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This study investigates mixed-carboxylate benzoate (bz)-pentafluorobenzoate (pfb) {Eu,Zn,} and {TboZny}
compounds with 1,10-phenanthroline (phen) molecules. It is demonstrated that variation of the synthesis
conditions yields mixed-carboxylate compounds with different compositions: [Ln,Zn(phen),(bz)s »(pfb)4.gl
(Ln = Eu (Lgy), Tb (Ip)) and [EuxZny(phen),(bz)4(pfb)gl-4MeCN (2g,). In these structures, bz~ and pfb™ anions
occupy specific positions in various ratios. Benzoate compounds [Ln,Zny(phen),(bz)io] (Ln = Eu (3g,). Tb
(31p)) were synthesized in order to compare the structures and photoluminescence properties of complexes
1 and 2 with their homoanionic analogues, and comparison was also made with previously reported pen-
tafluorobenzoate complexes [Lny,Zn,(pfb)ig(phen),] (Ln = Eu (4g,), Tb (4p). It was found that the introduc-
tion of a second type of anion into the studied compounds improves the photoluminescence properties and
alters the geometry of the metal core, the polyhedra of rare-earth elements (REEs), and the system of non-
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Introduction

Luminescent lanthanide complexes have attracted significant
attention due to their potential applications in producing
luminescent sensors, lasers, diodes, catalysis, and biomedical
imaging."® They are also considered as single-molecule
magnets for a new generation of high-density information
storage and ultra-fast processing devices.” "' Development of
effective methods to improve the luminescence properties of
coordination compounds remains a critical practical chal-
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covalent interactions compared to benzoate and pentafluorobenzoate complexes.

lenge. The rational selection of the ligand environment sur-
rounding the lanthanide ion determines the structure of the
coordination compound, the efficiency of luminescence sensit-
ization of the lanthanide ion, and the probability of lumine-
scence quenching.'> ™

The incorporation of a d-block ion, such as Zn** or Cd*",
with organic antenna molecules into the coordination environ-
ment of a lanthanide ion can also influence the luminescence
efficiency of the compounds by inducing structural modifi-
cation, altering the geometry of the coordination polyhedron of
the metal ions, and minimizing the interionic interactions.®>°

The simultaneous incorporation of multiple different
ionic co-ligands into a lanthanide compound can result in struc-
tural modifications and a significant increase in photo-
luminescence properties.>’* For example, in europium com-
pounds, it has been demonstrated that the combination of three
ligands within a single complex can lead to a fivefold increase in
luminescence efficiency.>® Similarly, the use of four ionic
ligands in the synthesis of a samarium complex resulted in a
compound with a record quantum yield of luminescence for
this metal ion.>® While these studies have established a promis-
ing foundation, no investigations have yet explored how the ratio
of ligands in the composition of such compounds affects their
structure and photoluminescence properties, leaving the factors
influencing these properties only partially understood.

This journal is © The Royal Society of Chemistry 2025
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This work aimed at studying mixed-carboxylate {Eu,Zn,} and
{Tb,Zn,} compounds containing anions of benzoic acid (H(bz))
and pentafluorobenzoic acid (H(pfb)), as well as 1,10-phenan-
throline molecules, and comparing their structures and photo-
luminescence properties with those of homoanionic pentafluor-
obenzoate and benzoate analogues. The combination of per-
fluorinated and non-fluorinated aromatic anions in the structure
of a coordination compound can result in the formation of mul-
tiple non-covalent interactions.>” Such systems are characterized
by the formation of a dense stacked arrangement of aromatic
rings, with their distances approaching 3.4-3.6 A due to “arene-
perfluoroarene” interactions, which involve contributions from
various non-covalent forces (n---x, C-F---x, C-H---F, etc.). These
interactions can significantly influence the molecular and crys-
talline structures of the resulting compounds.>**

Results and discussion
Synthesis of complexes

To obtain mixed-carboxylate zinc and lanthanide complexes,
benzoate and pentafluorobenzoate salts of the corresponding
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metals were used: [Zn(pfb),(H,0)],** [Zn(bz),(H,0),]-Hbz,>*
[Ln,(pfb)s(H,0)s]-2H,0 (Ln = Eu, Tb),>> and [Ln(bz);(H,0),]
(Ln = Eu, Tb),*® which were synthesized using previously
described methods.

It was found that the composition of the mixed-carboxylate
complexes in this case changes depending on the metal salt
used in the synthesis. In the reaction of zinc pentafluorobenzo-
ate, rare-earth benzoate, and 1,10-phenanthroline (ina 1:1:1
ratio, with the anion ratio bz: pfb = 3:2) in acetonitrile, crys-
tals of the compound [Ln,Zn,( phen),(bz)s »(pfb)a.s] (Scheme 1,
Ln = Eu (1gy,), Tb (1)) were obtained. Replacing the initial
salts with zinc benzoate and europium pentafluorobenzoate,
in a reaction with 1,10-phenanthroline (1:1:1 ratio, with the
anion ratio bz: pfb = 2: 3) in acetonitrile, led to the formation
of crystals of [Eu,Zn,(phen),(bz),(pfb)s]-4AMeCN composition
(Scheme 1, 2g,).

