.P.: >200 °C,
Molecular formula: Cs¢H49Cl13NsNdOg, Formula wt: 1184.63. Mass peaks (see Figure
3a.3) (m/z) = 1183.18 ([CssHaoClsN6NdOs]"), 1166.18 ([Cs2HsoNsNdOs]"). FTIR
(KBr, em™): 3033 (W, v0-H water), 2926 (W, Vo1 Eon), 1615 (s, ve=o pe), 1599 (s, ve=o0

acylpyz)-
o 3 eq NaOH,,
1 eq Nd(NO3)3'6H20
3 7\ -
€4 N OH 18 hours reflux
N 80-100 °C
Y complex 6: X=H, Y=H
X complex 7: X=H, Y=

complex 8: X=CH;, Y=H

Figure 3a.1 Synthetic route for neodymium-acylpyrazolone complexes.
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Figure 3a.2 Mass spectrum of complex 6.
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Figure 3a.3 Mass spectrum of complex 8.
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3a.2.3 X-ray crystallographic examination

X-ray crystallographic analysis was conducted on complex 6 using Cu-Kq (A =
1.54184 A) radiation and graphite monochromator. The detection and refinement
procedures were performed based on the methods outlined in previously published
papers from our laboratory [33]. The diffraction data were solved using the SHELXT
software [34], while computation was done using the crystallographic software

SHELXL-2018/3 [35].

3a.2.4 Physical measurements and characterization techniques
Analogous methodologies, models, instruments, or instruments were employed
to analyze the data of the synthesized compounds, using techniques such as FTIR, mass,
UV-Vis, and TG-DTA following procedures outlined in previously published articles
from our laboratory [33,36]. All mass spectra were collected via the XEVO G2-XS
QTOF at IIT Ropar. KBr pellets were used in Bruker Alpha FT-IR spectrometer to
obtain the FTIR spectra. Perkin Elmer Lambda 35 UV-Vis spectrometer was used to
record the electronic spectra. On a SII-EXSTAR6000 TG-DTA 6300 apparatus,
simultaneous TG-DTA was performed. The studies were conducted at a heating rate of
10 °C min! in a nitrogen environment over the 30-550 °C temperature range.
Conductometer model EQ664A was used for molar conductivity measurement. The
solid-state emission spectra were measured using a Jasco FP-6300 spectrofluorometer.
Powder X-ray diffraction (XRD) analyses were measured on a Rigaku SmartLab SE
(3kW) instrument from Japan using the SmartLab Studio II software. A Cu-Ka (0.154
nm) was used as the source in XRD, and data were collected using a D/teX Ultra 250

1D detector.
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For complexes 6, 7, and 8, the molar conductivity Am values were found to be
10, 5, and 6 Q' cm? mol ™!, respectively. These lower numbers demonstrate the
behaviour is not electrolytic [37]. Furthermore, the subsequent section elucidates the

extent of covalent bonding and crystal formations.

3a.3.1 FTIR spectral analysis

The neodymium complexes feature one CH3CH2OH and one H.O molecule
bound as monodentate ligands. The sharp single peak corresponding to the vo-H
vibration of ethanol appeared within the range of 2920-2980 cm™!, as indicated in Table
3a.1. Additionally, a broad band attributable to coordinated or hydrated water
molecules was observed in the 3300-3600 cm™! range. This observation can be
attributed to using hexahydrate neodymium nitrate salt as the starting material and the
exclusive use of 100% ethanol as the solvent throughout the synthesis process. A
significant finding is the reduction in the stretching frequencies of Vc=0-chiorobenzoyl) and
VC=0(acyl-pyrazolone) ligands upon complex formation, attributed to charge donation from
the oxygen atoms of the acylpyrazolone ligands to the neodymium ion. Specifically, the
VC=0(4-chlorobenzoyl) Stretching frequencies decreased from 1619 cm ™! of HL! to 1612 cm™!
for complex 6, from 1625 cm™' of HL? to 1612 cm ™! for complex 7, and from 1619 cm™!
of HL® to 1615 cm™' for complex 8. Similarly, the Vc=0cyl-pyrazolone) Stretching
frequencies also decreased upon complex formation. Analysis of the FTIR spectra of
the complexes, depicted in Figures 3a.4-3a.6, revealed additional bands attributed to

cyclic ve=n, ve=c, UN-N, and vc-n in-plane deformations for all complexes.

Table 3a.1 The FTIR values for neodymium complexes (in cm ™).

Code Li};::l d Complex 6 Lg:;:l d Complex 7 Li}g::l d Complex 8
¥ o0y DENZOY] 1620 1612 1624 1612 1694 1615
Ym0y 21 1590 1592 1590 1589 1601 1599
eycliev o 1484 1475 1484 1478 1446 1475
v, . aromatic 1357 1366 1348 1394 1381 1361
| 1213 1155 1210 1157 1178 1156
C-H in plane 1085 941 1080 957 1071 942

deformation
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Figure 3a.4 FTIR spectrum of complex 6.
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Figure 3a.5 FTIR spectrum of complex 7.
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Figure 3a.6 FTIR spectrum of complex 8.

3a.3.2 Thermogravimetric analysis

The complexes underwent thermal analysis to assess their thermal stability, a
crucial factor in determining their volatility. For complexes 6, 7, and 8, the
thermogravimetric analysis (TGA) revealed two degradation steps, resulting in overall
mass losses of 67.27%, 46.92%, and 60.98%, respectively. The residual substance
Nd2>Os remained after degradation. In the first degradation stage, complex 6 lost 22.85%
of its mass, complex 7 lost 8.36%, and complex 8 lost 22.86%. This loss primarily
involved removing 15, 6, and 15 H20 molecules for complexes 6, 7, and 8. However,
the actual degradation of the complexes occurred above their respective melting points
[38]. The second degradation stage involved mass losses of 44.42% for complex 6,
38.56% for complex 7, and 38.12% for complex 8, attributed to removing three
acylpyrazolone units. The peak of maximum mass loss for complexes 6, 7, and 8 was
observed at 424.1°C, 425.7°C, and 421.8°C, respectively, as depicted in Figures 3a.7-

3a.9, illustrating all thermogravimetric curves.
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Figure 3a.7 Thermogravimetric curve of complex 6.
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Figure 3a.8 Thermogravimetric curve of complex 7.
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Figure 3a.9 Thermogravimetric curve of complex 8.

3a.3.3 Single crystal X-ray diffraction analysis

After obtaining pale yellow prismatic single crystals suitable for X-ray analysis,
solid-state X-ray diffraction was employed to determine the structure of complex 6.
Similar to previous reports on neodymium acylpyrazolone complexes [23,39-43],
complex 6 exhibited an eight-coordinated core with a Nd(IIl) ion. The optimized
structure, illustrated as the ORTEP diagram shown in Figure 3a.10, revealed two
molecules with unit cell dimensions of a=14.5931(5) A, b=15.9902(5) A, ¢=24.7739(7)
A, 0=89.718(2)°, B= 74.488(3)°, and y=75.625(3)°. The crystal exhibited distortions,
leading to the identification of identity and inversion center operations with orders of 1
and 2, respectively. In the plot, side A featured Nd1, surrounded by six L ligand O-
atoms (O1A, O2A, 03A, O4A, O5A, and O6A) and two water O-atoms (O1WA and
O2WA.). Side B contained Nd2, surrounded by six L! ligand O-atoms (01B, 02B, O3B,
04B, 05B, and O6B), one water O-atom (O1WB), and one ethanol O-atom (O1M).
The coordination polyhedron around the central Nd(II1) ion was a distorted square-
antiprism, with the complex crystallizing in the P—1 space group of the triclinic system
with centrosymmetric symmetry (see Figure 3a.10(a) and 3a.10(b)). Figure 3a.10(c)
shows one potential ligand configuration centered on the central atom [29]. The crystal

The Maharaja Sayajirao University of Baroda 136



Chapter 3(a)

packing of the complex facilitated low-energy movement between metal ions, with an
Nd-Nd distance of 9.8126(9) A [44]. Three ligands (L') interacted with the central
neodymium ion as bidentate ligands, forming three chelating rings [45,46]. The atoms
O1A and O2A (or O1B and 02B) of one L ligand are positioned almost coplanar in
the top plane, while the atoms O3A and O4A (or O3B and O4B) of another L? ligand
reside in the bottom plane. Conversely, the remaining oxygen atoms of the third L?
ligand are oriented perpendicular to the plane of the ring. On side A, the top plane is
formed with O2WA from the coordinating water molecule, O1A, and O2A from one
L! ligand, and O5A from another L! ligand's pyrazolone moiety. Similarly, the bottom
plane on side A comprises O3A and O4A from the L! ligand, O6A from another L*!
ligand, and O1WA from the coordinating water molecule. On side B, an ‘'anti’
arrangement is observed, where the top plane consists of O1B and 02B from the L!
ligand, O6B from another L ligand, and O1WB from the coordinating water molecule.
Meanwhile, the bottom plane on side B comprises O3B and O4B from the L! ligand,

05B from another L! ligand, and O1M from the coordinating ethanol molecule.

o)

(b) (c)

Figure 3a.10 (a) ORTEP illustration of complex 6 with 50% ellipsoid probability, (b)

Polyhedral style presentation, and (¢) square antiprism arrangement.
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Table 3a.2 Structural refinement data for complex 6.

Code Complex 6
CCDC number 2257746
Empirical formula C103Hg2ClsN12Nd2016
Formula weight 224498
Temperature 100(2) K
Wavelength 1.54184 A
Crystal system Triclinic
Space group P-1

a=14.5931(5) A, b = 15.9902(5) A, ¢ = 24.7739(7) A,

Unit cell dimensions o= 89.718(2)°, p= 74.488(3)°, y=75.625(3)°.

Volume 5384.2(3) A3
Z 2
Density (calculated) 1.385 Mg/m3
Absorption coefficient 9.186 mm*
F(000) 2268
Final R indices [I>2sigma(l)] R1 =0.1004, wR, = 0.2367
R indices (all data) R; =0.1294, wR, = 0.2604
Theta range for data collection 3.271 to 79.190°.
Index ranges —17<=h<=18, —20<=k<=20, —31<=I<=29
Reflection collected 20893
Independent reflections 20893 [R(iny = 0.1152]
Completeness to theta = 25.242° 93.8%
Absorption correction Analytical
Refinement method Full-matrix least-squares on F2
Goodness-of-fit on F2 1.072
Data / restraints / parameters 20893 /228 /1311

Table 3a.2 provides an overview of the crystallographic and refinement
information, while Table 3a.3 details the selected bond lengths and bond angles.
Distortion in the square antiprism occurs due to slight deviations: atoms O1A and
O2WA (or O2B and O1WB) are positioned slightly above the upper plane, O2A and
O5A (or O1B and O6B) are slightly below and on the opposite side, O4A and O1 WA
(or O4B and O5B) are slightly below the bottom plane, and O3 A and O6A (or O3B and
O1M) are slightly above. The complex exhibits a higher melting point attributed to n—

n stacking interaction between two 5-membered pyrazole rings at a distance of 3.570

A.

The Maharaja Sayajirao University of Baroda 138



Chapter 3(a)

The bond lengths of C(11A)-O(2A), C(28A)-0O(4A), C(45A)-0O(6A), C(11B)-
O(2B), C(28B)-0O(4B), and C(45B)-O(6B) in the acyl group measure 1.282(12) A,
1.264(12) A, 1.241(11) A, 1.272(12) A, 1.271(12) A, and 1.230(14) A, respectively,
slightly exceeding the typical C—O distance in ketones (1.23 A) due to O—Nd bonding
[47]. In comparison to Nd-O(acyl) bond lengths (ranging from 2.410(7) A to 2.506(7)
A), Nd-O(pyrazolone) bond lengths (ranging from 2.389(8) A to 2.441(7) A) are
marginally longer, indicating stronger covalency attributed to the acyl group oxygen
atoms. This elongation in bonds results in a reduction in the average bond order between
neodymium and oxygen atoms, thereby enhancing covalency. The bond lengths
observed include Nd1-O1WA (2.470(7) A), Nd2-O1WB (2.441(7) A), Nd1-O2WA
(2.468(8) A), and Nd2-OIM (2.46(1) A), revealing the solvent's impact on the

complex's covalent nature.

