CHAPTER ©

Thorium Acylpyrazolone

Complexes: Synthesis, Covalent

Character, and Crystal Features.




Chapter 6

Research into thorium metal complexes is advancing in various fields, including
nuclear energy, catalysis, and materials science [ 1-3]. Within the nuclear fuel cycle and
weapon development, understanding the speciation of uranium and plutonium is
essential for their migration pathways [4]. Uranium and thorium are particularly
important within the actinide series due to their durable characteristics, studied through

complex construction.

The chemistry of thorium complexes stands at the forefront of interdisciplinary
research, spanning nuclear science, materials chemistry, antioxidants, and catalysis [5—
8]. Thorium, a naturally occurring element with abundant reserves, holds significant
promise as a versatile building block for many applications [9]. Central to these
endeavours is the exploration of thorium's coordination chemistry, which underpins its
behaviour in diverse chemical environments and offers avenues for tailoring its
properties to specific needs [5,10]. In recent years, the chemistry of thorium complexes
has garnered increasing attention due to its relevance to nuclear energy technologies
[11], environmental remediation strategies [12], and catalytic processes [6]. Unlike its
more widely studied counterpart, uranium, thorium exhibits distinct chemical
characteristics that render it an attractive candidate for novel applications. Its propensity
to form stable complexes with various ligands, coupled with its favourable nuclear
properties, positions thorium as a promising element for designing advanced materials
and functional molecules [5]. By unravelling the intricacies of thorium coordination
chemistry, researchers are expanding our fundamental understanding of heavy element
coordination and paving the way for innovative technological solutions. From the
development of advanced nuclear fuels and waste management strategies to the design
of catalytic systems for sustainable chemical synthesis, the chemistry of thorium
complexes holds immense potential to drive scientific and technological progress in the

future.

Over the past few decades, research has led to the discovery of thorium
acylpyrazolone complexes, which have proven stable and offer a wide range of
potential applications [13-15]. Understanding covalency in thorium metal complexes
is crucial for elucidating their electronic structure and reactivity. Electronic spectra and

crystallographic techniques provide insights into the degree of overlap between thorium
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and ligand orbitals, the nature of metal-ligand bonding, and the coordination geometry.
The original and fundamental concept of utilizing the covalent bond between metal and

ligand in these complexes has been invaluable in understanding their properties.

This Chapter focuses on synthesizing thorium complexes with acyl pyrazolone
ligands with the objectives mentioned above in mind. The Chapter's key points include
synthesis of three Th** complexes derived from bidentate acylpyrazolone ligands,
employing comprehensive characterization techniques to provide detailed bonding
information and analysis and comparison of the covalent bond strengths using data

obtained from characterization techniques.

6.2.1 Materials and Methods

HL!, HL? and HL3 ligands were synthesized and analyzed employing the
methodologies outlined in our laboratory's publications [16,17]. Thorium nitrate
tetrahydrate procured from SULAB Chemicals in Gujarat was introduced into the
solution. The thorium concentration was determined using gravimetric techniques,
expressed as ThO2 [18]. AR-grade solvents for recrystallization were purchased from
CDH Chemicals, a Central Drug House (P) Ltd division.

6.2.2 Synthesis of thorium complexes

The thorium complexes 21, 22, and 23 were synthesized using the procedure
outlined in Figure 6.1 using HL!, HL?, and HL® ligands, respectively. An ethanolic
ligand solution was stirred at 80-100 °C for half an hour. Subsequently, ethanolic
solution of thorium nitrate was added dropwise. The solution was refluxed till

precipitation.
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Figure 6.1 Synthetic route for thorium acylpyrazolone complexes.
Synthesis of Complex 21

Complex 21 ([Th(L")4+(EtOH)]) was prepared using HL' ligand (4 mmol, 1.25
g) and thorium nitrate tetrahydrate (1 mmol, 0.552 g). Yield (%): 96.34%, M.P.: > 200
°C, Molecular formula: C70Hs4ClsNsThOo, Elemental analysis: C, 55.13; H, 3.57; N,
7.35%; Found: C, 55.12; H, 3.611; N, 7.50%. Formula wt: 1539.11 g mol ™!, % Metal
(gravimetrically): Th, 14.98 %. FTIR (KBr, cm™!): 1606 (C=0, p-chlorobenzoyl), 1580
(C=0, pyrazolone), 1475 (cyclic C=N). 'H-NMR §-ppm (400MHz, CDCl5): 3.727 (m,
2H, OCHx(cnsch2om)), 7.0-8.0 (m, Ar-H), 1.250 (t, 3H, CH3(cH3cH20m)).