The structure of the obtained tetranuclear complex 1 con-
tains four benzoate anions, two pentafluorobenzoate anions,
and four positions in which bz and pfb anions are simul-
taneously refined, with a ratio of 0.3:0.7, according to single-
crystal X-ray diffraction (SCXRD) data. The occupancies of the
disordered anions were determined during the refinement of

@ [Z0(pfb),(H,0)] + [Eu(bz)s(H;0)4] + phen ——s- [Eu,Zn(phen)s(b2)s 2(pfb)as] (1gw)

[Zn(ptb),(H,0)] + [Tb(bz)3(H,0),4] + phen Me—CN> [TbyZn,(phen),(bz)s 5(pfb)s ] (1)

MeCN
[Zn(bz),(H,0),] Hbz + [Euy(pfb)s(H,0)s] 2H,0 + phen—e> [EuyZny(phen);(b2)4(pth)s] 4MeCN(2gy)

MeCN
[Z0(b2),(H,0),] Hbz + [Eu(bz)s(H,0);] + phen ——» [Eu,Zny(phen)y(bz)10] (3gu)

MeCN
[Zn(bz),(H,0),]' Hbz + [Tb(bz)3(H,0),] + phen S [Tb,Zn,(phen)y(bz) ;0] (311)

(b) i
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Scheme 1 Synthesis (a) and structural formulas (b) of complexes 1-3.
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SCXRD data using free variables, subsequently fixed to an
accuracy of one decimal place, and found to be in good agree-
ment with the results of CHN analysis. The phase purity of
complex 1 was confirmed by powder X-ray diffraction (PXRD)
(Fig. S1 and S2f). The reagent ratio in the first reaction
(Scheme 1a) could theoretically support the quantitative for-
mation of the heterometallic mixed-carboxylate complex
[Ln,Zn,(phen),(bz)s(pfb),]. However, the significant increase
in pentafluorobenzoate content in the obtained complex 1
suggests that the expected composition does not correspond to
a thermodynamically stable compound. When the reagent
ratios were altered and the initial synthesis was repeated, the
occupancies of the anion positions in complex 1
[Ln,Zn,(phen),(bz)s »(pfb),.s] were well reproduced, indicating
that, despite its nonstoichiometric composition, the product is
likely a co-crystal rather than a phase of variable composition
or a solid solution.

In the structure of compound 2g,, simultaneous localization
of benzoate and pentafluorobenzoate anions is also observed at
four anion positions, with ratios of 0.2:0.8 and 0.8:0.2,
respectively. However, according to powder X-ray diffraction
(PXRD) data, compound 2g, is not phase-pure and contains
impurities that could not be identified (Fig. S31).

When the ratio of the initial reagents was altered (zinc salt,
europium salt, and 1,10-phenanthroline in ratios of 1:2:1 or
2:1:2, respectively), it was not possible to isolate mixed-carboxy-
late compounds with different compositions. Only crystals of ben-
zoate or pentafluorobenzoate complexes, [Ln,Zn,(phen),(bz)i]
(Ln = Eu(3gy), Tb(31p)) and [Ln,Zn,(phen),(pfb);o] (Ln = Eu(4g,),
Tb(4y,)), were formed.>”

To compare the photoluminescence properties of complex
1 with its homoanionic analogue, the previously described
complex [Tb,Zn,(phen),(bz);o] (Scheme 1, 3p)*® was syn-
thesized, for which data on quantum yields and luminescence
lifetimes were previously unavailable. Additionally, the
complex [Eu,Zn,( phen),(bz)] (Scheme 1, 3g,) was synthesized
for the first time. The phase purity of complexes 3, as well as
the isostructurality of complex 3y, to the previously described
complex 3g,, was confirmed by powder X-ray diffraction
(PXRD) (Fig. S4 and S51). A comparison of the structures of
compounds 1 and 2g, with the previously obtained pentafluor-
obenzoate complexes [Ln,Zn,(phen),(pfb),o] (Ln = Eu(4g,), Tb
(41p))*” was also made.

Using IR spectroscopy, the primary composition of the result-
ing compounds was confirmed (S6-S107). Complexes 1gy, Lyp,
and 2g, are heteroanion compounds containing pfb- and bz-
anions, whereas complexes 3g, and 3y, are homoanion com-
pounds with only bz-anions. All the complexes contain 1,10-phe-
nanthroline ligand molecules. Characteristic peaks corres-
ponding to the out-of-plane skeletal bending of the aromatic
system were observed in the range of 714-720 cm™". Peaks associ-
ated with the out-of-plane C-H vibrations of the condensed aro-
matic system appear in the range of 837-847 cm ™", while skeletal
stretching vibrations are located in the range of 1516-1520 cm ™.