When coordinating with the neodymium ion in its enol state, the L! ligands form
stable six-membered rings, with internal angle sums of approximately 707.1°, 714.51°,
and 705.48° for side A, and 712.72°, 708.06°, and 716.41° for side B. These angles
approach 720°, indicating nearly planar six-membered rings and suggesting electron
delocalization during complexation. The average C=Chpy.ring distance measures 1.437 A
(side A) / 1.425 A (side B), falling between typical C=C (1.33 A) and C-C (1.54 A)
bond distances, indicating some electron delocalization. Figure 3a.11 illustrates the
organization of polyhedral units along the b-axis, demonstrating the arrangement to
maintain stability through secondary interactions [5]. As indicated in Table 3a.4, the
NdOg polyhedra are structurally linked by O-H:---N hydrogen bonds, with varying
symmetry transformations spanning distances of 2.06-2.35 A. These hydrogen bonds
primarily form between H-atoms in water molecules and N-atoms of ligands.
Additionally, C-H---O, O-H:--Cl, C-H---Cl, and C-H---N interactions contribute to the
crystal's resilience, with H---O, H---Cl, H---Cl, and H---N distances ranging from 2.20-
2.66 A, 2.89 A, 2.66-2.79 A, and 2.69 A, respectively.
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Atoms

Atoms

Bond
angles

Atoms

Bond
angles

Nd(1)-O(1A)
Nd(1)-0(2A)
Nd(1)-0(3A)
Nd(1)-O(4A)
Nd(1)-O(5A)
Nd(1)-O(6A)

Nd(1)-O(1WA)

Nd(1)-O(2WA)
O(1A)-C(1A)

O(2A)-C(11A)

O(BA)-C(18A)

O(4A)-C(28A)

O(6A)-C(45A)

O(5A)-C(35A)

C(35A)-C(36A)
C(1A)-C(2A)

C(18A)-C(19A)

C(36A)-C(37A)
C(2A)-C(3A)

C(19A)-C(20A)

Bond Atoms Bond
lengths lengths
2.409(6) Nd(2)-O(1B) 2.405(7)
2.410(7) Nd(2)-0(2B) 2.469(7)
2.436(7) Nd(2)-O(3B) 2.441(6)
2.417(7) Nd(2)-O(4B) 2.427(8)
2.429(7) Nd(2)-O(5B) 2.389(7)
2.472(7) Nd(2)-O(6B) 2.506(7)
2.469(7) Nd(2)-O(1WB) 2.440(8)
2.469(8) Nd(2)-0(1M) 2.462(11)
1.267(12) O(1B)-C(1B) 1.261(10)
1.282(12) O(2B)-C(11B) 1.272(12)
1.263(11) O(3B)-C(18B) 1.267(12)
1.264(12) O(4B)-C(28B) 1.271(12)
1.241(11) O(6B)-C(45B) 1.230(14)
1.250(11) O(5B)-C(35B) 1.225(13)
1.449(11) C(35B)-C(36B)  1.463(13)
1.427(14) C(1B)-C(2B) 1.400(13)
1.443(12) C(18B)-C(19B)  1.435(16)
1.435(14) C(36B)-C(37B)  1.413(14)
1.449(13) C(2B)-C(3B) 1.424(14)
1.427(14) C(19B)-C(20B)  1.437(14)

O(1A)-Nd(1)-0(2A)
O(2A)-Nd(1)-0(4A)
O(1A)-Nd(1)-0(5A)
O(1A)-Nd(1)-0(3A)
O(2A)-Nd(1)-0(3A)
O(4A)-Nd(1)-0(3A)

O(1A)-Nd(1)-0(2WA)
O(2A)-Nd(1)-O(2WA)
O(4A)-Nd(1)-0(2WA)
O(5A)-Nd(1)-0(2WA)
O(1A)-Nd(1)-O(1WA)
O(4A)-Nd(1)-O(1WA)
O(5A)-Nd(1)-O(1WA)
O(3A)-Nd(1)-O(1WA)
O(4A)-Nd(1)-O(6A)
O(5A)-Nd(1)-O(6A)
O(2WA)-Nd(1)-O(6A)
O(1WA)-Nd(1)-O(6A)

O(2WA)-Nd(1)-O(1WA)

O(1A)-Nd(1)-O(4A)

72.7(2)
74.8(2)
78.8(2)
71.3(2)
75.02)
73.02)
91.5(2)
69.7(2)
103.5(2)
77.4(2)
102.12)
88.12)
74.7(2)
70.1(2)
73.9(2)
71.2(2)
77.8(2)
74.7(2)
145.8(2)
136.5(2)

O(1B)-Nd(2)-O(4B)
O(5B)-Nd(2)-O(1WB)
O(1B)-Nd(2)-O(1WB)
O(5B)-Nd(2)-0(3B)
O(1B)-Nd(2)-0O(3B)
O(4B)-Nd(2)-0(3B)
O(1WB)-Nd(2)-0(3B)
O(5B)-Nd(2)-O(1M)
O(4B)-Nd(2)-O(1M)
O(1M)-Nd(2)-O(2B)
O(5B)-Nd(2)-0(6B)
O(4B)-Nd(2)-O(6B)
O(1WB)-Nd(2)-O(6B)
O(3B)-Nd(2)-O(6B)
O(1M)-Nd(2)-O(6B)
O(2B)-Nd(2)-0(6B)
O(1WB)-Nd(2)-0(1M)
O(1B)-Nd(2)-O(6B)
O(1B)-Nd(2)-O(2B)
0(4B)-Nd(2)-O(2B)

77.23)
78.9(2)
69.1(2)
76.1(2)
73.4(2)
72.2(3)
89.8(3)
75.6(3)
72.3(3)
85.13)
73.02)
136.9(3)
71.93)
146.5(3)
74.5(3)
75.9(2)
142.5(3)
122.1(3)
72.7(2)
747(2)

Table 3a.4 Hydrogen bonds for complex 6 [A and °].

D-HA dD-H)  dHA) d(D-A) <(DHA)
O(IWA)-H(IW1)..N@AA#1  0.81(2) 2.09(3) 2.855(11) 158(8)
O(1WA)-H(1W2)...N(6B) 0.80(2) 2.21(3) 2.881(11) 142(5)
O(2WA)- 0.83(2) 2.89(8) 3.477(9) 130(9)

HQW1)...CI3A)2

C(6A)-H(6AA)...O(1A) 0.95 2.28 2.899(12) 122.5
C(21A)-H(21B)...CI(1B)#3 0.98 2.79 3.380(11) 119.5
C(44A)-H(44A)...0(5A) 0.95 2.33 2.877(11) 116.5
O(1WB)-H(1W3)...N(6A) 0.82(2) 2.06(2) 2.791(11) 148(4)
O(IWB)-H(1W4).. NQB)#4  0.82(2) 2.35(9) 2.854(11) 121(9)
C(IM)-H(IMC)...CI(3B)#5 0.98 2.66 3.201(11) 114.9
C(4B)-H(4BA)...O(1WB)#4 0.98 2.66 3.463(15) 139.5
C(4B)-H(4BC)...CI2A)#6 0.98 2.69 3.437(12) 133.3
C(10B)-H(10B)...0(1B) 0.95 2.22 2.857(13) 123.9
C(27B)-H(27B)...0(3B) 0.95 2.35 2.935(14) 119.4
C(40B)-H(40B)...0(5B) 0.95 2.20 2.842(13) 124.2
C(44B)-H(44B)...N(4A)#1 0.95 2.69 3.543(13) 149.8

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,-z+1

#2 -x+1,-y,-z+1

#3 x,y,z+1

#4 -x+1,-y,-z  #5 -xt1,-y+1,-z #6x,y,2-1
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Figure 3a.11 The packing arrangement between polyhedral units of complex 6.

Bright pale-yellow prismatic crystals of complex 6 were obtained using a slow
evaporation technique. However, attempts to obtain x-ray quality crystals of complexes
7 and 8 were unsuccessful. Consequently, a simulated pattern for complex 6 was
generated from the single crystal data and compared with the experimental pattern
obtained from the powder XRD experiment. The simulated pattern closely matched the
experimental pattern for all three complexes, as depicted in Figure 3a.12. This
verification confirms the similarity in geometry and structure among all the complexes.
It ensures that the structure obtained from a single crystal is representative of the bulk
of the complexes. In the XRD graph, a sharp band with maxima in the range of 26 = 5

to 10° indicates the crystalline nature of the complexes.

mm " ——Complex 8

>
£ ;
E
| bt Psesbo i ‘Luu\
[T EUR] N R lll_# T T T T T T T
10.0 20.0 30.0 40.0 50.0 10 20 30 40 50 60 70 80

20 (°) 26 (°)

Figure 3a.12 Comparison between (a) simulated powder XRD pattern for complex 6
crystal and (b) experimental powder XRD patterns for complexes 6, 7, and 8.
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3a.3.4 Hirshfeld surface area analysis

Using the Crystal Explorer 17.5 program [48,49], the donor-acceptor interaction
sites and intermolecular contacts for complex 6 can be visualized. The crystal of
complex 6 was utilized to generate Hirshfeld surfaces (HS), which were subsequently
analyzed by applying the dnorm to assess exterior and interior distances (de and d;).
Figure 3a.13 elucidates the 2D-FP plot and 3D representations of dnorm, di, de,
curvedness, shape index, and fragment patch surfaces. Red dots on the dnorm HS indicate
hydrogen bonding. The total number of HS interactions with nearby complex 6
molecules (NBs) is depicted in a 2D-FP plot, where the interactions H(HS)---H(NBs),
H(HS)---All(NBs), and AII(HS)---H(NBs) are the most prevalent, contributing 46.5%,
67.3%, and 71.9%, respectively. Carbon-hydrogen contacts, constituting 9.5% of the
entire HS region, are the next most prevalent. These interactions are graphically
represented in Figure 3a.14, with additional 2D-FP graphs provided in Figure 3a.15.
The curvedness map's curved area situated amid the 5-membered pyrazole rings,
suggests n-n stacking, enhancing lattice strength, along with the presence of red dots in
dnorm indicating hydrogen bonding. Neodymium exhibits no further interactions with
adjacent molecules, as evidenced by the absence of Nd-all, all-Nd, or Nd-Nd
interactions within the complex. The shape-index plot illustrates the concave
appearance of ligand oxygen atoms with an opaque orange tint, indicative of

coordination interactions and a shape-index value lower than zero.
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Figure 3a.14 Graphical presentation of Hirshfeld Percentage interactions.
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Figure 3a.15 2D Fingerprint map for complex 6.

3a.3.5 Absorption and Emission Spectral Analysis

All three synthesized compounds demonstrate solubility in various solvents.
Electronic spectra of 1072 M solutions of these complexes were recorded in chloroform,
ethanol, nitrobenzene, pyridine, DMF, and DMSO solvents. The results of the 4f-4f
electronic spectra and oscillator strength measurements of the complexes in different
solvents, along with hexa-hydrated Ln(NO3)3 in water, are depicted in Figure 3a.16 and
Table 3a.5, respectively. Lanthanide complexes, characterized by their rapid solvent
transfer rate and remarkably low crystal field stabilization energy, can attain superior
coordination geometries [50,51]. Within visible wavelengths, these complexes exhibit
frequent parity-forbidden transitions in the 4f-4f bands, originating from the “lg> ground
state to distinctive excited states of the Nd(Ill) ion [38]. The observed transitions
include *Faz < *19/2, *Fsi2 «— *lojz, *Friz «— *lorz, *Forz < *lojz, *Gspz < *logz, *Grrz < *lap,
and *Goz < “lor2. The spectral intensity of the absorption band is characterized by
oscillator strengths (P) [52], experimentally linked to the integral area of the absorption

band, and expressed as:

2] 1 enax @ @

fexpor P = 4.31 x 1071° [ >
n- +

The Maharaja Sayajirao University of Baroda 144



Chapter 3(a)

Where € — Absorbance (A) T
' Max "~ Concentration (c) x path length of the cell in cm (b = 1 cm)’

transition wave number, 1 = Refractive index.

Considering the studied Nd(III) transitions, the absorption intensity of the *Gsy,
4G7n « *lop pair, situated near the center of the visible region (17300-17900 cm™!),
displays a notable sensitivity to the ligand environment surrounding the Nd(III) ion.
Hence, it serves as a suitable ion for research employing visible absorption
spectroscopy. Both transitions adhere to the principles of electric quadrupolar selection
(AJ<2, AL<2, AS=0) and are identified as hypersensitive transitions [10,11]. The
transitions ‘Fin <« “lon, *Fsp <« *lop, and *F7n « *lon of Nd(III) are termed
pseudohypersensitive transitions. Despite not strictly adhering to the selection criterion
for hypersensitive transitions, these transitions demonstrate significant sensitivity in the

complexes. Upon transitioning from the N dg;“ua_ ion to the complex across all solvents

used, the oscillator strength of the *Gs, < “Io» transition increases by a factor of 4 to 6
times (hypersensitive). For complexes 6 and 8 (see Table 3a.5), the intensification is
typically observed in the following order: Pyridine > DMF > DMSO > Ethanol >
Chloroform > Nitrobenzene. Pyridine promotes the intensity of the 4{f-4f electric dipole
in both complexes due to the strong coordination of the Nd(III)-ion, enhancing bond
covalency and oscillator strength [38]. The unusual behaviour of complex 7 may be
attributed to the electron-withdrawing m-chloro phenyl group attached to the N of the
5-membered pyrazolone ring. Furthermore, in three solvents with strong coordination
(pyridine, DMF, DMSO), the complexes exhibit the sequence 6 > 7 > 8. Complex 6
demonstrates less molecular symmetry and higher covalency than the other two
complexes, attributed to the increased polarizable interaction of the L' ligand with the

Nd(III)-ion, resulting in larger values of oscillator strengths for complex 6.