Synthesis of Complex 22

Complex 22 ([Th(L*)4(EtOH)]) was prepared using HL? ligand (4 mmol, 1.39
g) and thorium nitrate tetrahydrate (1 mmol, 0.552 g). Then, it was recrystallized in
DMF with a slow evaporation technique at room temperature (~32 °C), in which a DMF
molecule replaced ethanol. Yield (%): 95.94%, M.P.: > 200 °C, Molecular formula:
C70Hs0Cl1gNsThOo, Elemental analysis: C, 50.56; H, 3.03; N, 6.74%; Found: C, 50.57;
H, 3.037; N, 6.92%. Formula wt: 1662.86 g mol ™!, % Metal (gravimetrically): Th, 14.04
%. FTIR (KBr, cm™!): 1602 (C=0, p-chlorobenzoyl), 1589 (C=0, pyrazolone), 1474
(cyclic C=N). "TH-NMR 8-ppm (400MHz, CDCl3): 3.716 (m, 2H, OCHxcuschzom)), 7.0-
8.0 (m, Ar-H), 1.242 (t, 3H, CH3(ch3cH20m)).
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Synthesis of Complex 23

Complex 23 ([Th(L?)4(EtOH)]) was prepared using HL? ligand (4 mmol, 1.31
g) and thorium nitrate tetrahydrate (1 mmol, 0.552 g). Yield (%): 94.73%, M.P.: > 200
°C, Molecular formula: C74He2ClaNsThOy, Elemental analysis: C, 56.21; H, 3.95; N,
7.09%; Found: C, 56.29; H, 3.934; N, 7.08%. Formula wt: 1581.20 g mol™!, % Metal
(gravimetrically): Th, 14.65 %. FTIR (KBr, cm™!): 1648 (C=0, p-chlorobenzoyl), 1597
(C=0, pyrazolone), 1474 (cyclic C=N). 'H-NMR §-ppm (400MHz, CDCls): 3.727 (m,
2H, OCHxcuschz2om)), 6.8-8.0 (m, Ar-H), 1.232 (t, 3H, CH3(chscH20m)).

6.2.3 Physical measurements and characterization techniques

Analogous equipment, methods, or software was employed to analyze the
statistics of synthesized compounds obtained through FTIR, TG-DTA, UV-Vis and
single crystal x-ray diffraction, as previously mentioned in Chapter 3(a). Single crystal
X-ray data were gathered using an XtaLAB Synergy, Dualflex, HyPix device with a
graphite monochromator and Cu-K, radiation (A = 1.54184 A). The diffraction data
were solved, and computations were performed using the SHELXTL and SHELXL-
2018/3 software packages [19,20].

The thorium acylpyrazolone complexes exhibit exceptional stability at ambient
temperatures, with thorium forming covalent bonds with the ligands. Furthermore, the
subsequent section elucidates the sequence of covalent bonding along with crystal

formations.

6.3.1 FTIR spectral analysis

The FTIR band of vo.u indicates evidence of the binding of one CH3CH,OH

molecule, typically observed in the 2960-3000 cm™!

range. This observation arises
from all three complexes being synthesized using 100% ethanol as the solvent.
Significant changes in the ligands' FTIR spectra upon complexation can be discerned
by comparing them with their corresponding complexes [16]. As demonstrated in Table
6.1, the vc-o stretching frequency of the acylpyrazolone and benzoyl groups notably
decreases during complexation. For instance, the vc-o stretching of acylpyrazolone
reduces from 1590 cm™! for HL! to 1580 cm™! for complex 21, from 1590 cm ™! for HL?
to 1589 cm™! for complex 22, and from 1601 cm™! for HL? to 1597 cm™! for complex

23. A similar reduction is observed in the p-chlorobenzoyl carbonyl frequency (see
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Table 6.1). This reduction is attributed to the shift of the O-atom charge toward the
metal ions during complexation, weakening the C=0 bond. Figures 6.2—-6.4 depict the

FTIR spectra of complexes 21-23, respectively.