For complexes 1gy, 11p, and 2g,, which contain pfb acid
anions, intense vibrations of the aromatic system of this acid
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are observed at 1490-1491 cm™'. However, similar vibration
peaks from the bz acid anions were found in all the obtained
complexes, located in the range of 1558-1561 cm .
Additionally, in complexes 1g,, 11p, and 2g,, skeletal C-F
vibration bands were observed at 991 ecm™'. The most intense
peaks correspond to the vibrations of the carboxylate groups of
the acid anions, located in the regions of 1600-1603 cm™" for
asymmetric vibrations and 1394-1398 cm™' for symmetric
vibrations.

The structure of complexes

The obtained compounds 1-3 are molecular complexes based
on a tetrahedral Zn-Ln-Ln-Zn metal core, where bz — and/or
pfb anions function as bridging ligands, and phenanthroline
molecules are bidentately coordinated to the terminal zinc
atoms. The metal ions and phenanthroline molecules form a
plane, relative to which the molecular geometry can be con-
veniently analyzed.

The zinc and rare-earth ions in the structures of complexes
1-3 are linked by two bridging anions and one chelating-brid-
ging carboxylate anion (Fig. 1). One of the bridging anions
adopts an almost planar conformation and forms in the main
plane of the molecule (Zn1-03-04-Eul, the maximum devi-
ation from the plane is observed in complex 3g,, where the
oxygen atom O4 is displaced from the plane by 0.111(6) A).
The maximum deviations from the plane in the molecules of
the remaining compounds are within the margin of error
(Fig. S11%). The carboxyl groups of the second bridging and
chelating-bridging carboxylate anions are positioned above
and below the main plane at angles close to 90°, with the aro-
matic fragments of the anions rotated relative to their respect-
ive carboxyl groups. The zinc ions in all the complexes are in a
distorted octahedral environment (Fig. 2 and S127), formed by
four oxygen atoms from the carboxylate anions and two nitro-
gen atoms from the phenanthroline moiety (Table S4,}
ZnO,N, CShM(1g,) = 2.792; CShM(1yy,) = 2.774, CShM(2g,) =
2.577, CShM(3g,) = 2.990).

Four carboxylate anions are localized between the rare-earth
ions in all complexes, two of which act as chelating-bridging
ligands in all studied complexes and are positioned almost
perpendicular to the main molecular plane. The other two
anions, found in complexes 1gy, 1, and 2g,, and the pre-
viously described 4y, and 44y, which contain pfb anions, coor-
dinate in the main plane and serve as bridging ligands. In the
benzoate complex 3g,, these two anions are coordinated as
chelating to each rare-earth ion. As a result, the coordination
polyhedra of the eight-coordinated rare-earth ions in the
studied complexes differ, forming a square anti-prism in the
pfb complexes 1gy, 11p, and 2g, (LnOg, CShM(1g,) = 1.131);
CShM(1yyp,) = 1.108, CShM(2g,) = 1.223, and a biaugmented tri-
gonal prism (LnOg, CShM(3g,) = 3.515) in the bz complex 3g,
(Fig. 2 and S127).

Such a difference in the coordination pattern and polyhe-
dron type leads to a change in the metal core. Thus, the dis-
tance between the rare-earth ions is expected to be the greatest
in complex 3g,, slightly smaller in 1g,, and minimal in 2g,

This journal is © The Royal Society of Chemistry 2025
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(b)

Fig. 1 Molecular structure of Eu,Zn, complexes 1g, (a), 2g, (b) and 3g,.
Dashed lines indicate pfb/bz anions with disordered positions. Solvent
molecules and H-atoms omitted for clarity.

(Table 1). This change correlates with the number of benzoate
anions in the molecule; the fewer are the benzoate anions, the
shorter is the distance between the lanthanides. It is interest-
ing to note that the corresponding distance in the pfb complex
4y, is about 4 A, which would not allow making a conclusion
about a direct dependence of the distance between the rare-
earth ions on the number of bz anions. However, a detailed
analysis of the geometry of complex 4g, reveals significant
differences compared to complexes 1-3. In particular, the

This journal is © The Royal Society of Chemistry 2025
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main molecular plane cannot be identified, as the angle
between the plane formed by the metal ions and the phenan-
throline planes is 24.1(1)°. Additionally, the complex contains
no anions with a planar structure.

In the final refinement of SCXRD data, it was found that
the thermal parameters of the fluorine atoms in the penta-
fluorobenzoate anions, which occupy two positions in com-
pounds 1 and 2g,, were elongated. The corresponding ellip-
soids were stretched along the C-F bond direction, indicating
disorder in the pentafluorobenzoate fragment, which is dis-
tributed between two positions. Several attempts to refine the
structures with this disorder were made but proved to be
unsuccessful. Since this phenomenon was observed during the
refinement of experimental data obtained for several crystals
from the same sample, it became evident that the issue was
unrelated to crystal quality or inaccuracies in data acquisition
or refinement. Significant improvement in the experimental
results was achieved by refining the occupancies of the corres-
ponding fluorine atoms as free variables. As a result, the occu-
pancies of all fluorine atoms in each disordered pfb ring were
found to be consistent. This led us to hypothesize that the
second component might not be fluorine atoms but rather
hydrogen atoms, suggesting that the corresponding positions
were occupied by a mixture of pentafluorobenzoic acid and
benzoic acid anions in a specific ratio. Refinement of the
corresponding models equalized the thermal parameters of all
atoms and significantly reduced the R-factor values, confirm-
ing the validity of the structure solution.