The qualitative identification of symmetry has been facilitated by analyzing
both the band shape and strength of the hypersensitive transition [38]. Consistently,
similar band shapes across all hypersensitivity transitions indicate an eight-coordination
geometry. Notably, the band morphologies in pyridine, DMF, and DMSO solvents
reveal increasingly distinct and intense hypersensitive peaks. This enhancement in
asymmetries can be attributed to the strong coordinating nature of these solvents,

increasing oscillator strength.
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Table 3a.5 Measurements of experimental oscillator strengths (fexp), theoretical
oscillator strengths (fcaicu), and root mean square deviation (6rms) for complexes 6, 7,

and 8 in various solvents.

Fan € 4Fsp € Fon € 4Fopn € 1Gsp € G € ‘G €

Transitions s 4o s 4o i ) 4o 4o
spectraranges [em e 11700~ 12820 13800-  15400-  17900-  17700- 19200 grus

11200 12050 12900 14200 16450 17300 18400

Nd3* aqua ion

P = 109 1.94 7.63 7.71 0.41 9.4 3.54 222
N 127 8.04 5.9 0.15 31.54 5.11 598 0.509

_ falew  1.929 4.340 3.043 0.263 16.227 1.560 0.503
Oscillator 5| o 1.56 7.88 7.27 0.68 32.58 5.14 691 0511

Strength fodew 175 4.72 3.53 0.30 16.80 1.54 0.51
P xir%O o | fow .19 5.6 551 0.39 30.15 478 481 0.504

difforent fraleu 1.34 3.49 2.57 0.22 15.53 1.28 0.39
olvents D | fo 1.85 10.88 9.71 0.23 473 7.43 9.6 0.509

for fealeu 2.46 6.41 4.74 0.40 24.43 2.19 0.71
complex g | fo 1.67 9.39 9.63 0.61 45.16 7.24 995 0514

6 fraleu 2.14 5.99 4.52 0.38 23.34 2.02 0.65
| feo 1.52 9.38 8.26 0.17 38.99 6.06 777 0.506

fraicu 2.02 5.45 4.07 0.34 20.22 1.82 0.59
N 0.97 6.23 5.12 0.57 24.61 4.19 755 0.536

_ fealeu 1.69 3.68 2.55 0.22 1271 1.30 0.43
Oscillator 5| for 131 5.8 461 0.06 25.66 36 575 0514

Strength foew 141 3.18 2.23 0.19 13.23 1.20 0.37
P g rfo o | fow 1.26 6.2 5.95 0.04 292 5.02 633 0514

different fealeu 1.59 3.88 2.80 0.24 15.11 1.37 0.44
olvents D | 1.77 9.77 9.1 035 40.9 6.5 1081 0523

for fraleu 2.34 5.97 4.39 0.37 21.12 1.99 0.66
complex | | fov 1.72 8.68 8.04 0.37 38.78 6.58 1007 0523

7 fealeu 231 5.40 3.84 0.33 20.05 1.91 0.62
| feo 1.97 10.19 10.43 0.22 4175 6.39 10.19 0514

fraleu 2.09 6.38 4.94 0.41 21.71 1.95 0.66
N 1.25 6.83 6.37 0.19 31.85 4.98 735 0514

_ fealeu 1.68 4.18 3.04 0.26 16.52 1.48 0.47
Oscillator foxp 1.76 9.47 8.77 0.36 39.52 6.14 999 0518

Strength B | g, 2m 5.76 4.25 0.36 20.50 1.91 0.63
P g rfo o | fow 118 5.92 5.68 0.22 31.24 5.56 580 0.506

difforent fealeu 1.63 3.76 2.66 0.23 16.29 1.43 0.44
olverts D | fo 2.02 11.8 10.88 0.19 512 8.07 1136 0512

for fraleu 2.69 7.10 527 0.45 26.56 2.40 0.78
complex g | 1.98 10.92 9.89 0.49 48.58 8.58 1124 0517

g fraleu 2.84 6.67 4.76 0.41 25.11 2.36 0.76
o | feo 227 10.51 9.35 0.18 45.73 7.09 9.1 0.505

fealcu 2.49 6.23 4.55 0.39 23.75 2.16 0.70

A = Chloroform, B = Ethanol, C = Nitrobenzene, D = Pyridine, E = DMF, F = DMSO

@The values presented here are merely intended to provide an indication of the general position since the spectral ranges
reported for the transition vary from solvent to solvent.

The impact of covalency with the Judd-Ofelt parameters (2, (4, Q¢) can be
elucidated through the following equation [53]:

2 2
fea =i ® )., . allallv? )] @)
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Where m, ¢, h, n, o, and 2J+1 are electron mass, light speed, Planck’s constant,

refractive index, transition’s wave number, and degeneracy of |a), respectively. X =

. 242)? . .
field correction factor (x = %) The refractive index can be determined from the

band gap energy value using Tauc’s equation [54,55]. After obtaining the band gap
energy (E,) using Tauc’s equation, the refractive index is calculated using the following
relation:

m*-1) . |Eg
n2+1) 20 3)

Equation (2) yields a new, more straightforward equation (4) of the b = Ax type
matrix once constant values are added.

fea 2, |(al|U?||b)|* 4

4= Ya=246 2 |(al|U*||b)] (4)
Judd-Ofelt parameters have been identified (see Table 3a.6) for all synthesized
compounds using the least square approach using |(a|| Ut || b) | ? values from the Carnall
publication [52]. By Judd-Ofelt theory, the calculated value of oscillator strength (fcar)
was computed from initial (a) to excited state (b) transitions by applying equation (2).
To find the accuracy of the fitting procedure, the root mean square deviation (dms) of

fexp With respect to fca was calculated using the formula given below.

2
2 fca _fex
5= /(zlf—z,,p) (5)

The quality of the fitting result improves with a lower value of the root mean
square deviation. Comparative values of the calculated oscillator strength (fca1) and root

mean square deviation (0ms) are provided in Table 3a.5.

The amplitudes of the Judd-Ofelt parameters Q. (A = 2, 4, 6) reflect the
enhancement of 4f-4f band transitions, particularly hypersensitive (*Gsz < *Io) and
pseudohypersensitive transitions (*Fs, “F72 < *lon). As covalency is introduced into
the metal-ligand interaction, the oscillator strength and magnitude of €, increase,
indicating the strengthening of transitions. Q4 and s parameters can predict the
oscillator strength for NdA(III) complexes. However, Q, values can specifically

demonstrate how solvents or ligands affect the intensity of a hypersensitive transition.
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Compared to the » parameter, the Q4 and s parameters, which are linked to
alterations in the symmetry characteristics of the complex species, are slightly
influenced. Specific solvents have been observed to impact the Q4 and Q¢ parameters
significantly. With coordinating solvents entering the system, the degree of mixing
between the 41" and 5d orbitals changes, leading to higher values of the Qs parameter.
Consequently, coordinating solvents exhibit larger values of (¢ in Table 3a.6.
Meanwhile, Q4 values remain consistently low across all complexes in various solvents,
suggesting that long-ranging secondary interactions such as m---m stacking or H-

bonding remain unaffected.

Table 3a.6 Judd-Ofelt intensity parameters for complexes 6, 7, and 8.

J-O0
Complex Parameter A B C D E F
[Q2/107%° cm?]
Q; 5.07 5.46 5.17 7.96 7.74 6.61
6 Q4 1.88 1.45 1.16 2.11 1.72 1.69
Qs 3.92 4.63 3.36 6.19 5.94 5.33
Q; 3.87 4.22 4.86 6.76 6.32 7.20
7 Q4 1.68 1.37 1.46 2.06 2.19 1.50
Qs 3.28 2.87 3.64 5.72 4.97 6.52
Q; 5.36 6.60 5.27 8.65 7.96 7.66
8 Q4 1.51 1.92 1.56 2.29 2.68 2.23
Qs 3.96 5.55 3.44 6.89 2.16 5.92

A = Chloroform, B = Ethanol, C = Nitrobenzene, D = Pyridine, E = DMF, F = DMSO

In order to demonstrate the covalency of complexes, equations (6) to (9)
were used to compute the Nephelauxetic ratio (), Sinha parameter (6%), bonding
parameter (b'/?), and angular overlap parameter (1). In Nephelauxetic ratio calculation,
Dcomplex aNd Tree ion Was identified by taking peak center values for all transitions in the
absorption spectra of complexes. All covalency parameters are provided in Tables 3a.7-
3a.10.

Nephelauxetic ratio g = W (6)
freeion
Sinha parameter §% = [%] x 100 @)
: 1 g\
Bonding parameter bz = (T) (8)

Angular overlap parameter n = !

9)

s
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Table 3a.7 Calculation of Nephelauxetic ratio  for complexes 6, 7, and 8.

Nephelauxetic ratio

Transitions  Chloroform Ethanol Nitrobenzene  Pyridine DMF DMSO
Complex 6
F3pn € *op 0.9874 0.9886 0.9886 0.9886 0.9897 0.9886
Fsp € *op 0.9875 0.9888 0.9888 0.9888 0.9888 0.9888
Fap € op 0.9893 0.984 0.9893 0.9854 0.9854 0.9854
“Fop € *lop 0.9898 0.9898 0.9883 0.9883 0.9898 0.9898
*Gsp € *lop 0.9879 0.9897 0.9879 0.9879 0.9897 0.9845
4G € *lop 0.989 0.9908 0.9908 0.9908 0.9908 0.9908
*Gop € *Top 0.9886 0.9905 0.9905 0.9905 0.9905 0.9905
Complex 7
F3p € op 0.9874 0.9886 0.9886 0.9886 0.9886 0.9965
Fsp € op 0.9875 0.9888 0.9888 0.9888 0.9888 0.99
‘Fp € Yop 0.9893 0.9854 0.988 0.9854 0.9854 0.9854
“Fop € o 0.9927 0.9956 0.9912 0.9883 0.9898 0.9883
*Gsp € *on 0.9879 0.9897 0.9897 0.9897 0.9897 0.9845
4G € Yo 0.989 0.9908 0.9908 0.9908 0.9908 0.9908
*Gop € *lon 0.9905 0.9905 0.9905 0.9905 0.9905 0.9924
Complex 8
F3pn € lop 0.9874 0.9886 0.9874 0.9886 0.9886 0.9897
4Fsp € *lop 0.9875 0.9888 0.9875 0.9888 0.9888 0.9888
4Fap € *op 0.9893 0.9854 0.9893 0.9854 0.9854 0.9854
4Fop € *lop 0.9883 0.9883 0.9883 0.9883 0.9898 0.9898
*Gsp € *lop 0.9829 0.9879 0.9845 0.9862 0.9897 0.9845
4G € Yo 0.989 0.9908 0.9908 0.9908 0.9908 0.9908
*Gop € *op 0.9886 0.9905 0.9886 0.9905 0.9905 0.9905

Table 3a.8 Calculation of Sinha Parameter & for complexes 6, 7, and 8.

Sinha parameter o

Transitions  Chloroform Ethanol Nitrobenzene  Pyridine DMF DMSO
Complex 6
4F3p € *op 1.2711 1.1544 1.1544 1.1544 1.0415 1.1544
4Fsp € *op 1.2614 1.1346 1.1346 1.1346 1.1346 1.1346
Fap € op 1.0843 1.6253 1.0843 1.4866 1.4866 1.4866
“Fop € o 1.0301 1.0301 1.1794 1.1794 1.0301 1.0301
4Gsp € Yo 1.22 1.045 1.22 1.22 1.045 1.5701
4Grp € Yo 1.1099 0.9319 0.9319 0.9319 0.9319 0.9319
*Gop € “op 1.151 0.9557 0.9557 0.9557 0.9557 0.9557
Complex 7
F3pn € op 1.2711 1.1544 1.1544 1.1544 1.1544 0.3477
Fsp € op 1.2614 1.1346 1.1346 1.1346 1.1346 1.0078
4Fap € op 1.0843 1.4866 1.2185 1.4866 1.4866 1.4866
“Fop € *lop 0.7368 0.4433 0.8862 1.1794 1.0301 1.1794
*Gsp € *lon 1.22 1.045 1.045 1.045 1.045 1.5701
4Gy € *on 1.1099 0.9319 0.9319 0.9319 0.9319 0.9319
*Gop € *lop 0.9557 0.9557 0.9557 0.9557 0.9557 0.7675
Complex 8
F3pn € *op 1.2711 1.1544 1.2711 1.1544 1.1544 1.0415
Fsp € *op 1.2614 1.1346 1.2614 1.1346 1.1346 1.1346
Fap € *op 1.0843 1.4866 1.0843 1.4866 1.4866 1.4866
“Fop € o2 1.1794 1.1794 1.1794 1.1794 1.0301 1.0301
4Gsp € Yo 1.7385 1.22 1.5701 1.3951 1.045 1.5701
4Grp € Yop 1.1099 0.9319 0.9319 0.9319 0.9319 0.9319
*Gop € “on 1.151 0.9557 1.151 0.9557 0.9557 0.9557
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Table 3a.9 Calculation of Bonding parameter b"? for complexes 6, 7, and 8.

Bonding parameter b'?