Table 6.1 The FTIR values for thorium complexes (in cm ™).

Vc=o Vc=o Cyclic LA C-H in plane
Code Ve .
benzoyl acyl Ven  aromatic deformation
HL! 1620 1590 1484 1357 1213 1085
Complex 21 1606 1580 1475 1378 1158 1088
HL? 1624 1590 1484 1348 1210 1080
Complex 22 1602 1589 1474 1368 1159 1088
HL3 1694 1601 1446 1381 1178 1071
Complex 23 1648 1597 1474 1382 1163 1088
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Figure 6.2 FTIR spectrum of complex 21.
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Figure 6.4 FTIR spectrum of complex 23.
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6.3.2 'TH-NMR spectroscopic study

The '"H-NMR spectra of all representative thorium complexes were recorded in
CDCls. The phenyl and methyl protons' spectra display sharp lines due to the slower
relaxation time of thorium ions compared to other ions. Across all complexes, a
multiplet for the OCH; group and a triplet for CH3 were observed within the range of
03.5-4.5 ppm and 81.22-1.78 ppm, respectively. The combination of these peaks
confirms the binding of an ethanolic group with the thorium ion on its ninth
coordination site. The pyrazolone CHj3 appeared as many distinct lines in the
complexes, displaying sharp singlets in the free ligands, indicating the arrangement of
four ligands in an antisymmetric and dissimilar manner, as previously described
[13,21]. An additional singlet peak of the CH3 of p-tolyl was observed in complex 23
at 62.287 ppm. Furthermore, multiple multiplets corresponding to aromatic protons
were observed in the 6.8-8.0 ppm range in all complexes. The 'H-NMR spectra of all

three complexes are provided in Figures 6.5-6.7.
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Figure 6.5 'H-NMR spectrum of complex 21.
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Figure 6.6 'H-NMR spectrum of complex 22.
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Figure 6.7 'H-NMR spectrum of complex 23.
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6.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) data reveals a two-step breakdown process.
In the first step of complex 21, the ethanol moiety is eliminated from the ninth
coordination site, followed by solvent loss up to 150 °C. A significant shift of 88.3
pg/min at 100.7 °C is observed in the derivative thermogravimetric (DTG) curve. The
second step involves the removal of the L! ligand within the temperature range of 400
to 500 °C. A sharp peak in the differential thermal analysis (DTA) curve indicates the
onset of this second step, with a substantial change of 118.7 pg/min recorded at 405.3
°C (refer to the DTG curve). The final phase involves converting the metal component
into thorium oxide (ThOz). Thermogravimetric curves for all three complexes are
provided in Figures 6.8—6.10. TGA curves of complexes 22 and 23 exhibit a similar
pattern, with their maximum decomposition occurring during the second step in the

DTG curve within the temperature range of 400500 °C.
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Figure 6.8 Thermogravimetric curve for complex 21.
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Figure 6.9 Thermogravimetric curve for complex 22.
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Figure 6.10 Thermogravimetric curve for complex 23.
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6.3.4 Molar conductivity measurements

The molar conductivity (Am) values for the ethanolic solution of complexes 21,
22, and 23 were determined to be 2.32, 2.86, and 2.50 cm? mol™! Q!, respectively.
These relatively low values provide further evidence of non-electrolytic behaviour and

the absence of charged ions within the coordination sphere [22].