Thus, the structures of compounds 1gy, 1, and 2g, rep-
resent mixed-carboxylate complexes in which bz~ and pfb™
anions are refined in four positions (two in the independent
part of the unit cell) with varying ratios, indicating the simul-
taneous presence of molecules with different compositions
within the crystal. In other words, the crystals of 1gy, 11p, and
2g, are co-crystals of complexes where four anions, acting as
bridging ligands between zinc and lanthanide ions and as che-
lating-bridging ligands between lanthanide ions, are either
bz~ or pfb~. Since SCXRD data represent an averaged superpo-
sition of the crystal as a whole, only the ratio of anions at each
position can be discussed. Thus, in the crystals of compound
1, the ratio between fluorinated and non-fluorinated anions is
0.7:0.3. In compound 2g,, this ratio varies: in the terminal
region, the pfb/bz ratio is 0.8:0.2, while in the central region,
it is reversed to 0.2: 0.8.

The presence of disordered anion positions in complexes 1
and 2g, was unexpected. A review of literature data on crystals
of similar organic systems (comprising benzoic acid and its
fluorinated derivatives) revealed that disordered anion posi-
tions are typically observed only in systems containing mono-
fluorinated or specific isomers of di- or trifluorobenzoic
acids.*® For systems containing benzoic/3,4,5-trifluorobenzoic
(tetra- or pentafluorobenzoic) acids, only organic co-crystals
with fixed compositions are reported to form.>**°

Analysis of molecular packing in the studied crystal struc-
tures revealed, as anticipated, that the primary structure-
forming interactions are x«---m interactions between aromatic

Dalton Trans., 2025, 54, 5708-5720 | 5711
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Fig. 2 Coordination polyhedra of Zn and Eu metal ions and metal-metal distances in complexes 1g, (a), 2g, (b), 3gy (c), and 4, (d).

Table 1 Basic geometric parameters of the complexes 1g,, 11p, 2, and
3Eu

Distance, A

Bond 1gy Irp 2Eu 3Eu
Zn-0 2.029(4)- 2.021(3)- 1.991(6)- 2.025(5)-
2.306(4) 2.293(3) 2.339(6) 2.313(6)
Ln-O 2.298(4)- 2.297(3)- 2.284(6)- 2.314(5)-
2.589(4) 2.581(3) 2.535(3) 2.637(5)
Zn-N 2.099(5), 2.101(3), 2.086(6), 2.107(6),
2.178(5) 2.178(4) 2.146(7) 2.177(6)
Zn--Ln  3.875(1) 3.860(1) 3.883(1) 3.801(1)
Ln--Ln  3.963(1) 3.945(1) 3.923(1) 4.145(1)
Angle, °©
Zn-Ln-  162.28(2) 162.42(2) 160.25(2) 146.86(2)
Ln

5712 | Dalton Trans., 2025, 54, 5708-5720

fragments (Fig. 3 and Table 2). In the crystals of complexes 1g,
and 1y, infinite layers are created through =---w stacking inter-
actions between phenanthroline rings, which are aligned par-
allel to the 0Oa-axis (Fig. 3(a)). The three-dimensional crystal
packing arises due to stacking interactions between the aro-
matic rings of disordered bz and pfb fragments. In the crystal
of complex 2g,, paired =---m interactions occur between the
phenanthroline and benzoate anion fragments of the mole-
cules, resulting in infinite chains parallel to the bOc-plane
(Fig. 3(b)). These chains are further interconnected by weak C-
H---F and C-F---n interactions (Tables S2 and S3%).
Additionally, in 2g,, the nitrogen atoms of acetonitrile solvate
molecules form short contacts with the disordered aromatic
bz/pfb fragments, with centroid distances of 3.50(3)/3.93(2) A

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Fragment of the crystal packing for complexes 1g, (a), 2g, (b), and 3g, (c). Dashed lines indicate n---n interactions. Solvent molecules and

H-atoms omitted for clarity.

and angles (y) of 23.43°/17.02°, suggesting n-system inter-
actions between the aromatic ring and acetonitrile. In the
crystal of 3g,, stacking interactions between four aromatic frag-
ments (two central phenanthroline rings and two benzene
rings on either side of the phenanthrolines) form an infinite

This journal is © The Royal Society of Chemistry 2025

layer parallel to the bOc-plane (Fig. 3(c) and Table 2). These
layers are connected through C-H---O interactions (Table S37).
Previously reported pentafluorobenzoate complex 4 forms
chains due to =---n interactions between the phenanthroline
fragments of neighboring molecules. In addition, acetonitrile

Dalton Trans., 2025, 54, 5708-5720 | 5713
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Table 2 Summary of % interactions in the crystal packing of com-
plexes 1g,, 11p, 2gyu, and 3g,

