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Two neodymium(III) tetrakis complexes with different carbacylamidophosphate 
ligands and a tetraethylammonium cation of the formulas NEt4[NdL1

4] (1Nd) and  
NEt4[NdL2

4]·iPrOH (2Nd) were synthesized, where [L1]⁻ is dimethyl-N-trichloroacetyl
amidophosphate, Cl3CC(O)NP(O)(OCH3)2⁻, and [L2]⁻ is diphenyl-N-trichloroacetylami
dophosphate, Cl3CC(O)NP(O)(OC6H5)2⁻. The compounds were characterized by ele-
mental analysis, infrared spectroscopy, diffuse reflectance electronic spectroscopy, and 
single-crystal X-ray diffraction analysis. Structural analysis confirmed the formation of 
anionic complexes featuring a NdO8 coordination environment. Coordination polyhedra 
of central ions are best described as a triangular dodecahedron for 1Nd and a square anti-
prism for 2Nd. Diffuse reflectance spectra in the UV–vis–NIR region revealed characteris-
tic f–f transitions of NdIII, with ligand-dependent modulation of band shape and intensity 
of the “hypersensitive” transitions. The bonding between the metal and the ligands was 
found to have weak covalent character. Luminescence studies of the 2Nd complex revealed 
weak emission sensitization by the ligands.

Keywords: NdIII, carbacylamidophosphate, tetrakis complex, tetraethylammonium  
cation, electronic spectroscopy, crystal structure.
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INTRODUCTION.
Lanthanide complexes with organic ligands 

have emerged as key materials in a wide range 
of high-tech applications, owing to the unique 
photophysical, magnetic, and catalytic pro
perties imparted by their 4f electronic configu
ration [1, 2, 3]. Their sharp emission bands, 
large excitation–emission energy difference, 
and long excited-state lifetimes make these 
complexes promising candidates for lumines-
cent devices such as organic light-emitting 
diodes (OLEDs) [4, 5]. In molecular sensing, 
lanthanide complexes act as selective probes 
for detecting molecules, ions, or environmen-
tal changes, due to their environment-sensitive 
emission[6, 7]. In the biomedical field, lan-
thanides are used in bioimaging and diagnos-
tic agents, where deep tissue penetration and 
minimal autofluorescence are critical [8, 9].  
Other applications of lanthanide(III) complex-
es with organic ligands include single-molecule 
magnets [10, 11, 12, 13], structural damage 
and pressure sensors [14, 15, 16, 17], polyme
ric optical waveguides and amplifiers [18, 19, 
20], security inks [21, 22, 23], luminescent 
thermometers [24, 25, 26, 27], solar concentra-
tors [28, 29], and catalysis [30, 31]. 

A structurally appealing subclass of coor-
dination compounds is represented by tetrakis 
complexes, in which four acido-ligands sur-
round the metal center, typically resulting in 
discrete anionic units balanced by organic or 
inorganic counterions [32]. In the case of lan-
thanides, such tetrakis complexes offer several 
advantages: high stability, predictable geomet
ry, and elimination of lanthanide lumines-
cence quenching due to saturation of the me
tal’s coordination sites – particularly crucial for 
NIR-emitting lanthanide ions. 

Among the various ligand systems emp
loyed for lanthanide complexation [33], car
bacylamidophosphates (CAPhs) represent a 
versatile and promising class. Bidentate CAPh 
ligands offer phosphoryl and carbonyl oxygen 
donor atoms, capable of forming air-stable 
chelates with lanthanide ions. The modular na-
ture of the CAPh framework allows fine-tun-
ing of the photophysical properties of their 
metal complexes through substitution at the 
carbon or phosphorus atoms. Moreover, CAPh 
ligands tend to form rigid complexes with fa-
vorable solubility and crystallization behavior 
and, with suitable substituents and triplet-state  
energy, they may act as “antennas” and effi-
ciently sensitize LnIII luminescence [32, 34, 35].

Electronic spectroscopy is a valuable tool 
for characterizing lanthanide complexes, 
which, unlike transition metal complexes, of-
ten display sharp and well-defined electronic 
transitions due to the shielding of f-electrons 
within the inner orbitals of the lanthanide ions. 
Each lanthanide ion exhibits characteristic ab-
sorption bands that can provide insight into 
the coordination environment surrounding 
the metal ion. Changes in ligand field strength 
or coordination number may lead to shifts in 
some of the absorption bands or variations in 
their intensity [36]. The most commonly studi
ed lanthanide ions in electronic spectroscopy 
include PrIII, NdIII, HoIII, and ErIII, due to the 
relatively high intensity of their absorption 
bands [37].

