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Lanthanide complexes are utilized across various fields, 
including in lasers and lighting systems, electroluminescent 
devices, diodes, and sensors, as well as for biomedical imaging 
due to their photoluminescent properties.1–8 An important 
practical challenge is to develop methods for synthesizing 
lanthanide coordination compounds with optimal 
photoluminescent characteristics. One effective approach to 
purposefully improve photoluminescent characteristics is the 
preparation of multi-ligand lanthanide compounds. Previous 
works have demonstrated that the simultaneous coordination of 
multiple organic ligands with lanthanide ions leads to a 
significant increase in luminescence efficiency by altering the 
metal ion polyhedra geometry, reducing interactions between 
ions, and decreasing conformational changes.9–13 Studies on 
europium compounds have shown that the simultaneous 
combination of four anionic ligands in the complex can lead to a 
fivefold increase in luminescence efficiency.14 Nevertheless, the 
structure of the resulting compounds was not therein established 
and no investigations on the ratio of ligands in the composition 
of the compounds influences on the structure and photo
luminescent properties were carried out, which does not fully 
reveal the factors affecting the properties of the resulting 
compounds. 

In our research, we examined the structure and photo
luminescent properties of mixed carboxylate benzoate/penta
fluorobenzoate (bz/pfb) europium complexes with different 
anion ratios. The simultaneous incorporation of fluorinated and 

non-fluorinated aromatic ligands into the compound leads to the 
formation of a range of different non-covalent interactions 
among the organic ligand molecules (e.g., p···p, C–F···p, and 
C–H···F). These interactions can significantly influence not  
only the molecular and crystalline structure but also the 
photoluminescent properties of the resulting compounds.15–19 

In this work, new mixed carboxylate compounds, 
{Eu(EtOH)2(pfb)(bz)2}n 1 and {Eu(EtOH)(pfb)2(bz)}n 2, were 
prepared by the disproportionation reaction between europium 
pentafluorobenzoate and europium benzoate in 
ethanol  (Scheme 1, see also Online Supplementary Materials, 
Scheme S1). The composition of resulting mixed carboxylate 
compounds 1 and 2 was determined based on the ratio of the 
initial europium salts (pfb/bz was 1 : 2 or 2 : 1). The structures of 
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compounds 1 and 2 were studied by single-crystal X-ray 
diffraction analysis,† while the phase purity of the synthesized 
products was confirmed by X-ray powder diffraction analysis 
(Figures S1 and S2) and CHN analysis. 

Compound 1 consists of mononuclear fragments 
{Eu(EtOH)2(pfb)(bz)2}, with all benzoate anions involved in 
bridging the lanthanide atoms to form a 1D polymer chain 
(Figure 1). The distances between neighboring europium ions in 
the chain are 4.980(7) and 4.893(6) Å. Each europium atom is 
chelated by the pfb anion, and the coordination environment of 
the metal center is completed by two ethanol molecules, forming 
a triangular dodecahedron (Table S1). The elementary unit of 
coordination polymer 2 is a binuclear fragment consisting of two 
europium ions linked by four pentafluorobenzoate anions, with 
anions acting as bridges and the other two serving as chelate 
bridges. The polymer chain is formed via two bz anions linking 
dimer fragments. Additionally, each europium ion coordinates 
with a single ethanol molecule, completing its coordination 
environment as a triangular dodecahedron. The distance between 
europium ions within an elementary unit is 3.994(1) Å, while the 
distance between chains is 5.374(2) Å.

When considering the chain structure relative to the planes 
formed by the metal ions, it is observed that in the equatorial 
plane of complex 1, the pfb anions and ethanol molecules are 
linked by classical hydrogen bonds of the O–H···O type. The bz 
fragments occupy the axial positions, with their aromatic rings 
rotated at an angle of 102.6(2)° preventing the formation of 
C–H···p interactions due to the significant distance between 
them. In the chain of complex 2, only ethanol molecules are 
placed in the equatorial plane, while all aromatic fragments of 
the coordinated anions are located above and below the plane. 
This arrangement leads to p···p interactions between the aromatic 

fragments of the bz and the chelating bridging pfb anions, with 
distances between the planes and centroids of the rings being 
approximately 3.4 and 4.0 Å. Due to the mutual arrangement of 
the anions, the pfb ring shifts relative to the bz ring, creating an 
additional overlap with the carboxy group of the bz anion at a 
minimum distance of 3.242(2) Å. The polymeric chains of 
complexes 1 and 2 are further stabilized by a series of hydrogen 
bonds between the OH groups of coordinated EtOH molecules 
and the oxygen atoms of the carboxyl groups, as well as C–F···p 
interactions (Table S2). 