6.3.5 Single crystal X-ray diffraction analysis

Bright, colourless prismatic crystals of complex 22 were obtained using a slow
evaporation recrystallization technique. During recrystallization, the EtOH ligand is
replaced by a DMF solvent molecule, resulting in the formation of [Th(L?)2(DMF)]
crystals. Efforts to obtain X-ray quality crystals for the other two complexes were
unsuccessful, so a detailed single crystal analysis was conducted solely on the complex
22. Figure 6.11 illustrates a 2D representation of the molecular crystal structure of a
colourless, prism-shaped single crystal of a thorium complex (obtained through
recrystallization in DMF) with the L? ligand. This complex transformed the unit cell
and geometry from a 12-coordination environment of thorium nitrate to a 9-
coordination environment. All structural data with refinement parameters of complex
22 are provided in Table 6.2. The data of significant bond lengths and bond angles for
the complex is provided in Table 6.3. Crystal of complex 22 composites through
thorium bonding with four L? ligands in anti-manner and one DMF molecule as solvent
arranged in the triclinic system with P —/ space group and monocapped square
antiprismatic geometry. Figure 6.12, which displays only the pyrazolone ring atoms,

illustrates the ligand arrangement in the crystal structure.
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(b)
Figure 6.11 (a) Molecular structure of complex 22 with 50% ellipsoid probability, (b)

coordination polyhedron.

Figure 6.12 Visualization of the crystal structure of the complex 22.
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Table 6.2 Crystal data and structure refinement for complex 22.

Code Complex 22
CCDC number 2348081
Empirical formula C71H51CIgNoO9Th
Formula weight 1689.84
Temperature 293(2) K
Wavelength 1.54184 A
Crystal system Triclinic
Space group P—1
a=14.72860(10) A, a = 106.9480(10)°,
Unit cell dimensions b = 15.82700(10) A, B = 94.3810(10)°,
¢ =17.75690(10) A, y = 113.4510(10)°
Volume 3544.10(5) A®
z 2
Density (calculated) 1.584 Mg/m’
Absorption coefficient 10.080 mm
F(000) 1676
Crystal size 0.353 x 0.247 x 0.122 mm3
Final R indices [I>2sigma(l)] R1=0.0343, wR2 = 0.0923
R indices (all data) R1=0.0363, wR2 = 0.0943
Theta range for data collection 2.666 to 76.291°
Index ranges —18<h<18,-19<k<19,-22<1<22
Reflection collected 14604
Independent reflections 14604 [Rinty = 0.0916]
Completeness to theta = 67.679° 99.9 %
Absorption correction Gaussian
Max. and min. transmission 0.937 and 0.076
Refinement method Full-matrix least-squares on F°
Goodness-of-fit on F’ 1.040
Data / restraints / parameters 14604 / 967 / 1017
Largest diff. peak and hole 1.641 and —1.281 e A3

Table 6.3 Bond parameters in complex 22.

Atoms Bond Atoms Bond Atoms Bond Atoms Bond
lengths lengths angles angles
Th(1)-0(9) 2.381(7) 0(3)-C(18) 1.270(4) 0(9)-Th(1)-O(5) 89.9(2) 0(9)-Th(1)-O(4) 67.2(3)
Th(1)-O(5) 2.406(3) O(1)-C(1) 1.265(4) 0O(3)-Th(1)-O(1) 75.81(9) O(5)-Th(1)-O(4)  69.51(10)
Th(1)-0(3) 2.412(2) 0(7)-C(52) 1.281(5) O(5)-Th(1)-0(3) 87.50(10) O(3)-Th(1)-0(4) 68.39(8)
Th(1)-O(7) 2.425(3) 0O(5)-C(35) 1.272(5) 0O(9)-Th(1)-O(1) 77.4(2) O(1)-Th(1)-O(4) 71.43(9)
Th(1)-O(6) 2.427(3) N(1)-N(2) 1.396(4) 0O(6)-Th(1)-O(2) 67.10(8) C(1)-O(1)-Th(1) 128.5(2)
Th(1)-0(1) 2.436(2) N(3)-N(4) 1.392(5) O(6)-Th(1)-O(8) 74.69(10) C(11)-O(2)-Th(1) 139.0(2)
Th(1)-0(2) 2.445(2) N(5)-N(6) 1.407(6) 0(9)-Th(1)-O(3) 133.4(3) C(18)-0(3)-Th(1) 127.6(2)
Th(1)-O(8) 2.462(3) N(7)-N(8) 1.402(7) O(5)-Th(1)-O(1) 140.85(9) C(28)-0(4)-Th(1) 139.3(2)
Th(1)-O(4) 2.476(3) | C(36)-C(37) 1.431(6) O(7)-Th(1)-O(6) 107.79(11) | C(35)-O(5)-Th(1) 127.6(3)
0(4)-C(28) 1.255(5) C(2)-C(3) 1.430(5) O(2)-Th(1)-O(8) 107.30(11) | C(45)-O(6)-Th(1) 138.2(2)
0O(6)-C(45) 1.260(5) | C(19)-C(20)  1.444(5) O(1)-C(1)-N(1) 123.5(3) C(52)-0(7)-Th(1) 133.7(3)
0O(8) —-C(62) 1.262(5) | C(53)-C(54)  1.435(7) O(1)-C(1)-C(2) 131.3(3) C(62)-0(8)-Th(1) 135.8(3)
0(2)-C(11) 1.253(4) 0(9)-C(69) 1.491(8) 0(2)-C(11)-C(2) 122.1(3) 0(2)-C(11)-C(12) 115.2(3)
The Maharaja Sayajirao University of Baroda 271



