
Mendeleev Commun., 2024, 34, 484–487

Mendeleev
Communications

© 20
on b
Russ

Key
pho

A c
can
lum
coo
redu
com
sim
can
A s
qua
the 
with
coo
of c

I
cha
and
and
carb
to th
arom
whi
pac
sub
com
of m

A c
and
(ph
(RE
and
and
seco
pro
[Tb
[Tb
com
anio
of th
of t
Hir
Synthesis, structure, and photoluminescent properties of a mixed 
carboxylate pentafluorobenzoate–phenylacetate complex of terbium
–  484  –24 Mendeleev Communications. Published by ELSEVIER B.V.  
ehalf of the N. D. Zelinsky Institute of Organic Chemistry of the  
ian Academy of Sciences.

words: terbium3+, mixed carboxylate complexes, X-ray structure, non-covalent interactions, Hirshfeld surface analysis, 
toluminescence.

ombination of several ligands within lanthanide complexes 
 lead to a structural modification and improvement of their 
inescent characteristics by varying the geometry of metal ion 
rdination polyhedra, minimizing interionic interactions, and 
cing conformational mobility.1–8 Using europium 
pounds as an example, Lima et al.9 demonstrated that the 

ultaneous combination of four anionic ligands in a complex 
 result in a fivefold increase in luminescent efficiency.  
amarium complex with four anionic ligands had a record 
ntum yield of luminescence for this metal ion.10 However, 
above compounds have not been structurally characterized 
 a detailed investigation into the influence of the simultaneous 

rdination of multiple anionic fragment types on the structure 
omplexes with lanthanide ions.
n this work, we studied the structure and photoluminescent 
racteristics of a mixed carboxylate complex with Tb3+ ions 
 the anions of pentafluorobenzoic acid, phenylacetic acid, 
 1,10-phenanthroline. The combination of both fluorinated 
oxylic acid anions and aromatic ligands in the complex led 
e formation of additional non-covalent interactions between 
atic fragments of the ligands (π···π, C–F···π, and C–H···F), 

ch can significantly influence the structure and crystalline 
king of the resulting complexes.11–18 The phenylacetate 
stituent, due to its methylene linker, exhibits greater mobility 
pared to the phenyl group, potentially affecting the structure 
ixed carboxylate compounds and stabilizing the crystal 

lattice through increased participation in intermolecular 
interactions.19

When terbium(iii) acetate interacted with a mixture of 
pentafluorobenzoic acid H(pfb) and phenylacetic acid H(PhAc)  
in the presence of 1,10-phenanthroline (phen) in ethanol, the 
heteroanionic complex [Tb2(phen)2(pfb)4(PhAc)2] (1) was formed 
(Scheme 1). In this complex, each rare earth element (REE) ion 
simultaneously coordinates the anions of both pentafluorobenzoic 
and phenylacetic acids. When varying the ratio of the starting 
reagents [Tb(OAc)3 : H(pfb) : H(PhAc) = 1 : 2 : 1 or 1 : 1 : 2], no 
mixed carboxylate complexes with a different ratio of PhAc/pfb 
anions crystallized, and only complex 1 was formed. Additionally, 
to study the influence of the second anion type on the 
photoluminescent properties of complex 1, new compounds 
[Tb2(phen)2(PhAc)6] (2) and [Tb2(EtOH)2(phen)2(pfb)6] (3) 
were obtained with phenylacetic and pentafluorobenzoic acid 
anions, respectively (Scheme 1). The structures of compounds 
1–3 were investigated using the X-ray diffraction analysis.† The 

†	 Single-crystal X-ray diffraction analysis of compounds 1–3 was 
performed on a Bruker D8 Venture diffractometer equipped with a CCD 
detector (MoKα, l = 0.71073 Å; CuKα, l = 1.54178 Å, graphite 
monochromator). A semi-empirical absorption correction using the 
SADABS20 program was applied to all compounds. Using Olex2,21 
the  structure was solved with the ShelXS structure solution program 
using direct methods and refined using the ShelXL22 refinement package 
with the least squares minimization in anisotropic approximation 
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omplex of mixed carboxylate pentafluorobenzoate (pfb) 
 phenylacetate (PhAc), viz. [Tb2(phen)2(pfb)2(PhAc)4]  
en is 1,10-phenanthroline), where each rare earth element 
E) ion is simultaneously coordinated to pentafluorobenzoic 
 phenylacetic acid anions, was for the first time synthesized 
 structurally characterized. To evaluate the influence of the 
nd type of anion on the structure and photoluminescent 

perties, compounds with phenylacetic acid anions 
2(phen)2(PhAc)6] and pentafluorobenzoic acid anions 
2(EtOH)2(phen)2(pfb)6] were obtained. A change in the 
position of the compounds from the phenylacetic acid 
n to pentafluorobenzoate led to a change in the geometry 
e metal scaffold and the REE polyhedron, a rearrangement 

he system of non-covalent interactions according to the 
shfeld surface analysis, and enhanced luminescence.
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main bond lengths and angles are given in Table S1 (see Online 
Supplementary Materials). The phase purity of the complexes 
was confirmed by X-ray powder diffraction (Figures S1–S3) and 
CHN analyses.