Transitions  Chloroform Ethanol Nitrobenzene  Pyridine DMF DMSO
Complex 6
F3pn € *op 0.0792 0.0755 0.0755 0.0755 0.0718 0.0755
Fsp € *op 0.0789 0.0749 0.0749 0.0749 0.0749 0.0749
Fap € op 0.0732 0.0894 0.0732 0.0856 0.0856 0.0856
“Fop € *lop 0.0714 0.0714 0.0763 0.0763 0.0714 0.0714
*Gsp € *lop 0.0776 0.0719 0.0776 0.0776 0.0719 0.0879
4G € *lop 0.0741 0.0679 0.0679 0.0679 0.0679 0.0679
*Gop € *Top 0.0754 0.0688 0.0688 0.0688 0.0688 0.0688
Complex 7
F3p € op 0.0792 0.0755 0.0755 0.0755 0.0755 0.0416
Fsp € op 0.0789 0.0749 0.0749 0.0749 0.0749 0.0706
‘Fp € Yop 0.0732 0.0856 0.0776 0.0856 0.0856 0.0856
“Fop € o 0.0605 0.047 0.0663 0.0763 0.0714 0.0763
*Gsp € *on 0.0776 0.0719 0.0719 0.0719 0.0719 0.0879
4G € Yo 0.0741 0.0679 0.0679 0.0679 0.0679 0.0679
*Gop € *lon 0.0688 0.0688 0.0688 0.0688 0.0688 0.0617
Complex 8
F3pn € lop 0.0792 0.0755 0.0792 0.0755 0.0755 0.0718
4Fsp € *lop 0.0789 0.0749 0.0789 0.0749 0.0749 0.0749
4Fap € *op 0.0732 0.0856 0.0732 0.0856 0.0856 0.0856
4Fop € *lop 0.0763 0.0763 0.0763 0.0763 0.0714 0.0714
*Gsp € *lop 0.0924 0.0776 0.0879 0.0829 0.0719 0.0879
4G € Yo 0.0741 0.0679 0.0679 0.0679 0.0679 0.0679
*Gop € *op 0.0754 0.0688 0.0754 0.0688 0.0688 0.0688

Table 3a.10 Calculation of Angular Overlap parameter 1 for complexes 6, 7, and 8.

Angular Overlap parameter n

Transitions  Chloroform Ethanol Nitrobenzene  Pyridine DMF DMSO
Complex 6
4F3p € *op 0.0063 0.0058 0.0058 0.0058 0.0052 0.0058
4Fsp € *op 0.0063 0.0057 0.0057 0.0057 0.0057 0.0057
Fap € op 0.0054 0.0081 0.0054 0.0074 0.0074 0.0074
“Fop € o 0.0051 0.0051 0.0059 0.0059 0.0051 0.0051
4Gsp € Yo 0.0061 0.0052 0.0061 0.0061 0.0052 0.0078
4Grp € Yo 0.0055 0.0046 0.0046 0.0046 0.0046 0.0046
*Gop € “op 0.0057 0.0048 0.0048 0.0048 0.0048 0.0048
Complex 7
F3pn € op 0.0063 0.0058 0.0058 0.0058 0.0058 0.0017
Fsp € op 0.0063 0.0057 0.0057 0.0057 0.0057 0.005
4Fap € op 0.0054 0.0074 0.0061 0.0074 0.0074 0.0074
“Fop € *lop 0.0037 0.0022 0.0044 0.0059 0.0051 0.0059
*Gsp € *lon 0.0061 0.0052 0.0052 0.0052 0.0052 0.0078
4Gy € *on 0.0055 0.0046 0.0046 0.0046 0.0046 0.0046
*Gop € *lop 0.0048 0.0048 0.0048 0.0048 0.0048 0.0038
Complex 8
F3pn € *op 0.0063 0.0058 0.0063 0.0058 0.0058 0.0052
Fsp € *op 0.0063 0.0057 0.0063 0.0057 0.0057 0.0057
Fap € *op 0.0054 0.0074 0.0054 0.0074 0.0074 0.0074
“Fop € o2 0.0059 0.0059 0.0059 0.0059 0.0051 0.0051
4Gsp € Yo 0.0087 0.0061 0.0078 0.007 0.0052 0.0078
4Grp € Yop 0.0055 0.0046 0.0046 0.0046 0.0046 0.0046
*Gop € “on 0.0057 0.0048 0.0057 0.0048 0.0048 0.0048
The Maharaja Sayajirao University of Baroda 151



Chapter 3(a)

The bonding parameter's positive values and minimal alteration suggest
covalent bonding with limited participation of 4f-orbitals in the synthesized complexes
across all solvents, where the nephelauxetic effect values range between 0.9829 and
0.9965. Both the Sinha parameter (%) values and the angular overlap parameter (1)
values, which illustrate electron delocalization across the 4f orbital and covalency, have
been found to be positive for all complexes. This indicates a similar extent of covalent

bonding, as expected due to the similar coordination number [51,56,57].

Figure 3a.17 presents a spectrum analysis of the recently synthesized
compounds using solid-state emission spectra and electronic absorption in a 107 M
ethanolic solution. Across the wavelengths specified in Table 3a.11, all three complexes
display electronic n—n*, n—n*, and LMCT transitions. Additionally, each complex
exhibits three emission peaks. The emission of light from 2Ds,=>Io2 causes the peaks
observed at wavelengths of 331.4 nm (complex 6), 326.5 nm (complex 7), and 330.9
nm (complex 8). Similarly, peaks at 467.5 nm (complex 6), 466.7 nm (complex 7), and
468.8 nm (complex 8) indicate the *Gi12>*lop transition, while those at 493.5 nm
(complex 6), 493 nm (complex 7), and 492.7 nm (complex 8) denote the *G72>*Ion
transition. Utilizing the emission spectrum bands and equations (1) and (2), the spectral
strength (fexp or P) and Judd-Ofelt parameters (€2) were computed again. The calculated
value of oscillator strength (fca) from initial (a) to excited state (b) transitions was
determined using Judd-Ofelt theory, and the root mean square deviation (dmms) Of fexp
with respect to fea was calculated using equation (5). The evaluated values for all
complexes are presented in Table 3a.11. Based on the J-O parameters €, the probability
of radiative transition, Ardwy; v), from the initial (yy) to terminal state (y’y), was

determined using the subsequent equation:

64m*e? n(n2+2)2

Ayea(P; 7)) = ShZJ+DB 9 [Sep + Sup] (10)

Sep and Swmp are electric and magnetic line strengths respectively. To calculate
the probability of radiative transition, Ard(y; y) magnetic line strength is neglected, and

equation (10) becomes:

64mte? n(nZ+Z)2

Ayad(lp; II)*) = 3h(2J+1)A3 9 [SED] (11)
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Here, Sep can be represented in the form of J-O parameters and a reduced square
matrix by the following relation:

;12
SED - Zt—z 6ﬂt|¢]U(t)¢ ]I| (12)

’x,

The value of matrix elements was obtained from reference [52]. Further, the

reciprocal of Ard provides the value of radiative lifetime (traq) as follows:

- (13)

Trad = Aroa
ra

Table 3a.11 Oscillator Strength, Judd-Ofelt Parameters, root mean square deviation,
Radiative transition rate, and Radiative lifetime of complexes 6, 7, and 8 from
emission spectra.

Complex 6 7 8

D3p>Lon 35.56 36.66 30.07
Oscillator Strength x 107¢ ‘Gup>*on | 29.62 37.89 21.72
4G2>on 38.33 33.87 38.33
Q; 17.16 16.80 14.98
J-O Parameter
Q4 6.21 5.26 5.79
(/102 cm?)
Qp 7.32 11.79 4.59
root mean square deviation (6rms) 0.9900 0.9896  0.9899
Radiative transition rate Ar.a (s™) 120.01  179.55 77.45
Radiative lifetime Traa (ms) 8.33 5.57 12.91
38 Complex 6
[ lex 6 _ omplex
Gomplex 7 * Complex 7 A
3.0 Complex 8 Complex 8
254 40+ 4G1|/294Iwz
]
2204 2 30
3 2
[}
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Figure 3a.17 The spectra of (a) Electronic absorption and (b) Emission for complexes

6, 7 and 8.
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The stoke shift of these neodymium complexes was computed utilizing the
absorption and emission spectrum peaks [58], following established protocols, and the
results are outlined in Table 3a.12. These neodymium compounds exhibit a small Stoke
shift, indicating primarily a vibrational shift without significant changes in energy
levels.

Table 3a.12 Absorption and emission peak analysis for complexes 6, 7, and 8.

. . Stoke

Complex Absorption  Emission shift

269.9 (n>1*) 331.4 61.5

6 369.9 (t>7*) 467.5 97.6
398.8

(LMCT) 493.5 94.7

273.7 (n>7%) 326.5 52.8

7 369.9 (n>7*) 466.7 96.8
397.7

(LMCT) 493 95.3

259.7 (n>1*) 330.9 71.2

8 370 (n>7n*) 468.8 98.8
398.2

(LMCT) 492.7 94.5

The widely recognized energy diagram, shown in Figure 3a.18, illustrates how
energy is absorbed by the acylpyrazolone ligand, known as the "CL (central ligand)",
transferred to the metal ion, and then returned to the ground state [59]. The main ideas
about the emission process of neodymium ions can be explained using this diagram.
Because of its 4f° configuration of Nd**, splitting of the spectrum states caused by
interelectronic repulsion, spin-orbit coupling, and ligand field influence will take place
to remove the J degeneracy partially or completely, making the transition "allowed"
(See Figure 3a.18(a)). Energy travels through a path that begins with the central ligand
absorbing energy into its excited singlet state. Then it is subsequently transferred to a
triplet state by the ISC before arriving at the Nd(III) ion's energy levels. The functional
group connected to the phenyl rings of acylpyrazolone, an NL (neutral ligand) that
provides stability, fluorescence efficacy, absorption efficacy, and LMCT efficacy, is
seen to have an impact on this light energy conversion diagram, which is also referred

to as the "antenna effect" (See Figure 3a.18(b)).
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repulsion coupling Field
(a) (b)
4f% configuration of a Nd(Ill) ion  Energy level diagram for Nd** complex, where CL = central
gives rise to several terms ligand, NL = neutral ligand, S = singlet excited state, T = triplet

excited state, ET = intramolecular energy transfer, ISC =
intersystem crossing, F = Fluorcscence decay, NR = Non-
radiative pathway

Figure 3a.18 “Antenna effect” diagram showing the mechanism of the emission

process in complexes 6, 7 and 8.

3a.4 Conclusions

The primary objectives of this study were to (i) assess the intensity of the
hypersensitive transition peak in Nd(ll1)-acylpyrazolone complexes across various
solvents, (ii) examine how structural variations in the ligand affect the hypersensitive
transition (including oscillator strength, band shapes, and Judd-Ofelt parameters) in
different complexes, (iii) investigate the influence of different coordinating and non-
coordinating solvents, and (iv) determine the degree of covalency using various
parameters. The three neodymium-acylpyrazolone complexes—designated as 6, 7, and
8—exhibited distorted square antiprism geometry with eight-coordination, stabilized
by three o-donating acylpyrazolone ligands and two solvent molecules. The structural
analysis of all complexes included ESI-mass, FT-IR, thermogravimetric, and single-

crystal X-ray diffraction methods. The *Gs, < “lg2 transition observed in the electronic

The Maharaja Sayajirao University of Baroda 155



Chapter 3(a)

spectra of the complexes displayed hypersensitivity, evident from the higher values of
oscillator strength and Q. parameter. Notably, pyridine was found to enhance the 4f-4f
strength the most among the solvents investigated. Furthermore, in solvents with strong
coordination (pyridine, DMF, DMSO), the order of intensity among the complexes was
consistently observed as complex 6 > 7 > 8. The presence of lower and consistent Q4
values and findings from Hirshfeld analysis suggested the involvement of long-ranging
secondary m--m stacking or H-bonding interactions. Assessment of covalency
parameters revealed positive values for electron delocalization across the 4f orbital and
covalency in all complexes, indicating a similar level of covalent bonding. A lower root
means square deviation, which indicates a better fitting result. The functional groups
attached to the phenyl rings of acylpyrazolone, acting as neutral ligands (NL),
significantly influenced the intensity of emission spectra, as evidenced by antenna
effect energy diagrams. The potential for modifying the chemical and spectroscopic
properties of acylpyrazolone to synthesize multi-dentate Nd(l11) complexes holds
promise for various applications in material sensing, scanning, and potentially in

understanding biological mechanisms or diagnosing diseases.
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Chapter 3(b)

An introduction to the significance, characteristics, and applications of
neodymium complexes in coordination chemistry was provided in section 3a.l of
chapter 3(a). Now, to predict the basis of the properties for complexes of neodymium-
acylpyrazolones the covalency between metal-ligand closures can become important
concept. As extraction ability and proficient Antenna effect of acylpyrazolones with
lanthanoids can be examined through their metal-ligand covalent character [1-3], this
study presents a practical technique for determining both the Judd-Ofelt intensity
parameters and oscillator strengths of three Nd(III)-acylpyrazolone complexes, 9, 10,
and 11, in different solvents which have the general formula [Nd(L)3(H>O)(EtOH)] and

distorted square antiprismatic geometry.