Interactions Cg---Cg, A Symmetry code Cg---Perp, A o0
Complex 1g,

phen---bz 3.652(4) 1-x-y2-2 3.326(3) 6.0(4)
phen---bz 3.684(5) 1-x-)2-2 3.442(3) 5.8(4)
bz/pfb---bz/pfb  3.612(5) 3.301(3) 8.7(4)
Complex 17y,

phen---bz 3.657(3) 1-—x-y2-2 3.335(2) 6.3(3)
phen---bz 3.697(3) 1-x-)2-2 3.445(3) 5.6(3)
bz/pfb---bz/pfb  3.605(4) 3.458(3) 8.9(3)
Complex 2g,

bz/pfb---bz/pfb  3.650(9)  1—x,-y1-2 3.547(7) 6.8(8)
phen---bz 3.687(7) 1-x1-y-2 3.687(7) 4.3(5)
Complex 3g,

phen---phen 3.412(5) 1-x2-y1—-2z 3.280(4) 0.0(4)
bz---bz 3.638(6)  —x,1—y,-2 3.546(4) 0.0(5)

Cg is the centroid of aromatic rings, Perp is a perpendicular to the
plane of the ring, and «a is the angle between the planes of aromatic
fragments.

solvate molecules are integrated into the =---m interaction
system, interacting with the phenanthroline of one molecule
and the pfb™ anion of another, with the shortest interatomic
distances measured at 3.21(2) and 3.289 A, respectively.’”

Luminescence properties of complexes

To evaluate the influence of mixed carboxylate ligands on the
efficiency of energy transfer processes, the photophysical pro-
perties of mixed carboxylate benzoate-pentafluororbenzoate of
the compounds 1 benzoate compound 3 were investigated in
detail and compared with previously studied compounds
4pq4and 1, with pentafluorobenzoic acid anions.?” The
luminescence spectra of the europium complexes 1gq, 3g, and
4g, obtained at 300 K and 77 K display line-like luminescence
associated with the f-f transition of Eu*" (Fig. S141 and Fig. 4).
The singlet transition °D, — ’F, at about 580 nm is unique
and symmetrical and indicates one type of emission center for
each of the compounds studied. The D, — ’F, transition
splits into two components which is related to the axial D4d
symmetry of the coordination polyhedron obtained by X-ray
diffraction data (Table S4t) The transition D, — ’F, is very
sensitive to the ligand environment and according to Judd-
Ofelt theory is strictly forbidden at the site with the inversion
center. In contrast, the transition D, — “F; is allowed by the
Laporte selection rules and its integrated intensity does not
depend on the environment in the first approximation. This
property is often used to compare the emission spectra of
different europium complexes. The ratio of the °D, — ’F, tran-
sition to the magnetic dipole transition *D, — “F; is 4.48 for
15y, 4.08 for 3g, and 5.97 for 4g,, which indicate that the Eu®*
ion site is non-centrosymmetric. A similar pattern of Stark
splitting of the f-f transition indicates roughly the same
charge distribution in the inner coordination sphere of the
europium ion for the complexes 1g, and 3g, while for complex
4y, it has some differences.

5714 | Dalton Trans., 2025, 54, 5708-5720

View Article Online

Dalton Transactions

Wavelength, nm
600 650 700

Intensity, arb. units

18000 16000 14000

Energy, em’!

Fig. 4 Luminescence spectra of 4, (a), 1g, (b) and 3g, (c) at 77 K, lex =
280 nm. The black line indicates the spectra at an enlarged scale.

The terbium complexes 4y, 11p and 3y, under ligand exci-
tation and at 77 K exhibit the characteristic luminescence
from the °D, level of the terbium ion (Fig. 5). The highest
intensity was detected for the transition D, — “F5 located in
the spectral range of 535-555 nm. Three transitions D, —
"F,_o have an extremely low intensity typical of terbium com-
plexes. In contrast to europium complexes, the splitting
pattern of the D, — “F transition of Tb*>" seems quite similar
for three terbium compounds. However, due to the large value
of the quantum number J of the initial and final state of Tbh*",
a huge number of overlapping spectral bands are observed
when degeneracy is removed by a crystal field. For the terbium
compounds studied, detailed comparison of the spectral band
splitting is complicated even at low temperature.

The broadband emission in the 340-450 nm spectral range
is clearly observed in the emission spectra of the investigated
compounds (Fig. S157). The observed bands are typical of het-
eronuclear compounds and early were associated with the
luminescence of d-block.** The presence of the ligand emis-
sion indicates incomplete energy transfer to the lanthanide
ion. To estimate the energy losses, the ratio of the d-block
luminescence intensity to the intensity of the lanthanide
luminescence band (D, — “F5 and °D, — “F; for terbium and
europium complexes, respectively) was calculated. The
obtained ratios are 0.12, 0.05 and 0.22 for 3y, 11, and 44, and
1.07, 0.41 and 0.64 for 3gy, 1g, and 4g,, respectively. It can be
noted that the relative intensity of broadband luminescence of
heteroanionic compounds is noticeably lower than that of
homoanionic compounds, which indicates lower energy losses

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Luminescence spectra of 41y, (a), 11, (b) and 3y, () at 77 K, dex =
280 nm. The black line indicates the spectra in an enlarged scale.

during energy transfer to the lanthanide ion in mixed carboxy-
late compounds.