The absorption bands of neodymium(III) 
in the visible and near-infrared regions arise 
from intra-4f transitions from the ground state 
4I9/2, which are Laporte-forbidden but become 
partially allowed due to mixing of the 4f and 
5d orbitals via the ligand field [38]. In NdIII 
complexes, these bands typically exhibit a ba
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thochromic shift compared to the aqua ion, 
known as the nephelauxetic shift [39, 40, 41, 
42]. The nephelauxetic effect is related to the 
degree of covalency in the metal-ligand bond 
within the complex compared to the metal salt 
in aqueous solution; stronger covalency leads 
to a larger nephelauxetic shift. The degree of 
the nephelauxetic shift has been found to de-
pend on the central ion’s coordination number 
[43] and is therefore related to the metal–li-
gand distance [44]. The polarizability of the 
ligand also affects the nephelauxetic shift [42]. 
The multiplicity of the 2P1/2 ← 4I9/2 transition 
band, observed around 430  nm, can be used 
to determine the number of optical centers in 
a complex and thereby infer the structural in-
dividuality of the compound. In the absence of 
a magnetic field, this transition is degenerate 
and unaffected by the symmetry field, making 
its splitting a valuable diagnostic parameter. 
The so-called “hypersensitive” transition 4G5/2, 
2G7/2 ← 4I9/2 near 580–600 nm is responsive to 
ligand field effects and coordination geome-
try [45]. Complexation results in a pronounced 
increase in the intensities of the components of 

this transition band. The band profile has also 
been utilized as a diagnostic tool for determin-
ing the coordination number of the central 
metal ion [45, 46], including in complexes with 
CAPh ligands [47, 48, 53]. 

In this work, we report the synthesis and 
comprehensive characterization of two NdIII 
tetrakis complexes with two types of CAPh li
gands, with the formulas NEt4[NdL1

4] (1Nd) and 
NEt4[NdL2

4]·iPrOH (2Nd), where [L1]⁻ is de-
protonated dimethyl-N-trichloroacetylamido
phosphate, Cl3CC(O)NP(O)(OCH3)2⁻, and 
[L2]⁻ is diphenyl-N-trichloroacetylamidophos
phate-anion, Cl3CC(O)NP(O)(OC6H5)2⁻. Gra
phical formulas of the ligands are shown in 
Figure 1. The compounds were characterized 
using elemental analysis, single-crystal X-ray 
diffraction, infrared, and diffuse reflectance 
electronic spectroscopy. The luminescence 
properties of the 2Nd were also studied. The 
work aims to evaluate how variations in ligand 
structure influence the coordination geometry, 
Nd–O bonds covalency, and spectral proper-
ties of the NdIII ion in the solid state.

Fig. 1. Graphical formulas of HL1 (a) and HL2 (b).

EXPERIMENT AND DISCUSSION OF THE 
RESULTS.

Materials and methods.
All reagents were obtained from commer-

cial sources and used without further purifica-

tion. Solvents used in the syntheses were dried 
using standard literature procedures.

Elemental analysis was performed using 
a CHNS Vario EL Cube Elemental Analyzer. 
The lanthanide content in the complexes was  
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determined by standard titrimetric methods 
for lanthanide ions [49].

Single-crystal X-ray diffraction data for 
structure 1Nd were collected at 294  K using 
an Xcalibur Sapphire3 diffractometer, and for 
structure 2Nd at 296 K using a Bruker APEX-
II CCD diffractometer, both equipped with 
graphite-monochromated MoKa radiation  
(λ = 0.71073 Å). Using Olex2 software [50], the 
structures were solved with the SHELXT [51] 
program using Intrinsic Phasing and refined 
with the SHELXL [52] refinement package. 
Full-matrix least-squares refinement against 
F2 in anisotropic approximation was used for 
non-hydrogen atoms. Positions of the hydro-
gen atoms were located from electron density 
difference maps and refined by “riding” model 
with Uiso  =  nUeq of the carrier atom  
(n = 1.5 for methyl and hydroxyl groups and 
n = 1.2 for other hydrogen atoms). Crystal data 
and refinement parameters are summarized in 
Table 1. 

Infrared (IR) spectra were recorded on a 
Perkin Elmer Spectrum BX spectrometer us-
ing KBr pellets in the range of 400–4000 cm⁻1.

Diffuse reflectance electronic spectra of 
solid 1Nd and 2Nd were measured with a Shi-
madzu UV-2600і spectrometer.

Emission and excitation spectra of 2Nd 
were measured on a “Fluorolog FL 3-22” spec-
trofluorometer at 298 K.