In the structure of binuclear complex 1, Tb3+ ions are coordinated 
by two bridging pfb anions and two bridging PhAc anions  
(Figure 1). Each Tb3+ ion completes its coordination environment 
to form a square antiprism [TbN2O6, CShM(Tb) = 1.179] by 
coordinating with two oxygen atoms from pentafluorobenzoic 
acid and two nitrogen atoms from phenanthroline in the 
equatorial plane. In the structure of complex 1, the formation of 
a stable fragment {Tb2(phen)2(pfb)2} was observed, in which 
π···π and C–F···π interactions between the pfb anion and the 
phenanthroline molecule (Tables S2, S3) stabilize such a 
molecular geometry (Figure 1).

The crystalline packing of 1 was formed through multiple 
intermolecular stacking interactions between fluorinated and 
non-fluorinated aromatic fragments. Contacts between chelating 

for  nonhydrogen atoms. The H atoms were added in the calculated 
positions and refined using the riding model in an isotropic approximation.
	 The polyhedron geometry was determined using the continuous shape 
measures (CShMs) and the SHAPE 2.1 program.23 CShMs show the 
deviation of atom coordinates in the coordination environment of the 
metal ion from the vertices of ideal polyhedra. Full coincidence of the 
polyhedron geometry with the ideal shape corresponds to zero CShM. 
	 Crystal data for 1. C68H30F20N4O12Tb2  (M  = 1792.80), T = 150 K, 
triclinic, space group P1̄, a  = 10.0950(7), b = 12.9881(16) and  
c = 13.1450(17) Å, a = 101.749(4)°, b = 105.232(3)°, g = 106.265(3)°,  
V = 1523.2(3) Å3, Z = 1, m(MoKa) = 2.436 mm–1. At the angles 2.00° <  
< 2q < 29.00°, a total of 8992 reflections were measured, including 5807 
unique reflections (Rint = 0.0339) and 4850 reflections with I > 2s(I), 
which were used in all calculations. The final R1 = 0.0508, wR2 = 0.0625 
(all data) and R1 = 0.0383, wR2 = 0.0589 [I > 2s(I)], GOOF = 0.981. 
Largest diff. peak/hole 0.782 and –0.955 eÅ–3. 
	 Crystal data for 2. C72H58N4O12Tb2 (M = 1489.06), T = 100 K, 
monoclinic, space group P21/n, a = 15.3098(11), b = 12.2732(9) and  
c = 16.4634(11) Å, b = 103.751(5)°, V = 3004.8(4) (10) Å3, Z = 2, 
μ(CuKa) = 11.997 mm–1. At the angles 3.545° < 2q < 65.239°, a total of 
30719 reflections were measured, including 5102 unique reflections  
(Rint = 0.1354) and 3520 reflections with I > 2 s(I), which were used in 
all calculations. The final R1 = 0.0970, wR2 = 0.1303 (all data) and  
R1 = 0.0573, wR2 = 0.1154 [I > 2s(I)], GOOF = 1.017. Largest diff. peak/
hole 0.823 and –0.844 eÅ–3. 
	 Crystal data for 3. C70H28F30N4O14Tb2 (M = 2036.80), T = 100 K, 
monoclinic, space group P21/n, a = 14.246(3), b = 15.606(2) and  
c = 16.711(3) Å, b = 109.148(7)°, V = 3509.7(11) Å3, Z = 2,  
μ(MoKa) = 2.148 mm–1. At the angles 2.092° < 2q < 26.056°, a total of 
24480 reflections were measured, including 6923 unique reflections  
(Rint = 0.0737) and 5092 reflections with I > 2s(I), which were used in all 
calculations. The final R1 = 0.0690, wR2 = 0.0709 (all data) and  
R1 = 0.0392, wR2 = 0.643 [I > 2s(I)], GOOF = 1.022. Largest diff. peak/
hole 0.825 and –1.669  eÅ–3.
	 CCDC 2162021 (1), 2325960 (2) and 2309740 (3) contain the 
supplementary  crystallographic data for this paper. These data can be 
obtained free of  charge from The Cambridge Crystallographic Data 
Centre via http://www.ccdc.cam.ac.uk.

anions of pentafluorobenzoic acid and phenylacetate anions and 
interactions between pairs of phenanthroline molecules were 
present (Figure S4, Table S2). Additionally, C–F···π and C–H···F 
interactions contributed to the stabilization of the packing with 
the formation of a supramolecular framework structure (Figure 
S4 and Tables S2, S3).

In the structure of complex 2 (Figure 2), metal ions were 
coordinated by two bridging and two chelating bridging PhAc 
anions. Each metal ion completed its coordination environment 
to form a ‘muffin’ polyhedron by coordinating with two oxygen 
atoms of the chelating bound PhAc anion and two nitrogen 
atoms of phenanthroline [CShM(Tb) = 1.664]. The main 
structural difference between heteroanionic complex 1 and 
homoanionic complex 2 lies in the arrangement of phenanthroline 
molecules: in complex 1, they are located in the equatorial plane, 
while they act as axial ligands in 2.