Chapter 6

The common observation shows that the lengths of the C-O bonds in the acyl
group are slightly higher than typical for C—O distance in ketones (1.23 A) due to
O->Th bonding. In comparison to Th-O(acyl) bond lengths (2.427-2.476 A), Th-
O(pyrazolone) bond lengths (2.274-2.369 A) 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 Thorium and O-atoms, increasing covalency.
Another significant observation is Th—O bond lengths. As the binding of DMF towards
Th is stronger compared to L? ligands, the Th(1)-O(9) bond length is found to be the
shortest (2.381(7) A). Due to this effect, the Th(1)-O(4) bond becomes longer with the
highest Th-O bond length (2.476 (3) A). As provided in Figure 6.11, the upper layer of
square antiprism is formed by OS5, O3, O1, and O9 oxygen atoms, and similarly, the
bottom layer of square antiprism is formed by 06, 02, O7, and O8 oxygen atoms.
Additionally, the O4 atom remains as a cap, as observed in the polyhedral structure of
complex 22 (Figure 6.11(b)). When moving from one side to another of both planes,
the distance between the two planes shows a difference. This confirms that both planes

are not completely parallel, and the geometry shows slight distortion (See Figure 6.13).

(b)

(a)

Figure 6.13 The distance between upper and bottom plane in thorium polyhedron.

6.3.6 Hirshfeld surface analysis

To visualize donor-acceptor interaction sites in complex 22, 2D FP (fingerprint)
plots, mapping over dnorm, shape index, curvedness, fragment patch, etc., were created
using Crystal Explorer 17.5 software [23]. The absence of red spots suggests a lack of
hydrogen bonds in the complex. Weaker red dots are observed in dnorm due to more
excellent proximity with closer neighbouring molecules or shorter interaction between
halogen bonds as provided in Figure 6.14 [24,25]. The combination of a white-blue area

also appears in dnorm, in Which white represents the interactions equivalent to Vander-
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Waals and blue represents shorter interactions than Vander-Waals interactions. A
combination of red-blue curves on a curved part in the curvedness plot surrounding the
aromatic rings represents shorter non-covalent interactions than Vander-Waals along
with 7. stacking. It gives more stability to the crystal lattice. The shortest distances
as a function of dj and d. from the pointed nuclei with interior and exterior to the HS
respectively provided a piece of surface points and combined give dnorm area.
Curvedness is a function of the rms (root mean square) curvature of the HS, in which a
flat surface and sharp surface represent low and high curvedness, respectively. As
provided in shape index diagrams, the concave surface on oxygen atoms of ligands has
appeared as a dark yellow-orange shade with less than zero shape index value, which
gives evidence of metal-ligand interactions in the complex. The colour patches on the
HS depend on their closeness to adjacent molecules. Percentage data for atom-all and
all-atom interactions provide an idea about the packing probability in complex crystal
(See Figure 6.15). Two-dimensional fingerprint plots equivalent to all these interactions

are provided in Figure 6.16.
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Figure 6.14 Molecular Hirshfeld surfaces in complex 22.
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Figure 6.15 Graphical presentation of percentage interactions in complex 22.
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Figure 6.16 Two-dimensional fingerprint plots in complex 22.
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6.3.7 Electronic spectral analysis