3b.2.1 Materials and Methods

HL* (3,5-dimethyl benzoyl 1-phenyl 3-methyl 5-pyrazolone), HL® (3,5-
dimethyl benzoyl 1-(m-chlorophenyl) 3-methyl 5-pyrazolone), and HL® (3,5-dimethyl
benzoyl 1-(p-tolyl) 3-methyl 5-pyrazolone) ligands were directly prepared and used as
mentioned in Chapter 2(a). Neodymium(I11) nitrate hexahydrate with a purity of 99.9%
was acquired from SRL Pvt. Ltd.

3b.2.2 Neodymium-acylpyrazolone Complex Synthesis

A solution containing 3 mmol ligand in ethanol and 3 mmol NaOHq was
stirred for thirty minutes at 80—-100 °C, as shown in Figure 3b.1. Subsequently, a
solution of 1 mmol neodymium(III) nitrate hexahydrate in ethanol was added dropwise.
After 18 hours of refluxing, the solution was transferred to a container and evaporated

slowly, yielding an eight-coordinated neodymium-acylpyrazolone complex.

Complex 9 Synthesis

Complex 9 was prepared using HL* ligand (0.92 g), NaOHq) (0.12 g), and
neodymium(III) nitrate hexahydrate (0.438 g). Yield(%): 96.87 %, M.P.: 223-230 °C,
Molecular formula: Cs9HssNgNdOsg, Formula wt: 1123.39. Mass peaks (see Figure 3b.2)
(m/z) = 1123.71 ([CsoHssNeNdOs]"), 1104.70 ([CsoHssNeNdO7]"), 305.24
([Ci19H17N202]"). FTIR (KBr, em™): 3387 (W, Vo-H water), 2921 (W, Vo-u Ewon), 1611 (s,

vc-opms), 1580 (s, ve-o acylpyz)-
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Complex 10 Synthesis

Complex 10 was prepared using HL® ligand (1.023 g), NaOHq) (0.12 g), and
neodymium(III) nitrate hexahydrate (0.438 g). Yield(%): 93.01 %, M.P.: 212-220 °C,
Molecular formula: CsoHssClsN¢NdOs, Formula wt: 1226.72. FTIR (KBr, em™): 3407

(W, Vo-H water), 2920 (W, Vo-H EtoH), 1614 (s, vc=0 DMB), 1587 (S, VC=0 acylpyz)-

Complex 11 Synthesis

Complex 11 was prepared using HL® ligand (0.96 g), NaOHq) (0.12 g), and
neodymium(IIl) nitrate hexahydrate (0.438 g). Yield(%): 95.34, M.P.: 208-215 °C,
Molecular formula: Cs2HssNsNdOsg, Formula wt: 1163.39. Mass peaks (see Figure 3b.3)
(m/z) = 1163.77 ([Cs2HsaN6NdOg]"), 1145.77 ([Cs2Hs2N6NdO7]"). FTIR (KBr, em™):

3407 (W, Vo-H water), 2921 (W, Vo-H EtoH), 1596 (S, Vc=0 pMB), 1577 (S, VC=0 acylpyz)-

o 3 eq NaOH,
1 eq Nd(NO3);.6H,0O
3 I\ >
€q N OH 18 hours reflux
N 80-100 °C
Y Complex 9: X=H, Y=H
X Complex 10: X=H, Y=

Complex 11: X=CHj;, Y=H

Figure 3b.1 Synthetic route for neodymium-acylpyrazolone complexes.
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Sample Name
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Figure 3b.2 Mass spectrum of complex 9.
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Figure 3b.3 Mass spectrum of complex 11.
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3b.2.3 X-ray crystallographic examination

X-ray crystallographic analysis was conducted on complex 10 using a graphite
monochromator and Mo-Ka (A = 0.71073 A) radiation. The detection and refinement
procedures were performed based on the methods outlined in previously published
papers from our laboratory [4]. The diffraction data were solved using the SHELXT
software [5], while computation was done using the crystallographic software

SHELXL-2018/3 [6].

3b.2.4 Physical measurements and characterization techniques

Similar methodologies, models, instruments, or instruments were employed to
analyze the data of the synthesized compounds, using techniques such as FTIR, mass,
UV-Vis, and TG-DTA as procedures outlined in Chapter 3(a) and previously published
articles from our laboratory [4,7]. The solid-state emission spectra were captured
utilizing a Jasco FP-6300 spectrofluorometer. Powder X-ray diffraction (XRD) was
measured employing a Rigaku SmartLab SE (3kW) instrument from Japan, using the
SmartLab Studio II software. The XRD used a Cu-K, (0.154 nm) source, and data were
collected using a D/teX Ultra 250 1D detector.

For solution of complexes 9, 10, and 11 in DMF, the molar conductivity Am
values were found to be 11, 7, and 9 Q! cm? mol™!, respectively. These lower numbers
demonstrate the behaviour is not electrolytic [8]. Furthermore, the subsequent section

elucidates the extent of covalent bonding and crystal formations.

3b.3.1 FTIR spectral analysis

The FTIR bands of the vo-H(ethanol) and VO-H(water) ligands, respectively, serve as
evidence for binding one CH3CH20OH and one H>O as monodentate ligands in all
neodymium complexes. These broad and low intense Vo-Hethanol) and VO-H(watery bands
appear in the range 2900-3200 and 3200-3400 cm™!, respectively, as given in Table
3b.1. This is because 100% ethanol was used as the solvent in the synthesis of all three
complexes, which began with hexahydrate neodymium nitrate salt. The notable finding
is decrease in VCc-0(3,5-dimethylbenzoyl) and Vc=O(acyl-pyz) Stretching of ligands during
complexation due to charge donation to Nd-ion by O-atoms of acylpyrazolones. vc-0G,s-

dimethylbenzoyl) 18 falling from 1621 cm ™! of HL* to 1611 cm ™! in complex 9, 1624 cm™! of
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HL’ to 1614 cm™! in complex 10, and 1622 cm ™! of HL® to 1596 cm™! in complex 11.
Similarly, vc-0(acyl-pyz) stretching becomes less when a complex is formed. Using the
FTIR spectra of the complexes, which are shown in Figures 3b.4—3b.6, additional bands
such as cyclic ve=N, Ve=c, UN-N, and VC H in plane deformations Were also assigned to ligands

and all complexes.

Table 3b.1 The FTIR values for neodymium complexes (in cm™}).

HL* HL® HLS
Code Complex 9 Complex 10 Complex 11
Ligand Ligand Ligand
v(c=0) benzoyl 1621 1611 1624 1614 1622 1596
v(c=0) acyl 1605 1580 1589 1587 1607 1577
cyclic V(C:N) 1511 1483 1554 1480 1511 1486
"mmmc(c_c) 1307 1370 1344 1363 1356 1383
V(N_N) 1175 1141 1176 1131 1175 1146
C-H in plane 1067 1067 1080 1070 1066 1064
deformation
8
S
8
S
[0
2
g 3 VCH
£ in plane
S deformation
e \
Ve
8 - vVc=0 aromatic
acyl
3 -
Ve-o ve=n cyclic
K - benzoyl
3 8 35838 38 CERRERRISAREDwgormuynaroncn
o ; o0 (‘)IC')NNN > NN . v—v"v"—""-;' FFFFF O’O’O}Q’:WI\I\I\LOQD@(DLDIIDLD
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Figure 3b.4 FTIR spectrum of complex 9.
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Figure 3b.6 FTIR spectrum of complex 11.
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3b.3.2 Thermogravimetric analysis

Complexes were submitted for a thermal examination as the thermal stability of
luminescent lanthanide complexes is an important factor in their use in photonics
applications [9]. The TGA shows two degradation steps for complexes 9, 10, and 11,
respectively, with overall mass losses of 56.1%, 49.6%, and 71.69%. The final
substance, Nd>Os, is left behind. The first stage of degradation with mass loss of 15.7%
for 9, 10.2% for 10, and 28.42% for 11 complexes in the 50-150 °C temperature range
involve the loss of hydrated water or a coordinated solvent; however, actual complex
degradation happens above their melting points [10]. The second stage of degradation,
with mass loss of 40.4% for 9, 39.4% for 10, and 43.27% for 11 complexes in the 400-
450 °C temperature range, is due to the removal of three acylpyrazolone units.
Maximum loss for complexes 9, 10, and 11 is represented by the DTG curve at 424.3,
434.8, and 427.3 °C, respectively. Figures 3b.7-3b.9 contains all thermogravimetric

curves.
—100.0
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0.600 |- f424.3cel oso
/ ?.622mg/min ’
30.00 — 15.7% ‘,‘ |
0.400 |~ |\ —90.0
[
25.00 (- | \
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//»/ﬂ“’\\ 80.0
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P X
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7
55.0
-0.800 |- -5.00 —
50.0
-10.00 |~
-1.000 |—
45.0
! ! !

100.0 200.0 300.0 400.0 500.0
Temp Cel

Figure 3b.7 Thermogravimetric curve of complex 9.
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Figure 3b.8 Thermogravimetric curve of complex 10.
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Figure 3b.9 Thermogravimetric curve of complex 11.
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3b.3.3 Single crystal X-ray diffraction analysis

Through slow evaporation technique, bright pale-yellow prism-type crystals of
complex 10 were obtained. Attempts to get x-ray quality crystals of complexes 9 and
11 were proved futile. After receiving the pale yellow prismatic single crystals
necessary for X-ray measurement, solid-state X-ray diffraction was used to ascertain
the structure of complex 10. Like the reports of the neodymium acylpyrazolone
complexes [11-17], the mononuclear complex 10 features an eight-coordinated core
Nd(III) ion, which is surrounded by six L’ ligand O-atoms (01, 02, O3, 04, OS5, and
06), one O-atom (O1w) of water, and one O-atom (O7) of ethanol. Around the centre
Nd(III) ion, the eight O-atoms organize into a warped square-antiprism coordination
polyhedron and complex crystallized in the P —1 space group of the triclinic system
(See Figure 3b.10(a) and 3b.10(b)). Complex 10 stabilises in the arrangement shown in
Figure 3b.10(c) out of several feasible arrangements, as indicated in the Marchetti
review [2]. The crystal packing of the complex satisfies the criteria of low energy
movement between metal ions because the Nd-Nd distance is 12.3007(6) A [18]. Three
L’ ligands come into contact with the central neodymium ion as bidentate ligands,
forming three chelating rings [19,20]. The top plane can be formed by joining O1W of
coordinating water, O7 of coordinating ethanol, O1 of the first ligand's pyrazolone
moiety, and OS5 of the second ligand's pyrazolone moiety. Similarly, the bottom plane
can be formed by joining O2 of the first ligand's pyrazolone moiety, O6 of the second
ligand's pyrazolone moiety, and O3, O4 atoms of the third acylpyrazolone ligand. For
only one L° ligand, it’s both O3 and O4 atoms lie in the bottom plane.
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Figure 3b.10 (a) ORTERP illustration of complex 10 with 50% ellipsoid probability,
(b) Polyhedral style presentation, and (¢) square antiprism arrangement.

Table 3b.2 contains an overview of the crystallographic information as well as
refinement information, while Table 3b.3 lists the chosen bond lengths and bond angles.
Distortion in square antiprism is created as O7, O1 W atoms are slightly above the upper
plane, while O1, O5 atoms are slightly below and on the opposite side, O3, O6 atoms
are slightly below the bottom plane, while 02, O4 atoms are slightly below. The lengths
of the C(11)-0(2), C(30)-0O(4), and C(49)-0O(6) bonds in the acyl group are 1.253(2)
A, 1.251(3) A, and 1.262(3) A, respectively, that is slightly higher than typical for C—
O distance in ketones [21] (1.23 A) due to O>Nd bonding. In comparison to Nd-
O(acyl) bond lengths (2.4061-2.4363), Nd-O(pyrazolone) bond lengths (2.4240-
2.4474) are slightly higher, indicating stronger covalency caused by the acyl group O-
atoms. This is because longer bonds lead to a drop in the average bond order between
neodymium and O-atoms, increasing covalency. The greatest bond lengths are seen in
the Nd-O1W (2.4792(15) A) and Nd-O7 (2.5086(16) A) bonds, which demonstrate
weaker covalency with solvents compared to acylpyrazolone covalent binding and the
influence of solvent on the covalent character of the complex. The L’ ligands form
stable six-membered rings when they coordinate to the neodymium ion in its enol state;
the sum of the internal angles for the three ligands is, respectively, 715.85, 711.95, and
714.81°. These angles are very near 720°, indicating that the six-membered rings are

almost planar. Figure 3b.11 depicts how complex units are organized and packed to
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maintain stability due to interactions between 3,5-dimethyl benzoyl rings at 3.407 A
[22]. As shown in Table 3b.4, the NdOg polyhedron is structurally linked to one another
by O-H:--N hydrogen bonds that have various symmetry transformations and span a
distance from 1.934 — 2.054 A. The hydrogen bonds are formed between the H-atoms
in water and ethanol molecules and the ligand's N-atoms. C-H---O interactions between
methyl's H atoms and nearby N atoms, with an H---O distance range of 2.30-2.63 A,

also contribute to the crystal's improved resilience.

Table 3b.2 Crystallographic structural refinement for complex 10.