The excitation spectra of compounds 1 and 3 obtained at
300 K and 77 K are presented in Fig. S14 and S16.7 The long-
wavelength maximum of the broadband excitation line located
at 345 nm can be associated with absorption of the 1,10-phe-
nantroline ligand which is an effective and widely used sensi-
tizer for excitation of europium and terbium ions.**> The exci-
tation spectrum of the complex 4g, contains a weak shoulder
in the wavelength range 340-390 nm, which is absent in the
isostructural terbium complex and can be assigned to a
ligand-to-metal charge transfer (LMCT) state.

The absolute quantum yield of lanthanide-centered emis-
sion for 3g, is the lowest in the series of investigated com-
plexes which may partially be due to weak quenching of the
excited state of Eu** by the CH high-energy oscillator of the bz
anion (Table 3). A gradual decrease in the nonradiative rate
constant A,,q occurs when bz is replaced by the pfb anion. In
addition, compounds 4, and 4y, show a slight increase in the
observed luminescence lifetime compared to compounds 1
and 3. However, the best quantum yield is observed for com-
pounds 1 containing both bz and pfb anions. According to the
sensitization efficiency values for europium compounds,
mixed carboxylate compounds provide better energy transfer
to the lanthanide ion than homoanionic compounds. This
effect may be associated with a significant restructuring of the
system of non-covalent interactions during the formation of a
heteroanionic complex. As indicated above, the lowest energy
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losses for the luminescence of the d-block are observed for the
heteroanion complex, which contributes to a more efficient
transfer of excitation to the lanthanide ion. Moreover, a signifi-
cant decrease in the sensitization efficiency for the complex
4g, is due to energy quenching by the low-lying LMCT state
observed in the excitation spectrum of this compound.
According to the literature, an enhancement of the lumine-
scence properties of mixed-carboxylate complexes can be
observed due to a reduction in the polyhedral symmetry of the
molecule. In our case, the lowest polyhedral symmetry is
observed for the benzoate compound 3g, (C,ap¥), whereas the
polyhedra of our other europium(m) complexes show only
minor differences (D4d). Thus, the effect of polyhedral sym-
metry on quantum yields in our case cannot be confirmed.
The main difference in the crystal structure of type 1 com-
plexes lies in a more developed system of stacking interactions
compared to complexes 2 and 3. This sophisticated system
enhances charge delocalization and may lead to an improve-
ment in photoluminescence properties.

According to the literature,”**>* an enhancement of the
luminescence properties of mixed-carboxylate complexes can
be observed due to a reduction in the polyhedral symmetry of
the molecule. In our case, the lowest polyhedral symmetry is
observed for the benzoate compound 3g, (C,ap¥), whereas the
polyhedra of our other europium(m) complexes show only
minor differences (D,d) (Table S41). Thus, the effect of poly-
hedral symmetry on quantum yields in our case cannot be con-
firmed. The main difference in the crystal structure of type 1
complexes lies in a more developed system of stacking inter-
actions compared to complexes 2 and 3. This sophisticated
system enhances charge delocalization and may lead to an
improvement in photoluminescence properties.

Experimental section
General information

All operations related to the synthesis of complexes were per-
formed in air using commercially available solvents and
reagents: MeCN (>99%, KHIMMED), EtOH (96%, FEREIN), 1,10-
phenanthroline monohydrate (phen, 99%, “Aldrich-Chemie”,
Germany), H(pfb) (99%, “P&M Invest”), H(bz) (99%, “Aldrich-
Chemie”). Compounds [Zn(pfb),(H,0)],** [Zn(bz),(H,0),]-Hbz,**
[Euy(pfb)s(H,0)s]-2H,0%® and [Ln(bz);(H,0),] Ln = Eu, Tb*® were
obtained using known methods.

IR spectra of compounds 1-2 were recorded using a Jasco
FT/IR-4700 spectrophotometer (China) in the range
550-4000 cm™ . The IR spectra of compounds 3 were recorded
using a PerkinElmer Spectrum 65 spectrophotometer
(PerkinElmer, Waltham, MA, USA) equipped with a Quest ATR
accessory (Specac, Orpington BR5 3FQ, UK) by the attenuated
total reflectance (ATR) method in the range 400-4000 cm ™.
(abbreviations: w = weak, m = medium, s = strong, sy = sym-
metric, as = asymmetric, ar = aromatic).