The crystal packing of compound 2 was stabilized by 
intermolecular stacking interactions between pairs of phen 
molecules, forming a supramolecular chain parallel to the a axis 
(Table S2). The oxygen atoms of the PhAc anions were involved 
in multiple C–H···O interactions with the hydrogen atoms of 
phen molecules, creating a supramolecular layer (Table S4).

In the structure of complex 3, metal ions were bridged by two 
bridging and two chelating bridging pfb anions (Figure 3). Each 
Tb3+ ion completed its coordination environment to form a 
‘muffin’ polyhedron through the coordination of phen, EtOH, 
and monodentate bound pfb anion [CShM(Tb) = 1.337]. 
Similarly to compound 1, the formation of π···π and C–F···π 
interactions between the pfb anion and the phen molecule was 
observed in the equatorial plane of complex 3. However, the 

Figure  1  Structure of complex 1. Intramolecular stacking interactions are 
indicated by dashed lines; hydrogen atoms are not shown. 

Figure  2  Structure of complex 2. Hydrogen atoms are not shown.

Tb(OAc)3·5H2O + H(pfb) + 2H(PhAc) + phen·H2O −−−−−−−−→  		
[Tb2(phen)2(pfb)4(PhAc)2]  
                    1 

Tb(OAc)3·5H2O + 2H(pfb) + H(PhAc) + phen·H2O −−−−−−−−→  		
[Tb2(phen)2(pfb)4(PhAc)2]  
                    1 

Tb(OAc)3·5H2O + 3H(PhAc) + phen·H2O −−−−→  		
[Tb2(phen)2(PhAc)6]  
               2 

Tb(H2O)4(pfb)3 + phen·H2O −−−−→      [Tb2(EtOH)2(phen)2(pfb)2]  
                                                                                    3 

MeCN, EtOH

MeCN, EtOH

EtOH

EtOH

Scheme 1
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distances between the centroids of aromatic fragments increased 
by 0.27 Å compared to that in compound 1 (Table S2). In contrast 
to compound 1, intermolecular stacking interactions were absent 
from the crystal packing of 3, and only intramolecular C–F···π, 
C–H···O, and C–H···F contacts and hydrogen bonds were 
observed (Tables S3, S4).

A Hirshfeld surface analysis was performed to identify the 
contribution of major non-covalent interactions in the packing of 
complexes 1–3. The Hirshfeld surface in homoanionic complexes 
2 and 3 was predominantly formed by O···H and C···H (in 2) and 
C···F and H···F interactions (in 3). In mixed carboxylate 
compound 1, the primary contribution to the surface was made 
by F···H interactions with an observed increase in the contribution 
of C···C interactions and a decrease in the role of C···F and H···F 
interactions compared to complex 3 (Table S5).

The optical excitation spectra of luminescence for compounds 
1–3 were measured at the wavelenth corresponding to the 
magnetic dipole transition of Tb3+ (547 nm) (Figure S5). Narrow 
bands at 380 and 489 nm were associated with 7F6 – 5D2,3 and 
7F6–5D4 electronic transitions in the ion, respectively. Since 
intense wide bands at 300–360  nm correspond to electronic 
transitions within the ligand environment, the most effective 
luminescence of the complexes can be achieved upon excitation 
through the ligands. The photoluminescence spectra of crystalline 
powder compounds 1–3 were obtained upon excitation at 330 nm 
(Figure 4). The narrow bands at 490, 547, 586, 650, 670, and  
680 nm originated from 5D4→7FJ (J = 0 – 6) electronic 4f – 4f* 
transitions in the Tb3+ ion. There was no noticeable contribution 

from the ligand luminescence due to effective ligand-to-ion 
energy transfer. The emission band splitting was similar to that 
for comparable compounds with the low polyhedron symmetry.24 

From the results of experiments, we determined that binuclear 
complexes with a perfluorinated ligand pfb (1 and 3) exhibited 
high quantum yields as the introduction of C–F oscillators into 
the ligand environment reduced the probability of non-radiative 
relaxation.19

Compared to complex 3, compound 1 exhibited enhanced 
intramolecular stacking interactions and an increased 
contribution of intermolecular stacking interactions, which 
stabilized the crystal packing. This enhancement was attributed 
to aromatic phenylacetate anion fragments. In mixed carboxylate 
compound 1, the lifetime and quantum yield of luminescence 
notably increased compared to those of phenylacetate complex 
2. However, when compared to pentafluorobenzoate complex 3, 
the quantum yields were similar, and the lifetime of the excited 
state significantly decreased.

This work was supported by the Russian Science Foundation 
(grant no. 22-73-10192). 
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Table  1  Photophysical parameters of compounds 1–3: t1 and t2 are the 
lifetimes of excited states, A1 and A2 are the amplitude contributions of the 
observed temporal components, R2 is adjusted root mean square error and F 
is the luminescence quantum yield estimated upon excitation at 330 nm.
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Figure  3  Structure of complex 3. Intramolecular stacking interactions are 
indicated by dashed lines; hydrogen atoms are not shown.

Figure  4  Photoluminescence spectra of compounds 1–3 recorded upon 
330 nm excitation at room temperature. 
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