Code Complex 10
CCDC number 2254186
Empirical formula CsoHs6C13NgNdOg
Formula weight 1227.68
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P—1

a=14.2667(7) A, b= 14.8966(8) A, c = 15.6583(7) A,
a=100.141(2)°, B = 108.461(2)°, y =114.086(2)°

Unit cell dimensions

Volume 2696.7(2) A’
V4 2
Density (calculated) 1.512 Mg/m3
Absorption coefficient 1.174 mm '
F(000) 1254
Final R indices [[>2sigma(I)] R1=10.0396, wR, = 0.0874
R indices (all data) R1=10.0558, wR2 = 0.0968
Theta range for data collection 2.35t0 32.92°.
Index ranges 22<h<22,-23<k<23,-21<1<24
Reflection collected 140101
Independent reflections 20662 [Reiny = 0.0804]
Completeness to theta = 25.242° 99.8 %
Absorption correction None
Refinement method Full-matrix least-squares on F
Goodness-of-fit on F~ 1.047
Data / restraints / parameters 20662 /4 /717
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Table 3b.3 Selected bond lengths(A) and bond angles(°) in complex 10.

Atoms Bond lengths Atoms Bond Atoms Bond

angles angles
Nd(1)-0(6) 2.4061(17) O(6)-Nd(1)-0(2) 72.81(5) O(6)-Nd(1)-0(3) 95.69(6)
Nd(1)-0(2) 2.4142(16) 0O(2)-Nd(1)-0(3) 75.32(5) 0O(2)-Nd(1)-0(4) 126.53(6)
Nd(1)-0(3) 2.4246(15) 0O(3)-Nd(1)-0(4) 69.29(5) O(5)-Nd(1)-0(1) 127.44(5)
Nd(1)-0(5) 2.4295(15) O(6)-Nd(1)-0(4) 7231(6)  O(1W)-Nd(1)-O(7) 109.56(6)
Nd(1)-0O(4) 2.4363(16) O(1)-Nd(1)-O(7) 75.43(5) 0O(2)-Nd(1)-0(1) 73.93(5)
Nd(1)-O(1) 2.4474(15) O(1)-Nd(1)-O(1W) 75.09(5) O(3)-Nd(1)-O(1) 81.33(5)
Nd(1)-0O(1W) 2.4792(15) O(5)-Nd(1)-O(1W) 70.98(5) O(5)-Nd(1)-0(4) 73.24(5)
Nd(1)-0(7) 2.5086(16) O(5)-Nd(1)-O(7) 79.58(5) O(6)-Nd(1)-O(5) 73.17(5)

Figure 3b.11 The packing arrangement between complex units.

Table 3b.4 Hydrogen bonds for Complex 10 [A and °].

D-HA dD-H)  dH-A) d(D--A) <(DHA)
0(7)-H(70).. N(4)#1 0.818(18)  1.934(19) 2.745(2) 171(4)
O(IW)-H(IW1)..NQ2)#2  0.826(17)  2.025(17) 2.845(2) 172(3)
O(IW)-H(IW2)..N(6#3  0.815(17)  2.054(17) 2.869(2) 177(3)
C(2)-H(2A)...0(1) 0.95 2.38 2.928(3) 116.3
C(21)-H(21A)...0(3) 0.95 2.30 2.894(3) 120.3
C(29)-H(29A)...0(1)#1 0.98 2.63 3.565(3) 160.6
C(40)-H(40A)...0(5) 0.95 245 2.968(3) 113.8

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+1

#2 -x+2,-y+1,

-z+1

#3 -x+2,-y+1,-z+2

177
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Bright pale-yellow prism-type crystals of the complex 10 were obtained through
a slow evaporation technique. Attempts to get x-ray quality crystals of complexes 9 and
11 proved futile. Therefore, a simulated pattern was obtained for complex 10 from the
single crystal data, and the same was compared with the pattern obtained
experimentally from the powder XRD experiment. The simulated pattern matches well
with the experimental pattern for all three complexes, as shown in Figure 3b.12. This
confirms that all the complexes have similar geometry and structure. This also ensures
the structure obtained from a single crystal represents the bulk of the complexes. In the
XRD graph, a sharp band is observed with maxima in the range 26 = 5 to 10°, indicating

that the complexes are crystalline.

Complex 11

Intensity

Intensity

Complex 10

P P
\L-L.‘.K Complex 9

LA LA [N S S R [ S RN R
10.0 20.0 30.0 40.0 50.0 10 20 30 40 50 60 70 30
20° 20°

Figure 3b.12 Comparison between (a) simulated powder XRD pattern for complex 10
crystal and (b) experimental powder XRD patterns for complexes 9, 10, and 11.

3b.3.4 Hirshfeld surface area analysis

The Crystal Explorer 17.5 program was used to conduct a Hirshfeld surface
study to illustrate the various interactions in a crystal structure [23,24]. The crystal of
complex 10 is used to create HS, which is subsequently mapped by applying the dnorm,
corresponding to the exterior and interior distances (de and di) and the van der Waals
(vdW) radii of atoms. Figure 3b.13 explains the 2D-FP plot and 3D dnom, di, de,
curvedness, shape index, and fragment patch surfaces. H-bonding is indicated by red
dots on dnorm HS. The total number of HS interactions with nearby complex 10
molecules (NBs) is depicted in a 2D-FP plot, with the interactions Hmus) - -Hngs),
Hus) -Allngs), and  Allmns) - -Hngsy showing the most frequent interactions,
contributing respectively 54.6, 72.2, and 75.5%. Because of the tremendous amount of

carbon and hydrogen in the HS, C---H contacts make up 9.7 % of the entire HS region
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and are the next most prevalent contacts [25]. All these interactions are represented
graphically in Figure 3b.14. All necessary 2d-FP graphs are shown in Figure 3b.15. The
curvy area of the curvedness map located amid the phenyl rings suggests n-n stacking,
which boosts the strength of the lattice together with red dots in dnorm [26]. Neodymium
displays no further interactions with the adjacent molecules, as evidenced by the
absence of Nd-all, all-Nd, or Nd-Nd contacts in the complex. According to shape-index
maps, the concave appearance of O-atoms of ligands has manifested as an opaque
orange tint having lower than zero shape-index value, providing proof of coordination

interactions.

7 ¢
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R4
R.2]
.0
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Shape index ragment patch
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Figure 3b.13 2D-FP plot and 3D dnom, di, de, curvedness, shape index, and fragment

patch surfaces for complex 10.
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Figure 3b.14 Graphical presentation of Hirshfeld Percentage interactions.
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3b.3.5 Optical transition property

All three of the synthesized compounds are soluble in various solvents, and the
electronic spectra of 1072 M solution of these complexes were captured in the
acetonitrile, ethanol, nitrobenzene, pyridine, DMF, and DMSO solvents. The outcomes
of the 4f-4f electronic spectra and oscillator strength measurements of the complexes in
various solvents, as well as for hexa-hydrated Ln(NO3)3 in water, are shown in Figure
3b.16 and Table 3b.5, respectively. With their quick solvent transfer rate and remarkably
low crystal field stabilisation energy, lanthanoid complexes can achieve more excellent
coordination geometries [27,28]. Complexes in the visible wavelengths display
frequent parity-forbidden whittle 4/-4f bands that travel through the *Is> ground state to
the distinct excited states of the Nd(III) ion [29]. The transitions observed are *Fs, <
Mo, Fsn € Hon, *Frn € “lon, *Fon € *op, *Gsp € *lon, *Grn € *lop, and *Gon € “Ion. The spectral
strength of the absorption band is described by oscillator strengths (P) [30], which have
been experimentally connected to the integral area of the absorption band and can be
written as

9n

P =431 x10"° [
(m? + 2)2

| J emax@)aw (1)

Absorbance (A)

v 1s the
Concentration (c) x path length of the cell in cm (b = 1 cm)’

Where, €00 =

transition wavenumber, 1 is the Refractive index. The refractive index value can be
identified from the band gap energy value using Tauc’s equation [31,32]. After getting
the value of band gap energy (Eg) using Tauc’s equation [31,32], the refractive index is

calculated using the relation [32]

(n2-1) _|Eg
m2+1) 1 20 (2

With consideration to the Nd(III) transitions that have been studied, the *Gs,
‘Grn € “lop pair's absorption intensity, which is close to the visible region's centre
(17857-18690 cm™'), exhibits a distinctive sensitivity to the ligand environment
surrounding the neodymium ion and consequently serves as an appropriate ion over
research using visible absorption spectroscopy [33—36]. Both transitions are identified
as being hypersensitive according to the electric quadrupolar selection (AJ<2, AL<2,
AS=0) principles [37,38]. The transitions “Fs,€*lon, “Fs»2€*1op, and *F7,€*1o» of Nd(III) are

referred to as pseudohypersentive transitions because, while not adhering to the

The Maharaja Sayajirao University of Baroda 181



Chapter 3(b)

selection criterion for hypersensitive transitions, it has been discovered that they

demonstrate significant sensitivity in the complexes.

Moving from the Ndﬁ;ua_ion to the complex across all of the used solvents
raises the oscillator strength of *Gs, € “lo» transition by a factor of 4 to 6 times
(hypersensitive). During the formation of different solutions, ethanol and water will be
replaced by the added solvents. For all the complexes in Table 3b.5, the intensification
is typically observed in the following order: DMF > DMSO > Pyridine > Ethanol >
Acetonitrile > Nitrobenzene. The intensity of the 4f-4f electric dipole is particularly
well-promoted by DMF in all three complexes due to strong coordination, which is
responsible for more distinct and intense hypersensitive peaks, and the outcome is
different from the reported complexes [29]. These highest values in DMF result from
the Nd(III)-ion's strong coordination, which increases bond covalency and oscillator
strength. Additionally, in three solvents with strong coordination (pyridine, DMF,
DMSO), three complexes exhibit the sequence 9 > 10 > 11. Complex 9 exhibits less
molecular symmetry and higher covalency than the other two complexes due to the L*
ligand's increased polarizable interaction with the Nd(III)-ion, as seen by the bigger

values of oscillator strengths for complex 9.

It has been utilized to qualitatively identify symmetry using both the band shape
and strength of the hypersensitive transition [29]. The same band shapes of all
hypersensitivity transitions consistently suggest the eight-coordination geometry.
Hypersensitive peaks are becoming more distinct and intense in the band morphologies
of DMF and DMSO. Asymmetries are increased by the strong coordinating nature of

these solvents, which raises oscillator strength.
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Figure 3b.16 4f-4f electronic spectra of complexes 9, 10, and 11 in various solvents.
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Table 3b.5 Oscillator strength measurements of complexes 9, 10, and 11 in various

solvents, as well as for hexa-hydrated Ln(NOs3)3 in water.

Oscillator Strength P x 107¢ in different solvents

Spectra
Transitions rI:mges . Na> aqmjﬁ A B C D E F
(em™ 1) ion (P x 107™°)
Complex 9
4F3n € Hon 11628-11494 1.24 0.15 2.36 0.08 1.86 1.61 2.05
4Fsp € op 12821-12048 7.08 1.27 12.58 1.13 10.12 942 9.47
YFrn € op 13793-12987 7.35 1.51 13.75 1.32 9.43 8.85 8.64
4Fop € o 15385-14286 0.11 0.04 0.8 0.029 0.22 0.0014 0.18
4Gsp € Mo 17857-17390 8.37 9.26 37.21 8.71 49.78 53.76  48.16
4Grp € Yo 19230-18690 4.53 0.86 4.4 1.03 5.68 5.27 5.34
4Gop € lop  19802-19230 0.45 0.19 2.14 0.23 0.98 0.79 1.01
Complex 10
4Fi € o 11628-11494 1.24 0.11 0.59 0.022 1.79 1.89 2.12
4Fspn € on 12821-12048 7.08 1.19 3.01 0.31 10.23  10.16 9.46
4Frpn € on 13793-12987 7.35 1.21 2.71 0.59 9.67 9.41 8.74
“For € o 15385-14286 0.11 0.075 0.15 0.26 0.51 0.083 0.68
4Gsp € Yo 17857-17390 8.37 7.34 14.89 385 4926 53.23 46.09
Gp € o 19230-18690 4.53 0.42 1.002 0.39 5.53 6.06 5.24
*Gop € “lop  19802-19230 0.45 0.33 0.3 0.58 0.96 0.94 1.12
Complex 11
4Fsn € on 11628-11494 1.24 1.52 1.56 0.66 1.03 1.502 1.64
4Fspp € o 12821-12048 7.08 9.36 9.77 5.26 5.87 8.55 9.43
4Fr € o 13793-12987 7.35 6.53 8.32 5.51 5.102  8.07 8.29
“Fop € op 15385-14286 0.11 0.76 0.099 0.18 0.016  0.05 0.07
4Gsp € op  17857-17390 8.37 35.35 39.71 2472 2574 48.21 43.96
Grp € Ton  19230-18690 4.53 3.48 5.75 3.06 3.08 7.23 6.87
4Gop € lop  19802-19230 0.45 0.702 0.96 1.81 1.48 1.37 1.35

A = Acetonitrile, B = Ethanol, C = Nitrobenzene, D = Pyridine, E = DMF, F = DMSO
aThe values presented here are merely intended to provide an indication of the general position since the
spectral ranges reported for the transition vary from solvent to solvent.