Synthesis. 
The ligands HL1 and HL2, as well as their so
dium salts, were synthesized according to pre
viously described procedures [34, 53, 54].

The LnIII complexes were obtained accor
ding to the following schemes:
Nd(NO3)3∙6H2O + 4NaL1 + NEt4Cl = 

= NEt4[NdL1
4] + 3NaNO3 + NaCl + 6H2O,

Nd(NO3)3∙6H2O + 4NaL2 + NEt4Cl + iPrOH =
= NEt4[NdL2

4]·iPrOH + 3NaNO3 + NaCl + 6H2O.
The hydrated neodymium(III) nitrate 

(1 mmol, 0.43835 g) was dissolved in acetone 
(10 mL) under heating for one minute. Next, 
the dehydrating reagent, triethyl orthoformate 
(6 mmol, 1 ml), was added, and the resulting 
solution was boiled for 1 min. Separately, NaL1 
(4 mmol, 1.1696 g) or NaL2 (4 mmol, 1.6664 g) 
was dissolved in acetone (10 mL) under heat-
ing. Additionally, tetraethylammonium chlo-
ride (1  mmol) was dissolved in 2-propanol 
(5 mL) under heating. The three prepared solu-
tions were combined and refluxed for 10 min. 
The resulting solution was cooled to room 
temperature for 10  min, and the precipitated 
NaNO3 was filtered off. After 1  -  2 days, the 
target complexes began to crystallize from the 
filtrate. The compounds were separated from 
the mother liquor, washed with 2-propanol, 
and dried in air. The average yields of products 
1Nd and 2Nd were 55 and 78 %, respectively. 
The obtained complexes were stable in air, well 
soluble in methanol, acetone, dimethylfor-
mamide (DMF), dimethyl sulfoxide (DMSO), 
acetonitrile, ethyl acetate, 1,4-dioxane, dichlo-
romethane, chloroform, and in 2-propanol 
(upon heating). The compounds were inso
luble in tetrachloromethane, benzene, hexane, 
and water.

NEt4[NdL1
4] (1Nd) Yield: 55  %. M.p.: 

157  °C. Anal. Calcd for C24H44Cl12N5NdO16P4 
(Mr = 1352.20) (%): Nd, 10.67; C, 21.32; H, 
3.28; N 5.18. Found, %: Nd, 11.3; C, 21.14; 
H, 3.25; N, 5.32. IR (KBr): νmax = 2992 (w), 
2952  (m), 2850  (w), 1620 (vs), 1484 (m), 
1462 (w), 1456 (w), 1442 (w, sh), 1393 (w), 1366 
(vs), 1186 (s), 1164  (vs), 1046 (vs), 1012 (s), 
882 (vs), 845 (s), 836 (s), 820 (s), 780 (m), 726 
(m), 674 (m), 548 (s), 498 (m), 460 (m) cm−1.
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NEt4[NdL2
4]·iPrOH (2Nd) Yield: 78 %. M.p.: 

225  °C. Anal. Calcd for C67H68Cl12N5NdO17P4 
(Mr = 1908.85) (%): Nd, 7.6; C, 42.16; H, 3.59; 
N 3.67. Found, %: Nd, 8.1; C, 41.67; H, 3.49; N, 
3.81. IR (KBr): νmax = 3070 (w), 2924 (m), 2854 
(w), 1618 (vs), 1588 (vs), 1490 (vs), 1455 (m), 
1440 (w), 1393 (m, sh), 1370 (vs), 1288 (w), 
1218 (s), 1192 (vs), 1180 (vs, sh), 1166 (vs), 
1072 (w), 1020 (s), 1005 (s, sh), 948 (vs, sh), 
939 (vs), 908 (m), 876 (s), 820 (s), 776 (s), 761 
(s), 718 (w), 690 (s), 677 (s), 615 (w), 590 (m), 
574 (w), 526 (s), 504 (m), 462 (w, sh) cm−1.