The powder diffraction patterns were obtained using the
Bruker D8 Advance diffractometer with a LynxEye detector in
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Table 3 Radiative (A.q) and non-radiative (A,.q) rate constants, luminescence lifetimes (°°), intrinsic (O'l:") and absolute (Ot”) quantum yields and

sensitization efficiency (sens)

Compound -t -t

Arad1 S Anrad7 S

T=300K Q" % Q" % Nsensy %

1y - -

(R - phenyl substituent, R" -

pentafluorophenyl substituent)

[Tba2Znz(phen)z(bz)s.2(pfb)a.s]

31b — —

37

R R R

L1 41b

R RR RR

1gu 400 180

RR" RR R

R
35 360 205
o™ N

45, 425 100

[Tb2Zn2(phen)2(pfb)io]

Bragg-Brentano geometry. The sample was finely dispersed on
a silicon holder with a zero background, 4(CuKa) = 1.54060 A.
The acquired data were refined using the Topas 4 software.**
Photoluminescence excitation, emission spectra, and
luminescence decays were recorded at room temperature with
a  Horiba-Jobin-Yvon  Fluorolog-QM  spectrofluorimeter
equipped with a 75 W ArcTune xenon lamp and a Hamamatsu
R-FL-QM-R13456 photomultiplier sensitive in the 200-980 nm
emission range. The luminescence quantum yield (Q") values
were measured by the absolute method, employing the same
setup equipped with a G8 Spectralon®-covered sphere (GMP
SA, Switzerland) and Hamamatsu R13456 photomultiplier. A
diffusing screen was mounted inside the sphere to avoid direct

5716 | Dalton Trans., 2025, 54, 5708-5720

1.85 1.71 — 54 —

1.79 1.69 — 42 —

1.83 45

1.83 1.71 69 50 73

1.88 1.78 64 39 61

1.90 81 41 51

irradiation of the detector. The measurements were carried out
at ambient temperature. The samples in quartz cells were
placed near the center of the sphere. A NIST-traceable 45 W
quartz tungsten-halogen bulb emission standard (Oriel) was
employed to measure the instrument response function. All
QY measurements were repeated at least three times to achieve
an experimental error below 15%. The photophysical para-
meters were calculated via Werts’ formula.**

Synthesis of complexes

Synthesis of [Ln,Zn,(phen),(bz)s »(pfb)ss] (Ln = Eu(1g,); Tb
(11p)). Compound [Ln(bz);(H,0),] (0.145 mmol, Ln = Eu(1g,), Tb
(1)) was added to a solution of 0.073 g [Zn(pfb),(H,O)]
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(0.145 mmol) in 15 mL of MeCN. The reaction mixture was
stirred at 70 °C for 10 min, and then phen (0.026 g, 0.145 mmol)
was added with stirring. The solution was kept in a sealed vial at
room temperature. Colorless crystals suitable for X-ray diffrac-
tion studies that precipitated after 7 days were filtered off,
washed with cold MeCN (T = 5 °C), and dried in air at 20 °C.

The yield of 1g, was 0.059 g (44%) based on [Eu
(bz)3(H,0),]. Found, %: C, 46.2; H, 1.8; N, 2.3. For
Co4H4,Eu,Zn,F,,N,O,, calculated, %: C, 46.3; H, 1.7; N, 2.3. IR
(ATR), v/em™": IR-spectrum (ATR; v, cm™'): 3065 w, 1725 w,
1648 m, 1600 s [as(COO™)], 1561 m [ar(C-C)], 1519 m [C-C],
1490 s [ar(C-C)], 1394 s [sy(COO™)], 1289 w, 1227 w, 1175 w,
1144 w, 1108 m, 991 s [C-F], 932 w, 844 m [ar(C-C)], 768 m,
719 s [ar(C-C)], 643 w, 579 w, 505 w, 441 m, 425 m.

The yield of 1p, was 0.075 g (62%) based on [Tb
(bz);(H,0),] H,O. Found, %: C, 46.1; H, 1.8; N, 2.3. For
Co4H,4,Th,Zn,F,,N,0,, calculated, %: C, 46.0; H, 1.7; N, 2.2. IR
(ATR), v/em™: 1735 w, 1688 w, 1642 m, 1602 m [as(COO)],
1558 m [ar(C-C)], 1520 m [C-C], 1491 s [ar(C-C)], 1394 s [sy
(COO7)], 1290 w, 1176 w, 1149 w, 1107 m, 1069 w, 991 s [C-F],
934 w, 837 w [ar(C-C)], 762 m, 720 s [ar(C-C)], 680 m, 638 w, 576
w, 504 w, 433 m.

Synthesis of [Eu,Zn,(phen),(bz),(pfb)s]-4AMeCN  (2g,).
Compound [Eu,(pfb)s(H,0)s]-2H,O (0.128 g, 0.073 mmol) was
added to a solution of 0.068 g [Zn(bz),(H,0),]-Hbz
(0.145 mmol) in 15 mL of MeCN and 5 mL of EtOH. The reac-
tion mixture was stirred at 70 °C for 20 minutes, after which
phen (0.026 g, 0.145 mmol) was added, and the mixture was
stirred further. The solution was then kept in a sealed vial at
room temperature. After 10 days, colourless crystals suitable
for X-ray diffraction studies precipitated were filtered off,
washed with cold MeCN (7T = 5 °C), and dried in air at 20 °C.