The Judd-Ofelt parameters (2, Q4, Q) can be described by the following
equation [39]

f __ 8n’mco
ed ™ 3p(2)+1)

> yl(alvp)? G)
A=2,4,6

Where m is electron mass, c is the speed of light, h is Planck’s constant and x is

. 242)° . .. . ...
the field correction factor (x = (ng—n)>, n is the refractive index, o is the transition’s

wavenumber, and 2J+1 is the degeneracy of |a).
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Judd-Ofelt parameters have been identified (see Table 3b.6) for all synthesised

compounds using the least square approach using |(a|| Ut || b) | ? values from the Carnall
publication [30]. By Judd-Ofelt theory, the calculated value of oscillator strength (fca)
was computed from initial (a) to excited state (b) transitions by applying equation (3).
To find the accuracy of the fitting procedure, the root mean square deviation (drms) of

fexp With respect to fcar was calculated using formula given below.

2
2 fex _fcac
Orus = \/% 4)

The lower the root mean square deviation value, the better the fitting result. The
comparative values of root mean square deviation (Orms) are given in Table 3b.6. The
amplitude of Judd-Ofelt parameters ) (A = 2, 4, 6) reflects the strengthening of 4/~4f
band transitions, particularly hypersensitive (*Gs, € *ls») and pseudo hypersensitive
transitions (“Fsp, “F7» € “Ion). The oscillator strength and magnitude of Q; increase with
the increase in the nephelauxetic effect as covalency is introduced into the metal-ligand
interaction. 4 and Qs can be used to indicate the oscillator strength for Nd(III)
complexes; however, (), values can be used to show how solvent or ligand affects the
intensity of a hypersensitive transition. Comparatively speaking to the > parameter,
the Q4 and Q¢ parameters, which are connected to alterations in the symmetry
characteristics of the complex species, are slightly influenced. The parameter Q4 is
related to the electron density of the surrounding ligands, where an increase in Q4
parameter indicates a decreased electron density [40,41]. The relatively low value of
the Q)4 parameter indicates greater electron density on the ligands and a lower extent of
charge transfer from the ligand to the Nd** ion. It has been found that the presence of
specific solvents has a considerable impact on the Q4 and Qs parameters [28]. As
coordinating solvents enter the system, the degree of mixing between the 4/" and 5d
orbitals changes, resulting in higher values of the Q¢ parameter [28,42,43]. As a result,

coordinating solvents have larger values of Q¢ in Table 3b.6.
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Table 3b.6 Judd-Ofelt intensity parameters and root mean square deviation for

complexes 9, 10, and 11.

Complex A B C D E F
J.OP ¢ Q 1.82 7.32 1.68 9.33 10.27 9.01
-O Parameter
9 (/107 em?) Q4 0.16 1.00 0.08 0.11 0.13 0.31
Q6 0.97 9.00 0.84 6.31 5.98 5.79
ORrMS 0.003 0.018 0.003 0.020 0.020 0.019
J.OP " Q 3.21 6.48 1.76 214 23.1 19.8
-O Parameter
10 (@107 cm?) Q4 0.32 0.26 0.12 0.13 0.44 0.69
Q6 1.85 4.29 0.81 15 14.5 134
ORrMS 0.006 0.013 0.003 0.045 0.048 0.043
J.OP " Q 6.25 7.15 4.67 9.13 8.82 7.92
-O Parameter
11 Q107 cm?) Q4 0.61 0.54 0.12 0.62 0.68 0.83
Q6 4.74 5.62 3.58 6.68 5.19 5.46
ORrMS 0.015 0.017 0.010 0.021 0.019 0.018

A = Acetonitrile, B = Ethanol, C = Nitrobenzene, D = Pyridine, E = DMF, F = DMSO

In order to demonstrate the covalency of complexes, equations (6) to (9) were

used to compute the Nephelauxetic ratio (), Sinha parameter (6%), bonding parameter

(b'?), and angular overlap parameter (). In Nephelauxetic ratio calculation, complex

and e ion Was identified by taking peak centre values for all transitions in the

absorption spectra of complexes. All covalency parameters are provided in Tables 3b.7-

3b.10.

Nephelauxetic ratio g = W (6)

freeion
. 1-8
Sinha parameter 6% = [T] x 100 (7)
. 1 1-8 1/,

Bonding parameter bz = (T) (8)

Angular overlap parameter n = %ﬁ 9)
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Table 3b.7 Calculation of Nephelauxetic ratio  for complexes 9, 10, and 11.

Nephelauxetic ratio f

Transitions  Acetonitrile Ethanol Pyridine DMF DMSO
Complex 9
*F3p € “lon 0.9910 0.9998 0.9920 0.9928 0.9938
*Fsp € “lon 0.9913 1.0000 0.9927 0.9946 0.9987
*F7n € “lon 0.9834 0.9997 0.9886 0.9910 0.9971
*Fop € *lop 1.0013 0.9987 0.9882 0.9953 0.9986
4Gsp € “lon 0.9974 0.9996 0.9967 0.9972 0.9747
4G € Hlon 0.9956 0.9998 0.9945 0.9944 0.9955
*Gop € “lop 0.9939 0.9996 0.9961 0.9971 0.9987
Complex 10
*F3n € Ton 0.9930 0.9920 0.9923 0.9932 0.9935
Fsn € Ton 0.9912 0.9930 0.9929 0.9947 0.9986
*Fn € Ton 0.9844 0.9828 0.9874 0.9907 0.9979
*Fon € “lon 0.9910 0.9828 0.9895 0.9995 0.9996
4Gsp € “lon 0.9974 0.9976 0.9972 0.9964 0.9744
4Gy € Yon 0.9975 0.9959 0.9947 0.9948 0.9954
*Gop € *lon 0.9825 0.9955 0.9966 0.9979 0.9994
Complex 11
*F3p € “lon 0.9913 0.9913 0.9933 0.9928 0.9940
*Fsp € “lon 0.9915 0.9929 0.9920 0.9946 0.9982
*F7n € “lon 0.9840 0.9829 0.9888 0.9904 0.9974
*Fop € “lon 0.9916 0.9894 0.9925 0.9917 0.9994
4Gsp € “lon 0.9977 0.9965 0.9986 0.9998 0.9750
4Gy € Yon 0.9949 0.9954 0.9956 0.9953 0.9962
4Gop € “lop 0.9949 0.9964 0.9979 0.9981 0.9996

Table 3b.8 Calculation of Sinha Parameter 6 for complexes 9, 10, and 11.

Sinha Parameter o

Transitions Acetonitrile Ethanol Pyridine DMF DMSO
Complex 9
4F3p € *op 0.9121 0.0191 0.8079 0.7281 0.6288
Fsp € op 0.8732 0.0016 0.7339 0.5411 0.1301
Fap € op 1.6891 0.0295 1.1570 0.9051 0.2886
“Fop € o 0.1281 0.1332 1.1981 0.4689 0.1379
‘Gsp € *on 0.2560 0.0424 0.3304 0.2761 2.5993
‘G € *on 0.4421 0.0220 0.5560 0.5614 0.4570
*Gop € *Top 0.6170 0.0445 0.3950 0.2935 0.1264
Complex 10
F3pn € op 0.7074 0.8063 0.7762 0.6805 0.6570
4Fsp € op 0.8926 0.7009 0.7145 0.5363 0.1438
4Fap € op 1.5864 1.7522 1.2785 0.9437 0.2095
“Fop € *lop 0.9088 1.7455 1.0567 0.0531 0.0439
*Gsp € *lon 0.2584 0.2425 0.2819 0.3583 2.6316
4G € *lon 0.2548 0.4116 0.5369 0.5243 0.4607
*Gop € *lon 1.7835 0.4478 0.3378 0.2131 0.0575
Complex 11
F3pn € *op 0.8732 0.8751 0.6775 0.7254 0.6024
Fsp € *op 0.8586 0.7114 0.8027 0.5411 0.1759
Fap € *op 1.6282 1.7438 1.1290 0.9650 0.2645
“Fop € o2 0.8477 1.0669 0.7515 0.8369 0.0610
*Gsp € *on 0.2292 0.3516 0.1379 0.0175 2.5598
‘G € Yon 0.5167 0.4608 0.4453 0.4703 0.3786
*Gop € *Top 0.5095 0.3592 0.2138 0.1931 0.0385
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Table 3b.9 Calculation of Bonding parameter b'? for complexes 9, 10, and 11.

Bonding parameter b'?

Transitions Acetonitrile Ethanol Pyridine DMF DMSO
Complex 9
F3pn € *op 0.0672 0.0098 0.0633 0.0601 0.0559
Fsp € *op 0.0658 0.0028 0.0604 0.0519 0.0255
Fap € op 0.0911 0.0122 0.0756 0.0670 0.0379
“Fop € *lop 0.0253 0.0258 0.0769 0.0483 0.0262
*Gsp € *lon 0.0357 0.0146 0.0406 0.0371 0.1125
4G € *lop 0.0469 0.0105 0.0526 0.0528 0.0477
*Gop € *Top 0.0554 0.0149 0.0444 0.0383 0.0251
Complex 10
F3p € op 0.0593 0.0632 0.0621 0.0581 0.0571
Fsp € op 0.0665 0.0590 0.0596 0.0516 0.0268
‘Fp € Yop 0.0884 0.0928 0.0794 0.0684 0.0323
“Fop € o 0.0671 0.0926 0.0723 0.0163 0.0148
*Gsp € *on 0.0359 0.0348 0.0375 0.0422 0.1132
4G € Yo 0.0356 0.0453 0.0517 0.0511 0.0479
*Gop € *lon 0.0936 0.0472 0.0410 0.0326 0.0170
Complex 11
F3pn € *op 0.0658 0.0659 0.0580 0.0600 0.0547
4Fsp € *op 0.0652 0.0594 0.0631 0.0519 0.0296
4Fap € *op 0.0895 0.0926 0.0747 0.0691 0.0363
4Fop € *lop 0.0648 0.0727 0.0611 0.0644 0.0175
*Gsp € *lop 0.0338 0.0419 0.0262 0.0093 0.1117
4G € Yo 0.0507 0.0479 0.0471 0.0484 0.0434
*Gop € *op 0.0503 0.0423 0.0327 0.0310 0.0139

Table 3b.10 Calculation of Angular Overlap parameter 1 for complexes 9, 10, and 11.

Angular Overlap parameter n

Transitions  Acetonitrile Ethanol Pyridine DMF DMSO
Complex 9
*F3, € “lop 0.0046 0.0001 0.0040 0.0036 0.0031
*Fsp € “lon 0.0044 0.0000 0.0037 0.0027 0.0007
*F7n € “lon 0.0084 0.0001 0.0058 0.0045 0.0014
*Fon € “lop 0.0006 0.0007 0.0060 0.0023 0.0007
4Gsp € *lon 0.0013 0.0002 0.0017 0.0014 0.0129
4Gy € *lon 0.0022 0.0001 0.0028 0.0028 0.0023
*Gop € *lon 0.0031 0.0002 0.0020 0.0015 0.0006
Complex 10
“Fspn € Hon 0.0035 0.0040 0.0039 0.0034 0.0033
“Fspp € Hlon 0.0045 0.0035 0.0036 0.0027 0.0007
“Frpn € Hon 0.0079 0.0087 0.0064 0.0047 0.0010
*Fop € “lon 0.0045 0.0087 0.0053 0.0003 0.0002
4Gsp € *lon 0.0013 0.0012 0.0014 0.0018 0.0131
4Gy € *lon 0.0013 0.0021 0.0027 0.0026 0.0023
*Gop € “lon 0.0089 0.0022 0.0017 0.0011 0.0003
Complex 11
*F3, € “lon 0.0044 0.0044 0.0034 0.0036 0.0030
*Fsp € “lon 0.0043 0.0036 0.0040 0.0027 0.0009
*F7n € “lon 0.0081 0.0087 0.0056 0.0048 0.0013
“Fop € *lon 0.0042 0.0053 0.0038 0.0042 0.0003
4Gsp € YTon 0.0011 0.0018 0.0007 0.0001 0.0127
4Gy € YTon 0.0026 0.0023 0.0022 0.0023 0.0019
*Gop € “Ton 0.0025 0.0018 0.0011 0.0010 0.0002
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Positive numbers of the bonding parameter and minimal alteration imply
covalent bonding through limited participation of 4f-orbitals in synthesised complexes
in all the solvents where the nephelauxetic effect values lie between 0.9743 to 1.001.
The Sinha parameter (6%) values and angular overlap parameter (1)) values, which both
demonstrate electron delocalisation across 4f orbital as well as covalency, have been
identified to be positive for all complexes, indicating a similar extent of covalent

bonding as would be expected given the similar coordination number [28,44,45].