X-ray Crystal Structure.
The 1Nd and 2Nd complexes crystallize 

in the monoclinic crystal system in space 
groups P21/c and C2/c, respectively. The crys-
tallographic data for the compounds are listed 
in Table 1. The asymmetric unit cell of 1Nd 
and eight of 2Nd complexes contains one 
anion [NdL1/L2

4]⁻ ([L1]⁻ is a deprotonated 
dimethyl-N-trichloroacetylamidophosphate, 
Cl3CC(O)NP(O)(OCH3)2⁻, and [L2]⁻ is diphe-
nyl-N-trichloroacetylamidophosphate-anion, 
Cl3CC(O)NP(O)(OC6H5)2⁻) and one cation 
NEt4

+. The 2Nd complex crystallizes as sol-
vate with isopropanol. Deprotonated CAPh 
ligands coordinate to the lanthanide ions in 
a bidentate chelating mode via the oxygen 
atoms of phosphoryl and carbonyl groups, 
forming six-membered metallacycles (Fi
gure 2). The coordination polyhedra of the 
lanthanide ions were determined using the 
SHAPE 2.1 software [55] as a triangular do-
decahedron for 1Nd and a square antiprism 
for 2Nd (Table 2, Figure 3). Compared with 
the free ligand HL1 and sodium salt NaL2 
[56], the average bond lengths of P—O and 
C—O in the 1Nd and 2Nd complexes are 
elongated, while the P—N and C—N bonds 

are shortened, which is consistent with coor-
dination-induced π-delocalization. The aver-
age Ln—O(P) bond lengths are shorter than 
the Ln—O(C) ones, which is attributed to 
the stronger affinity of the phosphoryl group 
for lanthanide ions. However, replacement 
of substituents from OMe to OPh leads to an 
elongation of Ln—O(P) bonds and a shor
tening of Nd—O(C) bonds in 2Nd compared 
with 1Nd. The Nd—O(P) and Nd—O(C) 
distances vary within 2.374(7)–2.395(8)  Å 
and 2.492(8)–2.499(9)  Å, respectively, for 
complex 1Nd, and 2.391(7)–2.425(7)  Å and 
2.432(6)–2.472(7) Å for complex 2Nd. All the 
Nd—O bonds are shorter than the sum of the 
van der Waals radii of oxygen and the Nd3+ 
ionic radius (2.61  Å). The average length of 
Nd—O bonds in 2Nd (2.43363  Å) is slight-
ly smaller than in 1Nd (2.43725  Å). The  
O—Nd—O bond angles vary from 72.0(3)° to 
74.7(3)° for 1Nd and from 71.6(3)° to 73.5(3)° 
for 2Nd (Table 3). The values of the distanc-
es and angles are in good agreement with the 
data obtained for NdIII complexes with CAPhs 
[57, 58].

As a result of the coordination of Nd atoms 
by organic ligands in structures 1Nd and 2Nd, 
the six-membered metallacycles are formed. 
The metallacycles in the 1Nd and 2Nd struc-
tures are either planar or adopt sofa- or boat-
like conformations. The geometric characteris-
tics of the conformations of the six-membered 
metallacycles are presented in Table 4. 

In the crystal phase, the molecules of the 
anion and cation (in 1Nd), as well as the ani-
on, cation, and solvent molecules (in 2Nd), are 
linked by numerous intermolecular interac-
tions, forming a three-dimensional molecular 
packing network.
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Table 1. 
Crystal data and structure refinement parameters for 1Nd and 2Nd.

Parameter 1Nd 2Nd
formula C24H44Cl12N5NdO16P4 C67H48Cl12N5NdO17P4

M 1352.16 1887.62
T [K] 294 296.15
crystal system monoclinic monoclinic
space group P21/c C2/c
a [Å] 20.5200(11) 25.610(3)
b [Å] 12.3252(6) 15.281(3)
c [Å] 21.4083(11) 42.846(6)
α [°] 90 90
β [°] 92.577(4) 97.330(13)
γ [°] 90 90
V [Å3] 5409.0(5) 16631(4)
Z 4 8
Dc [mg cm-3] 1.660 1.509
μ [mm-1] 1.730 1.151
F(000) 2700 7560
crystal size [mm] 0.2 x 0.4 x 0.5 0.1 x 0.2 x 0.3
reflections collected 38576 71669
independent reflections (Rint) 10616 14544
data/parameters 10616 / 624 14544 / 990
GOF 0.999 1.125
R1 [I>2σ(I)] 0.098 0.1045
wR2 [I>2σ(I)] 0.2422 0.1970
R1 [all data] 0.1698 0.1572
wR2 [all data] 0.2883 0.2140
CCDC 2486751 2486752