The yield of 2g, was 0.042 g (22%) based on
[Eu,(pfb)s(H,0)s]-2H,0. Found, %: C, 44.9; H, 1.3; N, 3.5. For
C100H45EU,Zn,F30N-0,, calculated, %: C, 45.0; H, 1.7; N, 3.7.
IR (ATR), v/em™": 3076 w, 1725 w, 1648 m, 1600 m [as(COO-)],
1561 m [ar(C-C)], 1519 m [C-C], 1490 s [ar(C-C)], 1394 s [sy
(CO0-)], 1289 w, 1226 w, 1175 w, 1144 w, 1108 m, 991 s [C-F],
932 w, 844 w [ar(C-C)], 768 m, 719 s [ar(C-C)], 677 m, 643 w,
579 w, 506 w, 441 m, 425 m.

Synthesis of [Ln,Zn,(phen),(bz),o] (Ln = Eu(3g,); Tb(31p))-
Compound [Zn(bz),(H,0),]-Hbz (0.039 g, 0.083 mmol) was
added to a solution of [Ln(bz);(H,0),]-H,O (0.083 mmol, Ln =
Eu(3gy), Tb(31p)) in 15 mL of MeCN. The reaction mixture was
stirred at 70 °C for 10 min, and then phen (0.015 g, 0.083 mmol)
was added with stirring. The solution was kept in a sealed vial at
room temperature. Colourless crystals suitable for X-ray diffrac-
tion studies that precipitated after 10 days were filtered off,
washed with cold MeCN (T = 5 °C), and dried in air at 20 °C.

The yield of 3g, was 0.034 g (41.2%) based on [Zn
(bz),(H,0),]-Hbz. Found, %: C, 56.1; H, 3.2; N, 3.0. For
Co4Hg60,0N4EUu,Zn, calculated, %: C 56.3; H 3.3; N 2.8. IR-
spectrum (ATR; v, cm™'): 3054 w, 2360 w, 2341 w, 1603 s [as
(Co07)], 1561 s [ar(C-C)], 1516 w [C-C], 1492 w, 1446 w,
1426 m, 1398 s [sy(COO7)], 1347 w, 1318 w, 1304 w, 1173 w,
1141 w, 1103 w, 1069 w, 1024 w, 847 m [ar(C~C)], 819 w, 807 w,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

768 w, 714 s [ar(C-C)], 660 m, 642 w, 618 w, 606 w, 589 w, 578
w, 560 w.

The yield of 3y, was 0.029 g (34.6%) based on [Zn
(bz),(H,0),]-Hbz. Found, %: C, 55.8; H, 3.1; N, 2.9. For
Co4Hg020N,Tb,Zn, calculated, %: C 55.9; H 3.3; N 2.7; IR-
spectrum (ATR; v, cm™'): 3734 w, 2360 m, 2341 m, 1603 s [as
(CO07M)]), 1561 s [ar(C-C)], 1542 m, 1516 w [C-C], 1492 w, 1446
w, 1426 m, 1398 s [sy(COO™)], 1363 w, 1346 w, 1318 w, 1304 w,
1221 w, 1174 w, 1141 w, 1121 w, 1103 w, 1070 w, 1024 w, 983
w, 942 w, 848 m [ar(C-C)], 819 w, 807 w, 768 w, 714 s [ar(C-C)],
679 m, 643 w, 580 w, 574 W, 565 w.

Conclusions

In our studies, benzoate-pentafluorobenzoate
[Ln,Zn,(phen),(bz)s »(pfb)ss] (Ln = Eu (1g,), Tb (1)) and
[EuyZn,(phen),(bz),(pfb)s]-4MeCN  (2g,) were obtained, in
which the simultaneous localization of benzoate and penta-
fluorobenzoate anions occurs in nearby positions in different
ratios. It was found that the use of different metal salts results
in complexes with varying compositions, while varying the
ratio of the starting reagents only led to the formation of
either benzoate or pentafluorobenzoate complexes. In the case
of complexes 1 and 2, it was discovered that the introduction
of a heteroanion significantly alters the geometry of the
metal framework, the coordination polyhedron of the lantha-
nide ion, as well as the reorganization of the non-covalent
interaction system. Photoluminescence studies revealed
that the mixed carboxylate complexes provide better energy
transfer to the lanthanide ion than the homoanionic
complexes, which leads to a higher quantum yield for complex
1 compared to the analogous benzoate and pentafluorobenzo-
ate complexes 3 and 4. Thus, the developed approach to the
direct enhancement of luminescence by mixing fluorinated
and non-fluorinated ligands in the structures of polynuclear
{Zn,Ln,} complexes can be used in the design of bright lumi-
nescent compounds. For instance, such compounds may be
potentially applied as components of emissive layers in
organic light-emitting diodes. In this case, future studies on
the efficiency and brightness of the electroluminescence
and stability of the compounds in the presence of an electric
field should be carried out as a logical continuation of this
research.
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