The UV-Vis electronic spectral studies were carried out for complexes 21, 22,
and 23 in 10 M solutions of CHCl3, DMF, and DMSO solvent, and the spectra are
provided in Figure 6.17. Since thorium is in a +4 oxidation state, only n—n*, n—n*,
and LMCT transitions appeared for complexes in the 200—500 nm range, respectively.
To demonstrate the covalency of complexes 21, 22, and 23, covalency parameters were
used to compute the Nephelauxetic ratio (), Sinha parameter (6%), bonding parameter
(b'?), and angular overlap parameter (1) [26—29]. In Nephelauxetic ratio calculation,
Veomplex and Viree ion (41394 cm™!) were identified by taking peak centre values for all
transitions in the absorption spectra of complexes. All covalency parameters were

calculated using the following equations.

Nephelauxetic ratio 8 = z;‘""—”""x (6)

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

Bonding parameter bz = (T) (8)

Angular overlap parameter n = %ﬁ 9)

Table 6.4 Calculated values of covalency parameters for complexes 21, 22, and 23.

Peak . Bonding Sinha Angular
Complex  Solvent center Nephel.auxetlc parameter parameter overlap
value ratio B 1 parameter
(in cm™) b2 6 n
CHCl; 39370 0.9511 0.1564 5.141 0.0254
21 DMF 34005 0.8215 0.2988 21.7292 0.1033
DMSO 34341 0.8296 0.2919 20.5381 0.0979
CHCl; 39472 0.9536 0.1524 4.8693 0.0241
22 DMF 34025 0.822 0.2983 21.6576 0.103
DMSO 34321 0.8291 0.2923 20.6084 0.0982
CHCl; 39356 0.9508 0.1569 5.1784 0.0256
23 DMF 34530 0.8342 0.2879 19.8784 0.0949
DMSO 34344 0.8297 0.2918 20.5276 0.0979

The Maharaja Sayajirao University of Baroda 275



Chapter 6

1.4 4

1.2 4

1.0 4

Absorbance

— Th aqua

Complex 21 in CHCI,
Complex 21 in DMF
Complex 21 in DMSO

T T
350 400 450 500 550 600
Wavelength (nm)

T
250 300

2.5

2.0+

1.5 4

1.0 4

Absorbance

0.5

0.0

——Th aqua

Complex 22 in CHCI3
Complex 22 in DMF
Complex 22 in DMSO

I
200

1.2

: T : r ¥ t ¥
250 300 350 400 450 500 550 600
Wavelength (nm)

1.0

0.8

0.6

Absorbance

0.4 4

0.2 4

0.0 4

—— Th aqua
Complex 23 in CHCI,

Complex 23 in DMF
Complex 23 in DMSO

]

200

T T - ; T T y
250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 6.17 Electronic UV-Vis spectra for complexes 21, 22, and 23 in 10 M
solutions of CHCI3, DMF, and DMSO solvents.
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The thorium acylpyrazolone series is best understood through the data
mentioned above, and by comprehending the covalent character of these complexes,
various chemical properties and applications can be explored. Positive bonding
parameter values and minimal changes suggest covalent bonding with limited 5f-orbital
participation in the synthesized complexes across all solvents, where the nephelauxetic
effect ranges from 0.8215 to 0.9536. The Sinha parameter (6%) and angular overlap
parameter (n), both indicating electron delocalization across the 5f orbital and
covalency, are positive for all complexes, signifying a degree of covalent bonding in
Th™) complexes. The degree of covalent character typically follows the order DMF >
DMSO > CHCIs, as indicated by the Sinha parameter values in Table 3. The slight
variation in the bonding parameter value suggests relatively less involvement of 5f-

orbitals in the bonding of thorium-acylpyrazolone complexes [25].