Table 2. 
Continuous Shape Measures (CShMs) of the coordination geometry for 1Nd and 2Nd 

crystal structures.
Label Symmetry Shape 1Nd 2Nd
OP-8 D8h Octagon 31.986 28.250
HPY-8 C7v Heptagonal pyramid 23.995 23.297
HBPY-8 D6h Hexagonal bipyramid 16.557 16.220
CU-8 Oh Cube 10.324 8.961
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Label Symmetry Shape 1Nd 2Nd
SAPR-8 D4d Square antiprism 1.938 0.221
TDD-8 D2d Triangular dodecahedron 0.450 2.206
JGBF-8 D2d Johnson gyrobifastigium J26 13.036 16.327
JETBPY-8 D3h Johnson elongated triangular bipyramid J14 28.648 28.275
JBTPR-8 C2v Biaugmented trigonal prism J50 2.311 2.934
BTPR-8 C2v Biaugmented trigonal prism 2.016 2.140
JSD-8 D2d Snub diphenoid J84 2.205 5.191
TT-8 Td Triakis tetrahedron 10.878 9.779
ETBPY-8 D3h Elongated trigonal bipyramid 25.123 23.577

1Nd                                                                                               2Nd
Fig. 2. The molecular structures of the [NdL1/L2

4]
– anions in 1Nd and 2Nd (H atoms are omitted 

for clarity). Thermal ellipsoids are shown at 50 % probability level.

1Nd                                  2Nd
Fig. 3. Coordination polyhedra of the NdIII ions in 1Nd and 2Nd.

Table 2. 
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Table 3. 
Selected bond lengths [Å] and angles [º] in 1Nd and 2Nd complexes.

1Nd 2Nd
Nd1—O1 2.395 (8) Nd1—O1 2.436 (7)
Nd1—O4 2.499 (9) Nd1—O4 2.391 (7)
Nd1—O5 2.374 (7) Nd1—O5 2.465 (7)    
Nd1—O8 2.482 (7) Nd1—O8 2.425 (7)
Nd1—O9 2.378 (7) Nd1—O9 2.472 (7)
Nd1—O12 2.493 (9) Nd1—O12 2.432 (7)
Nd1—O13 2.385 (7) Nd1—O14 2.443 (7)
Nd1—O16 2.492 (8) Nd1—O17 2.405 (6)
P1—O1 1.478 (9) P1—O4 1.486 (7)
P1—N1 1.589 (13) P1—N1 1.613 (9)
P2—O5 1.491 (8) P2—O8 1.482 (7)
P2—N2 1.590 (11) P2—N2 1.600 (9)
P3—O9 1.479 (8) P3—O12 1.440 (7)
P3—N3 1.563 (13) P3—N3 1.608 (10)
P4—O13 1.475 (8) P4—O17 1.478 (7)
P4—N4 1.564 (11) P4—N4 1.590 (8)
O4—C3 1.279 (14) O1—C1 1.227 (11)
O8—C7 1.221 (13) O5—C15 1.240 (12)
O12—C11 1.27 (2) O9—C29 1.216 (12)
O16—C15 1.231 (16) O14—C43 1.273 (12)
N1—C3 1.280 (17) N1—C1 1.286 (13)
N2—C7 1.355 (16) N2—C15 1.286 (13)
N3—C11 1.27 (2) N3—C29 1.298 (14)
N4—C15 1.312 (17) N4—C43 1.286 (13)
O1—Nd1—O4 72.6 (3) O1—Nd1—O4 71.6 (2)
O5—Nd1—O8 74.7 (3) O5—Nd1—O8 71.8 (2)
O9—Nd1—O12 72.7 (3) O9—Nd1—O12 72.0 (2)
O13—Nd1—O16 73.3 (3) O14—Nd1—O17 73.5 (2)

Table 4. 
The conformational characteristics of six-membered metallocycles in 1Nd and 2Nd.

Cycle Mean plane atoms, rmsd/Å Deviation of 
atom, Å

Type of 
conformation

1Nd
Nd1–O1–P1–N1–C3–O4 Nd1…O1…N1…C3 0.01 O4 -0.21(3)

P1 -0.21(4)
boat

Nd1–O5–P2–N2–C7–O8 Nd1…O8…C7…N2…O5 0.02 P2 -0.27(4) sofa
Nd1–O9–P3–N3–C11–O12 Nd1…O9…P3…N3…C11…O12 0.03 – planar
Nd1–O13–P4–N4–C15–O16 O13…P4…N4…C15…O16 0.03 Nd1 0.45(4) sofa
2Nd
Nd1–O4–P1–N1–C1–O1 O4…P1…N1…C1…O1 0.01 Nd1 0.53(4) sofa
Nd1–O8–P2–N2–C15–O5 Nd1…O8…P2…N2…C15…O5 0.03 – planar
Nd1–O12–P3–N3–C29–O9 O12…P3…N3…C29…O9 0.02 Nd1 -0.46(5) sofa
Nd1–O17–P4–N4–C4–O14 Nd1…O17…P4…N4…C4…O14 0.03 – planar
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Infrared spectroscopy
The IR spectra of the 1Nd and 2Nd comp