Analysis of the CCDC (CSD version 5.45 Nov. 2023) revealed 
that the previously described benzoate26 {Eu(MeOH)2(bz)3}n 
and pentafluorobenzoate27 {Eu(EtOH)2(pfb)3}n polymers, along 
with compound 1 we obtained, have a similar structure. However, 
the structure of compound 2 differs from the previously reported 
homoanionic analogs. Thus, varying the ratio of carboxylate 
anions in bz/pfb compounds 1 and 2 led to an unexpected 
structural transformation in comparison to the bz and pfb 
polymers.

The crystal packing of complex 1 is stabilized by 
intermolecular C–F···p and O–H···O non-covalent interactions 
(Table S3). Increasing the number of benzoate anions in complex 
2 leads to the formation of C–H···F and C–H···O interactions, 
consistent with the Hirshfeld surface analysis data. The main 
contributions to the stabilization of the Hirshfeld surface in the 
polymer chain fragment of complex 1 consist of F···H (28.5%), 
O···H (13.1%), and C···F (3.0%) interactions. In the polymer 
chain fragment of complex 2, there is a decrease in the proportion 
of O···H (6.8%) and an increase in F···H (34.8%), C···F (9.6%), 
and F···F interactions (from 0.6% in complex 1 to 13.0% in 
complex 2). The contribution of C···C interactions in both 
complexes remains below 3%.

The photophysical properties of polymers 
{Eu(EtOH)2(pfb)(bz)2}n 1 and {Eu(EtOH)(pfb)2(bz)}n 2 with 
different pfb/bz ratios were investigated using steady-state and 
time-resolved luminescence studies (Table 1). Figure 2 shows 
the photoluminescence spectra of the complexes at 77 K upon 
ligand excitation at 280 nm. The characteristic narrow 

†	 Crystal data for 1. C25H22EuF5O8 (M = 697.38), T = 296 K, triclinic 
space group P1

–
, a = 9.617(12), b = 12.176(14) and c = 12.357(9) Å, 

a = 100.90(4)°, b = 98.28(4)°, g = 111.14(4)°, V = 1289(2) Å3, Z = 2, 
m(MoKa) = 2.516 mm–1. At the angles 2.180 < q < 24.707°, total of 
8015 reflections were measured, including 4328 unique reflections 
(Rint = 0.0543) and 3679 reflections with I > 2s(I ), which were used in 
all calculations. The final R1 = 0.0790, wR2 = 0.1305 (all data) and 
R1 = 0.0647, wR2 = 0.1256 [I > 2s(I )], GOOF = 1.085. Largest diff. 
peak/hole 2.516 and –2.254 eÅ–3. 
	 Crystal data for 2. C23H11EuF10O7 (M = 741.28), T = 100 K, triclinic 
space group P1

–
, a = 8.666(3), b = 10.616(3) and c = 14.094(3) Å, 

a = 76.802(10)°, b = 76.175(11)°, g = 71.539(12)°, V = 1177.7(6) Å3, 
Z = 2, m(MoKa) = 2.788 mm–1. At the angles 2.051° < q < 26.000°, total 
of 8387 reflections were measured, including 4538 unique reflections 
(Rint = 0.0542) and 3939 reflections with I > 2s(I ), which were used in 
all calculations. The final R1 = 0.0563, wR2 = 0.1140 (all data) and 
R1 = 0.0467, wR2 = 0.1085 [I > 2s(I )], GOOF = 1.050. Largest diff. 
peak/hole 1.811 and –2.008 eÅ–3.
	 The single crystal X-ray diffraction analysis was performed on a 
Bruker D8 Venture diffractometer equipped with a CCD detector (MoKa, 
l = 0.71073 Å; CuKa, 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 a 
ShelXS structure solution program using Direct Methods and refined 
using a ShelXL22 refinement package with the Least Squares minimization 
in anisotropic approximation for nonhydrogen atoms. The H-atoms were 
added in the calculated positions and refined using the riding model in 
isotropic approximation. The geometry of metal polyhedra was 
determined using the program SHAPE 2.1.23 The Hirshfeld surface was 
analyzed using the Crystal Explorer 17 program to evaluate the 
contribution of various non-covalent interactions to the crystal packings 
of the resulting complexes.24,25 
	 CCDC 2361321 (1) and 2361322 (2) contain the supplementary 
crystallographic data for this paper. These data can be obtained free 
of charge from The Cambridge Crystallographic Data Centre via https://
www.ccdc.cam.ac.uk.
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Figure  1  Fragment of the polymer chains in (a) complex 1 and  
(b) complex 2.
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luminescence bands correspond to the 5D0–7FJ (J = 0–4) 
transitions of the Eu3+ ion. An intense broad luminescence band 
is observed in the spectral range 27 000–16 000 cm–1 in the 
emission spectrum of complex 1. Probably, the significant 
changes in molecular geometry due to the varying pfb/bz ratio 
lead to alterations in intermolecular interactions and the 
appearance of charge transfer states. Furthermore, the observed 
broad bands may also include the phosphorescence bands of the 
ligands.29 

It is noteworthy that this band is absent at the room-
temperature spectra (Figure S3). Nevertheless, the position and 
relative intensity of the f–f bands at both excitation and emission 
spectra of complexes 1 and 2 remain almost unchanged when the 
temperature decreases. This indicates that the structure of the 
complexes remains unchanged upon cooling, and therefore the 
disappearance of the broad band in the emission spectrum of 
complex 1 may be due to the enhancement of quenching 
processes at room temperature. This distinguishes investigated 
compounds from the previously studied heteronuclear complexes 
with carboxylates, whose broad luminescence bands are clearly 
visible in the emission spectra even at room temperature.29,30 
This observation once again confirms the insignificant influence 
of quenching processes on the luminescence efficiency in 
heteronuclear compounds.