Three monocapped square antiprismatic thorium complexes were synthesized
using bidentate acylpyrazolone ligands. Their characterization has been done using all
available techniques, such as IR, NMR, single-crystal X-ray diffraction, TG-DTA, UV-
VIS, etc. These characterized data are largely used to examine their structure, geometry,
composition, surface interactions, and covalent character. Electronic spectral studies
were carried out to calculate Covalency parameters (Nephelauxetic ratio, Sinha
parameter, Bonding parameter, Angular Overlap Parameter) to get covalency order in
different solvents. Calculating the covalency parameters demonstrates the electron
delocalization across the 5f orbital and the covalency, both positive for all complexes,
suggesting an analogous degree of covalent bonding. The thorium acylpyrazolone
series can be best understood using the data mentioned above, and by understanding
the covalent character of these complexes in order, it is possible to investigate various

chemical properties and applications.
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This study discusses the synthesis and characterization of three thorium complexes with a general composition of
[Th(L)4(EtOH)] demonstrated a nine-coordinated geometry in acylpyrazolone chemistry, a novel finding sup-
ported by single crystal evidence. A detailed analysis of complex [Th(L?),(DMF)] was conducted, utilizing single-
crystal X-ray diffraction data and Hirshfeld surface area analysis to investigate secondary interactions, exploring
the planarity and bonding characteristics of the crystals. Covalency parameters such as the Nephelauxetic ratio,

Sinha parameter, bonding parameter, and angular overlap parameter were calculated from electronic spectral
data, revealing positive covalency and electron delocalization across the 5f orbital for all complexes. Notably, the
presence of solvent bound to the 9th coordination site of the complex suggests potential changes in covalency
across different solvents, thereby indirectly impacting chemical characteristics.

1. Introduction

Research into thorium metal complexes is advancing in several fields
including nuclear energy, catalysis, and materials science [1-3]. Within
the nuclear fuel cycle and weapon development, understanding the
speciation of plutonium and uranium is essential for their resettling
pathways [4]. The chemistry of thorium complexes stands at the fore-
front of interdisciplinary research, spanning the fields of nuclear sci-
ence, materials chemistry, antioxidant, and catalysis [5-8]. Thorium, a
naturally occurring element with abundant reserves, holds significant
promise as a versatile building block for a myriad of applications [9].
Central to these endeavours is the exploration of thorium’s coordination
chemistry, which underpins its behaviour in diverse chemical environ-
ments and offers avenues for tailoring its properties to specific needs [5,
10]. In recent years, the chemistry of thorium complexes has garnered
increasing attention due to its relevance to nuclear energy technologies
[11], environmental remediation strategies [12], and catalytic processes
[6]. Unlike its more widely studied counterpart, uranium, thorium ex-
hibits distinct chemical characteristics that render it an attractive
candidate for novel applications. Its propensity to form stable complexes
with a variety of ligands, coupled with its favourable nuclear properties,
positions thorium as a promising element for the design of advanced
materials and functional molecules [5]. By unravelling the intricacies of
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thorium coordination chemistry, researchers are not only expanding our
fundamental understanding of heavy element coordination but also
paving the way for innovative technological solutions. From the devel-
opment of advanced nuclear fuels and waste management strategies to
the design of catalytic systems for sustainable chemical synthesis, the
chemistry of thorium complexes holds immense potential to drive sci-
entific and technological progress in the years to come.

Generally, thorium(IV)-imido complexes exhibit a higher basic
character and lower covalent character compared to cerium(IV)-imido
complexes [13]. Kelsen and their research group have examined the
covalent properties of the Zr-O bond in zirconium complexes with both
fluorinated and nonfluorinated hydroxyborate salts, utilizing their sin-
gle crystal data [14]. DFT calculations reported by Liu et al. indicated
that 2-phosphaethynolate complexes follow a covalency trend of U-O >
Th-O > Ti-O, attributed to the involvement of 5f orbitals [15]. Research
by Kloditz and colleagues indicates that the study of chemical bonding in
[M(salen),] type complexes focuses on the degree of covalency in the
bonds to various donor atoms and the relative involvement of 5f and 6d
orbitals [16]. Kaltsoyannis reported studies on AnCp4 and AnCp3 com-
plexes, showing that as the actinide series progresses, the metal-carbon
bond exhibits increased covalency (based on orbital mixing and spin
densities) [17]. In 2021, Sittel et al. reported on the influence of solvent
polarity on the ligand configuration in tetravalent thorium N-donor
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