lexes, recorded as KBr pellets in the range 
of 4000–400  cm−1 (Figure 4), confirm the 
successful coordination of the deprotona
ted CAPh ligands to the NdIII ions and the 
presence of tetraethylammonium counte-
rions. The absence of a broad band around 
3080  cm−1, which would correspond to the 
ν(H—N) stretching vibration, indicates that 
the ligands in the obtained complexes exist in 
their acidic form. In the high-frequency re-
gion, a weak-intensity band at 3070 cm−1 cor-
responds to the C—H stretching vibrations of 
the phenyl rings in the (L2)⁻ ligand of 2Nd, 
while medium- and weak-intensity bands in 
the region 2992–2850 cm−1 are assigned to the 
asymmetric and symmetric C—H stretching 
vibrations of the methyl groups in (L1)⁻ (1Nd) 
and of the methyl and methylene groups in 
the counterions of both complexes. A strong 
band at 1620  -  1618  cm−1 is assigned to the 
ν(C=O) stretching vibration of the coordi-
nated carbonyl group. Compared to the free 
ligands HL1 [56] and HL2 [53], this band is 
shifted to lower wavenumbers in the IR spec-
tra of the complexes, indicating coordination 
of the C=O group to the NdIII ions through 
the carbonyl oxygen atom. The aromatic ring 
skeletal vibrations, involving carbon–carbon 
stretching, in the spectrum of 2Nd appear at 
1588 and 1490  cm−1. The asymmetric bend-
ing vibration 𝛿as(CH3) from the NEt4⁺ coun-
terion, as well as from the HL1 framework, 
appears at 1455  cm−1, while the symmetric 
bending vibration 𝛿s(CH3) is observed at 
1393 cm−1. The bending vibration 𝛿s(CH2) of 
the methylene groups is located at 1462 cm−1. 
Strong bands at 1366  cm−1 for 1Nd and at 
1370 cm−1 for 2Nd are attributed to a mixed 

vibration involving C—C and C—N stretch-
ing. The phosphoryl group exhibits several 
distinct bands: the strong band in the region  
1192–1186  cm−1 is assigned to the characte
ristic P=O stretching vibration of the CAPh 
ligand, while the band at 1166–1164 cm−1 cor-
responds to a coupled P=O and P—N stretch-
ing mode. These bands are shifted to lower 
wavenumbers in the spectra of the synthe-
sized complexes compared to the spectra of 
the free ligands. Additional band in the region 
1046–1020  cm−1 represents coupled stretch-
ing vibrations ν(PN)*ν(CC) of the ligands. 
Another strong band at 1012 cm−1 in the 1Nd 
and at 1020 cm−1 in the 2Nd spectra reflects 
coupled P=O and P—N stretching vibration. 
An aromatic C—H in-plane bending band 
from the ligands in 2Nd appears at 948 and 
1072 cm−1, while the out-of-plane bending is 
reflected in the bands at 761 and 690 cm−1. The 
CCl3 group can be identified by absorption 
bands of an asymmetric stretching vibration 
at 780–776  cm−1 and a symmetric stretch at  
677–674 cm−1. A band at 726–718 cm−1 is attri
buted to chelate ring breathing ν(ϕ). A medi-
um-intensity absorption band that appears in 
the spectrum of 2Nd at 590 cm−1 is attributed 
to out-of-plane ring bending. A strong-in-
tensity band at 548 cm−1 (1Nd) and 526 cm−1 
(2Nd) is assigned to a coupled deformation 
involving in-plane chelate ring bending and 
Nd—O stretching modes δ(ϕ)*ν(Nd—O). 
Medium and weak bands at 504–498 and 
462–460 cm−1 are assigned to the deformation 
vibrations of the trichloromethyl group (δ(C-
Cl3)) and in-plane chelate ring bending (δ(ϕ)) 
of the ligands, respectively. The band assign-
ments were made according to references [59, 
60, 61].
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Fig. 4. Mid-FTIR spectra of 1Nd and 2Nd complexes in the form of KBr pellets.