The excitation spectra of complexes 1 and 2 at 77 and 300 K 
are shown in Figures S4 and S5, respectively. These spectra 
exhibit a broad band in the high-frequency range (up to 
35 000 cm–1) attributed to singlet–singlet excitation of the 
ligands, along with line-like bands corresponding to the f–f 
transitions of the Eu3+ ion. A low-intensity broad shoulder is 
observed in the 35 000–28 000 cm–1 range, likely corresponding 
to a charge transfer transition. The efficiency of energy transfer 
processes was estimated using calculations of the intrinsic 
quantum yield of luminescence via the Werts equation:31

,Q
A A

A
Ln
Ln

rad nrad

rad
=

+

where Arad and Anrad are radiative and nonradiative rates constants, 
respectively. The unique energy spectra of the europium ion 

allow the calculation of the rates constants to be simplified. The 
dipole strength of the magnetic dipole transition 5D0–7F1 does 
not depend on the ligand field environment in the first 
approximation, and radiative rate constant of the transition A01 is 
14.65 s–1. Therefore, the radiative rate constant can be calculated 
by the formula

,A A n
I

Irad
tot

01
3

01

=

where Itot /I01 is the ratio of the total area of the Eu3+ emission 
spectrum to the area of the magnetic dipole band. The obtained 
photophysical properties are presented in Table 1. The 
investigated compounds show a high rate of nonradiative decay, 
which could be attributed to relaxation through high-frequency 
vibrations of the C–H and O–H bonds in ethanol molecules. 
Additionally, the quenching rate of the europium excited state 
5D0 in complex 1 is significantly higher due to the presence of 
two EtOH molecules in the inner coordination sphere of Eu3+. 
C–H vibrations of the benzoate anions may also contribute to 
the multiphonon relaxation of the europium ion’s excited state. 
The same reasons can lead to temperature quenching of ligand 
excited states, which is evident from the disappearance of the 
broad band in the emission spectrum of complex 1 at 300 K. 
When the pfb/bz ratio was changed to 2 : 1, the rate of the 
nonradiative process slightly decreased, which can be attributed 
to the reduced number of coordinated EtOH molecules in 
complex 2.

Moreover, the broadband emission observed in the range of 
27 000–16 000 cm–1, particularly pronounced in complex 1, may 
provide an additional channel for energy losses from the excited 
state of the europium ion. Considering the spectral overlap of 
this band with the line-like europium emission in the 
luminescence spectrum of complex 1, these states may contribute 
to back energy transfer from the europium ion to the ligand 
states, leading to noticeable excitation quenching even at low 
temperatures.

In summary, varying the ratio of the initial salts of benzoic 
and pentafluorobenzoic acids leads to the formation of mixed 
carboxylic compounds {Eu(EtOH)2(pfb)(bz)2}n 1 and 
{Eu(EtOH)(pfb)2(bz)}n 2 with different compositions, 
accompanied by significant restructuring of the polymer chain 
geometry. The variation in the pfb/bz ratios in compounds 1 and 
2 results in notable changes to both the polymer chain geometry 
and the system of non-covalent interactions. The photo
luminescent properties of the investigated compounds are 
strongly dependent on the pfb/bz ratio, which affects the number 
of coordinated solvent molecules and the occurrence of 
intraligand charge transfer states. Changing the pfb/bz ratio from 
1 : 2 to 2 : 1 increased efficiency of metal-centered luminescence 
by reducing the probability of multiphonon relaxation of excited 
states as well as the elimination of quenching of europium 
luminescence by the charge transfer state.
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Online Supplementary Materials
Supplementary data associated with this article can be found 

in the online version at doi: 10.71267/mencom.7566.

Table  1  Radiative (Arad) and nonradiative (Anrad) decay rates, lifetimes 
(tobs), and intrinsic quantum yields (QLn

Ln) of complexes 1 and 2.

Compound Arad /s–1 Anrad /s-1
tobs/ms

QLn
Ln (%)

T = 300 K T = 77 K

1 380 1010 0.715 0.700 27
2 380   800 0.850 1.485 32
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Figure  2  Emission spectra of (a) complex1 and (b) complex 2 obtained at 
T = 77 K under excitation at lex = 280 nm. The black line represents the 
spectra on an enlarged scale. 
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