Figure 3b.17 shows a spectrum analysis of these recently synthesized
compounds employing solid-state emission spectra (Aexcied = 290 nm) and electronic
absorption in a 107® M ethanolic solution at room temperature. When measured at the
wavelengths listed in Table 3b.11, all three complexes, 9, 10, and 11, exhibit electronic
n2>n*, t2>7n*, and LMCT transitions. Furthermore, all three complexes show three
emission peaks. The emission of light from 2Dsp, 2Hi122>lo is what causes the
emission peaks that are seen at wavelengths of 330 (complex 9), 329.4 (complex 10),
and 330.3 (complex 11) nm. Similarly, peaks at 467.3 (complex 9), 467.7 (complex 10),
and 468.5 (complex 11) nm indicate *Gi12>*lo transition, while those at 493.4
(complex 9), 494.2 (complex 10), and 493.4 (complex 11) nm indicates *G72=>*Ion
transition. The results of the analysis of absorption and emission spectrum peak are
shown in Table 3b.11 [46]. In all these neodymium compounds, a small vibrational

shifting is observed [46].
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Figure 3b.17 The spectra of (a) Electronic absorption and (b) Emission for complexes
9,10 and 11.
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Table 3b.11 Absorption and emission peak analysis for complexes 9, 10 and 11.

Complex Absorption Emission Shifting

261.6 (n>7*) 330 (*D3s2, 2Hi122> o) 68.4

9 370.3 (n>7*) 467.3 (*G1122>on) 97
398 (LMCT) 493.4 (*G72>%0n) 954
290 (n>7*) 329.4 (*D3p, *Hin>*1on) 39.4
10 370.5 (n>7*) 467.7 (*G1122>%or) 97.2
398.6 494.2 (*G12>1on) 95.6
283 (n>7*) 330.3 (*Daiz, *Hi12> o) 47.3
11 368 (m>7*) 468.5 (*G1122>on) 100.5
401 (LMCT) 493.4 (*G72>%0n) 924

The widely recognized energy diagram is reported [47], shown in Figure 3b.18,
illustrates how energy is absorbed by the acylpyrazolone ligand, known as the "CL
(central ligand)", transferred to the metal ion, and then returned to the ground state. The
emission process of neodymium ions can be explained using this diagram [48,49].
Because of its 4£ configuration of Nd**, splitting of the spectrum states caused by
interelectronic repulsion, spin-orbit coupling, and ligand field influence will take place
to partially or completely remove the J degeneracy, making the transition "allowed".
Energy travels through a path that begins with the central ligand absorbing energy into
its excited singlet state, which is subsequently transferred to a triplet state by the ISC
before arriving at the Ln ion's energy levels. The functional group connected to the
phenyl rings of acylpyrazolone, a NL (neutral ligand) that provides stability,
fluorescence efficacy, absorption efficacy, and LMCT efficacy, is seen to have an
impact on this light energy conversion diagram, which is also referred to as the "antenna

effect" (See Figure 3b.18).
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Energy level diagram for Nd** complex, where CL =
central ligand, NL = neutral ligand, S = singlet excited
state, T = triplet excited state, ET = intramolecular
energy transfer, ISC = intersystem crossing, F =
Fluorescence decay, NR = Non-radiative pathway

Figure 3b.18 “Antenna effect” diagram showing the mechanism of the emission

process in complexes 9, 10 and 11.

The main goals of the present research aimed to (1) measure the intensity of the
hypersensitive transitions of chemically associated Nd(III)-acylpyrazolone complexes
as well as pseudo-hypersensitive transitions across different solvents, (ii) show how the
hypersensitive transition (oscillator strength, band shapes, and Judd-Ofelt parameters)
responds to structural variations between the ligand in several complexes, and (ii1) show
the impact of various coordinating and non-coordinating solvents (iv) calculate the
degree of covalency using various covalency parameters. Three neodymium-
acylpyrazolone complexes—9, 10, and 11—had eight-coordinated distorted square
antiprism geometry, which was held in space by three c-donating acylpyrazolone

ligands, one water molecule, and one ethanol molecule. The structure of all three
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complexes was investigated using ESI-mass, FT-IR, thermogravimetric, and single-
crystal X-ray diffraction methods. The *Gs,, € “Io» transition in the electronic spectra of
complexes follows the electric-quadrupolar selection principles and is hypersensitive,
as demonstrated by the larger value of oscillator strength and Q) parameter. These
findings unequivocally demonstrate that, among the solvents examined, DMF promotes
the 4f-4f strength the most. Additionally, in three solvents with strong coordination
(pyridine, DMF, DMSO), three complexes exhibit the sequence 9 > 10 > 11. Lower
consistent Q4 values and Hirshfeld analysis, indicating long-ranging secondary n---1t
stacking or H-bonding interactions. Calculating the covalency parameters demonstrates
both the electron delocalization across the 4f orbital and the covalency, both of which
have been found to be positive for all complexes, suggesting an analogous degree of
covalent bonding. The functional group attached to the phenyl rings of acylpyrazolone,
an NL (neutral ligand) that provides stability, fluorescence efficacy, absorption efficacy,
and LMCT efficacy, significantly impacts the intensity of emission spectra as seen in
antenna effect energy diagrams. The potential to alter the acylpyrazolone's chemical
and spectroscopic properties in order to synthesise multi-dentate Nd(III) complexes,
which have special appeal in a variety of potential applications in the fields of material
sensing and scanning that may help with understanding biological mechanisms or

disease diagnosis.
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Structural Features, Emission Analysis, and Covalency
Comparison of Neodymium Acylpyrazolone Complexes
using Oscillator Strengths, Covalency and Judd-Ofelt

Parameters**

Maitrey Travadi,” Rajendrasinh N. Jadeja,**” and Ray J. Butcher™

Three distorted square antiprismatic eight coordinated neo-
dymium acylpyrazolone complexes were synthesized having
the compositions [Nd(L,);(H,0)(EtOH)] (NdL,), [Nd-
(L,);(H,O)(EtOH)] (NdL,), and [Nd(L;);(H,O)(EtOH)] (NdL;). The
structure of all three complexes was examined using ESI-mass,
FT-IR, and thermogravimetric methods. According to the single
crystal analysis of NdL, the complex was found
eight coordinated (NdO8) with a distorted square antiprismatic
geometry. A powder XRD pattern confirmed a similar structural
arrangement of the other two complexes. In electronic
absorption spectra, the transition “Gs,<*ly,, which is close to
the centre of the visible spectrum (~17,500 cm™), exhibits
hypersensitivity, which stands out in stark contrast to the

Introduction

The coordination chemistry of lanthanide ions has attracted a
lot of interest over the past two decades due to their advanta-
geous magnetic, thermal, cytotoxic, redox, and optical proper-
ties as well as their enormous coordination numbers, which
enable highly complex and dimensional networks to be
produced." Due to their diverse variety of distinctive proper-
ties, they have found usage in NMR imaging, sensors, the
lighting sector, fibres, display devices, lasers, and biological
assays.” Due to the low impact of the environment on 4f
electrons - which are shielded by 5s* and 5p° orbitals and ion-
specific emission - lanthanides normally do not promote higher
covalency with ligands. The distinctive 4f-4f electronic tran-
sition of Ln(lll) is sharp because of the modest stokes shift
brought on by the intrinsic nature of 4f electrons, which is
protected from the 5s and 5p electrons and restricts the
disruption of the 4f electrons by the ligand field. Since it is
difficult to pinpoint the characteristics of lanthanide complexes
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behaviour of many other typically weak and reliably unchang-
ing, typical 4f-4f transitions. Through a comparative analysis of
calculated oscillator strength, Judd-Ofelt parameters, root mean
square deviation, radiative lifetime and covalency parameters in
various solvents, hypersensitivity, symmetry characteristics, and
covalency have been thoroughly investigated. The promotion
of 4f-4f electric-dipole intensity has been found to be
particularly successful with ethanol, pyridine, DMF, and DMSO.
Utilizing Judd-Ofelt Q, values and Hirshfeld analysis, long-range
secondary m--m stacking or H-bonding interactions were inves-
tigated. The intensity of emission spectra, quantum yield, stokes
shift, and antenna effect energy diagram was examined using
solid-state emission spectra.

and covalency forms the basis for explaining the bonding of
lanthanide complexes, it is necessary to investigate the type
and degree of covalency.” Even though there are limitations
imposed by the Laporte (AL= +1) and Spin (AS=0) rules for
4f-4f transitions, a small number of spectral transitions exhibit
higher intensities (known as hypersensitive transitions) and
greatly affect covalency because they are extremely sensitive to
the ligand’s environment. Judd-Ofelt intensity parameters (€,
Q, Q) and oscillator strength calculations are essential since
their values give the ligand a distinctive impact on the intra-
configurational transition of the Ln(ll)-ions according to factors
of covalency, number and magnitude of lines, and the ratio of
transition intensities."®'" These factors reveal details about the
rigidity, long-range distance, symmetry, and coordination
number of complexes.

Among all the lanthanides, neodymium is known for
forming alloys to make strong permanent magnets. Neo-
dymium can be extracted using various techniques, including
ion exchange, flash pyrolysis,'? solvent extraction, etc. Neo-
dymium compounds and nanomaterials are known for
anticandidal,"™ nano catalytic,"® chemo selective,™™ optical
limiting,"® antibacterial,'” wastewater treatment,"® structural,
optical, and electrical™ activities. Perovskite strontium doped
neodymium manganite is known for effectively removing Fast
Green Dye.”” Neodymium complexes with a f-diketone back-
bone containing ligands generally prefer distorted square
antiprism geometry.””’ Dynamic coupling mechanism provides
major contribution to the intensity of hypersensitive transition
in Nd-f -diketone complexes.?? NIR-emitting ternary neo-
dymium tris p-diketonate complexes have excellent organic

© 2023 Wiley-VCH GmbH
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ARTICLEINFO ABSTRACT
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Antenna effect energy diagram

The electronic spectra of three neodymium acylpyrazolone complexes with the compositions [Nd
(DMBPMP)3(H20)(EtOH)] (Nd1), [Nd(DMMCPMP);(H20)(EtOH)] (Nd2), and [Nd(DMBPTMP)3(H20)(EtOH)]
(Nd3) have been analyzed. Utilizing ESI-mass, FT-IR, thermogravimetric, and single crystal X-ray diffraction
methods, the structure of the DMBPTMP ligand and all three complexes were investigated. According to the
single crystal analysis of Nd2, the complex is mononuclear and eight-coordinate (NdO8) with a distorted square
antiprismatic geometry. A powder XRD pattern confirmed a similar structural arrangement of the other two
complexes. The transition “Gs/z « *1g,5, which is close to the centre of the visible spectrum (~17,500 em™Y),
exhibits hypersensitivity, which stands out in stark contrast to the behaviour of many other typically weak and
reliably unchanging, typical 4f-4f transitions. Through a comparative analysis of calculated oscillator strength,
Judd-Ofelt parameters, and covalency parameters in various solvents, hypersensitivity, symmetry characteristics,
and covalency have been thoroughly investigated. The promotion of 4f-4f electric-dipole intensity has been
found to be particularly successful with DMF, DMSO, pyridine and ethanol. Utilizing Judd-Ofelt parameter Q4
values and Hirshfeld analysis, long-range secondary =---x stacking or H-bonding interactions were investigated.
Using solid-state emission spectra, intensity of emission spectra and antenna effect energy diagram was
examined.

1. Introduction developments in the field of metal-organic frameworks, utilising suit-

able functional groups and guest molecules, offer properties such

Due to the beneficial magnetic, redox, and optical properties of
lanthanoids as well as their enormous coordination numbers, which
allow for high complexity and dimensionality of the resulting networks,
the coordination chemistry of lanthanoids has received a lot of attention
over the past two decades [1-4]. Lanthanoids typically do not favour
greater covalency with ligands because of the minimal effect of the
environment on 4f electrons, which are protected by 5s® and 5p° orbitals
and ion-specific emission. Due to varied binding and ligand coordina-
tion, several complexes with pyrazine or pyridine derivatives [5.6],
carboxylates [7], have diverse characteristics. Numerous inorga-
nic-organic hybrids based on Keggin polyoxometalates were created
using various 5-membered N-bidentate ligands with lanthanides and
had varying coordination properties [8]. It is reported that

host-guest interactions, photosensitization, exciton diffusion, etc. that
are adequate [9]. Other features, including as non-covalent interactions
and binding energies, are essential for the stabilisation of crystals in
various geometries according to research that has reportedly been done
in this field [10-13]. Since it is difficult to pinpoint the characteristics of
lanthanoid complexes and since covalency forms the basis for explana-
tions of the bonding of Ln-acylpyrazolones, it is necessary to investigate
the type and degree of covalency [14]. Even though there are limitations
imposed by the Laporte (AL = +1) and Spin (AS = 0) rules for 4f-4f
transitions, a small number of spectral transitions exhibit higher in-
tensities (known as hypersensitive transitions) are affected by covalency
because they are extremely sensitive to the ligand’s environment. Judd-
Ofelt intensity parameters (Qy €4 Qg) and oscillator strength

Abbreviations: DMBPMP, (4-(3,5-dimethyl benzoyl) 1-phenyl 3-methyl 5-pyrazolone ligand; DMBMCPMP, (4-(3,5-dimethyl benzoyl) 1-(m-chlorophenyl) 3-methyl
5-pyrazolone) ligand; DMBPTMP, (4-(3,5-dimethyl benzoyl) 1-(p-tolyl) 3-methyl 5-pyrazolone) ligand.
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