Electronic spectroscopy.
The electronic diffuse reflectance spectra 

of powders of 1Nd and 2Nd complexes were 
recorded in the 400–900  nm range at room 
temperature and are shown in Figure 5. Both 
spectra exhibit characteristic f–f transitions 
of NdIII ions from the 4I9/2 ground state. The 
absorption bands were assigned according to 
reference [62]. The hypersensitive transition 
band in the region near 58–600  nm (4G5/2,  
2G7/2 ← 4I9/2) is similar to that observed in other 
previously reported CAPh-based lanthanide 
complexes with a coordination number of eight 
for the central atom[63, 64, 0]. The relative in-

tensities of the components of this band vary 
slightly between 1Nd and 2Nd due to diffe
rent coordination polyhedra of the central ions  
(Table 2). The band of the 2P1/2 ← 4I9/2 transition, 
with maxima at 430.4 and 429.2 nm for 1Nd 
and 2Nd, respectively, shows no observable 
splitting in either spectrum, indicating single 
crystallographically equivalent NdIII centers 
in both complexes, consistent with structural 
data from X-ray diffraction. Electronic tran-
sitions from thermally populated higher sub
levels of the ground energy level result in the 
appearance of relatively intense absorption 
bands in the wavelength range of 432–436 nm.
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Fig. 5. Electronic diffuse reflection spectra (upper panel); 2P1/2 ← 4I9/2 and 2G7/2, 
4G5/2 ← 4I9/2 

transition bands (lower panel) of 1Nd and 2Nd at 300 K.
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To evaluate the extent of metal-ligand or-
bital mixing, the nephelauxetic parameter  11 /

n i i
c aqn

β ν ν
−
∑= , the covalency parameter 

 1 100%βδ
β
−

= , the bonding parameter 
 

1/2 1
2

b β−
=  and the angular overlap parameter 

 
1 β

η
β

−
=  were calculated by comparing the   

shifts of the transition bands in the diffuse  

reflectance spectra of the complexes ( i
cν ) with 

respect to the positions of the corresponding 
bands in the spectrum of the NdIII aquo-ion  
( i

aqν ) (Tables 5, 6) [40, 62, 65]. The obtained 
results are very similar for the 1Nd and 2Nd 
complexes and suggest weak covalent bonding 
between the NdIII ions and the ligands, which is 
in agreement with data reported for other com-
plexes with CAPhs [47]. A slightly larger value of 
δ for 2Nd is consistent with the slightly shorter 
Nd—O bonds in this complex compared to 1Nd.

Table 5. 
Positions of electronic transition spectral band maxima in diffuse reflection spectra of 

an aquo-ion and 1Nd and 2Nd complexes [cm-1].
J-level Aquo-ion 1Nd 2Nd

4D1/2 28850 - 28694
4D5/2 28500 28498 28417
4D3/2 28300 28019 28019
2D5/2 23900 23759 -
2P1/2 23250 23234 23299

4G11/2 21650 21575 21575
2G9/2, (

2D, 2P)3/2 21300 21249 21281
2K15/2 21000 20964 20964
4G9/2 19550 19508 19535
4G7/2 19160 19073 19048
2G7/2 17460 17238 17232
4G5/2 17300 17150 17117

2H11/2 15870 15918 15949
4F9/2 14700 14596 14599

4F7/2, 
2S3/2 13500 13335 13317

2H9/2 12590 12458 12469
4F5/2 12480 - 12392
4F3/2 11460 11443 11443

Table 6. 
The nephelauxetic parameter β, the covalency parameter δ, the bonding parameter b1/2 

and the angular overlap parameter η for 1Nd and 2Nd.
β δ [%] b1/2 η

1Nd 0.99498 0.50471 0.05011 0.00252
2Nd 0.99494 0.50863 0.05030 0.00254
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Luminescence spectroscopy
Considering the presence of aromatic sub-

stituents in the HL2, we undertook widespread 
investigations of 2Nd for luminescence measu
rements. The HL2 ligand possesses a triplet ex-
cited state T1 located at 24270 cm-1 [54], which 
lies significantly above the emissive 4F3/2 level 
of Nd3+ (11698 cm-1). The energy gap between 
the ligand triplet state and the NdIII emitting 
level is therefore sufficiently large to allow li-
gand-to-metal energy transfer to occur in 2Nd. 
However, the relatively high value of ΔE also 
implies that additional non-radiative pathways 
may compete with the sensitization process. In 
particular, the excess energy gap can facilitate 
back energy transfer and multiphonon relaxa
tion, which may partially quench the popula-
tion of the NdIII emissive state. Upon excita-
tion of 2Nd at 354  nm, the complex exhibits 
typical f-f emission of the NdIII ion in the NIR 
region, with narrow bands observed near 900, 
1060 and 1330 nm (Figure 6, right panel). The 
luminescence excitation spectrum of 2Nd, 

recorded by monitoring NdIII f-f emission at 
1060 nm, exhibits a number of narrow bands, 
which were assigned to NdIII f-f transitions 
from the ground 4I9/2 level (Figure 6, left pa
nel). The predominance of f-f transitions in the 
excitation spectrum indicates inefficient sensi-
tization of NdIII emission by the ligands, which 
is probably due to the large distance between 
the lanthanide ion and the aromatic substitu-
ents in HL2 as well as due to the excess ener-
gy gap between the ligands’ lowest triplet state 
and the emissive level of the neodymium ion, 
which can facilitate energy dissipation. Earlier, 
we have reported dimethyl-N-benzoylamido-
phosphate based complex NEt4NdL4 [66], in 
which, despite of the big energy gap between 
the ligand triplet state and the NdIII emitting 
level an efficient sensitization of NdIII emission 
was observed. This example underlines the im-
portance of the distance between the ligands’ 
chromophore and the lanthanide for efficiency 
of the antenna effect.

Fig. 6. Luminescence excitation (left panel) and luminescence (right panel) 
spectra of 2Nd at room temperature.
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CONCLUSIONS.
Two new neodymium(III) tetrakis comp

lexes with different carbacylamidophosphate 
ligands were synthesized and structurally and 
spectrally characterized. 

Structural analysis revealed that variation in 
the organic substituents on the CAPh ligands 
results in distinct coordination polyhedra: a 
triangular dodecahedron in complex 1Nd and 
a square antiprism in 2Nd, both maintaining 
an eight-coordinate NdO8 environment. The 
substitution of OCH3 with OPh also causes 
minor differences in metal–ligand distances; 
however, confirmation of this conclusion re-
quires the investigation of a broader series of 
related compounds.

Electronic diffuse reflectance spectra of the 
complexes display well-resolved f–f transitions 
of NdIII, including hypersensitive bands whose 
shape depends on the ligand framework. The 
absence of splitting in the 2P1/2 ← 4I9/2 transi-
tion indicates the presence of a single crystal-
lographically unique NdIII ion in each complex, 
corroborating the crystallographic data. Co-
valency parameters (δ, b1/2, and η), calculated 
based on nephelauxetic shifts (β) relative to the 
NdIII aquo ion, indicate weak covalency in the 
Nd–ligand bonding. The slightly higher δ va
lue observed for 2Nd compared to 1Nd is con-
sistent with shorter metal–ligand distances in 
the structure of 2Nd.

Analysis of the excitation spectrum of 2Nd 
showed that diphenyl-N-trichloroacetylami-
dophosphate in this complex insufficiently 
sensitizes neodymium(III) emission, despite 
the high enough energy of the ligand tri-
plet state relative to the NdIII emissive level, 
which highlights the need for future ligand 
designs that combine appropriate triplet-state 
alignment with enhanced absorption and 

improved suppression of nonradiative decay 
channels.

This study demonstrates that the structural 
variation in CAPh ligands enables fine-tuning 
of both coordination geometry and electronic 
spectral characteristics in lanthanide complex-
es. These findings support further exploration 
of CAPh ligands for designing Nd-based ma-
terials with tailored spectral properties for po-
tential photonic and sensing applications.
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Синтезовано два тетракіс-комплек-
си неодиму(III) NEt4[NdL1

4] (1Nd) та 
NEt4[NdL2

4]·iPrOH (2Nd) із тетраетиламо
нієвим катіоном та різними карбациламі
дофосфатними лігандами: [L1]⁻ – диметил-
N-трихлорацетиламідофосфат, 
Cl3CC(O)NP(O)(OCH3)2⁻, та [L2]⁻ – дифеніл-
N-трихлорацетиламідофосфат,
Cl3CC(O)NP(O)(OC6H5)2⁻. Сполуки було 
охарактеризовано за допомогою елемент-
ного аналізу, інфрачервоної спектроско-
пії, електронної спектроскопії дифузного 
відбиття та рентгеноструктурного аналізу. 
Методом РСтА встановлено утворення ані-
онних комплексів із координаційним ото-
ченням неодиму(ІІІ) NdO8. Координаційні 
поліедри центральних йонів найкраще 
описують як трикутний додекаедр у випад-
ку 1Nd і квадратна антипризма для 2Nd. 
Спектри дифузного відбиття в УФ, види-
мій і ближній ІЧ-області демонструють f–f 
переходи, характерні для NdIII, при цьому 
форма та інтенсивність смуг надчутливих 
переходів залежить від природи лігандів. 
Було встановлено слабкий ковалентний ха-
рактер зв’язку метал – ліганд. Досліджен-
ня люмінесценції комплексу 2Nd виявили 
слабку сенсибілізацію емісії лігандом.

Ключові слова: NdIII, карбациламідо-
фосфат, тетракіс-комплекс, тетраетиламо-
нієвий катіон, електронна спектроскопія, 
кристалічна структура.
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