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This work presents a unique example of the self-assembly of {LngFg} clusters composed of Ln®* cations
and F~ and CFzCOOQO™ anions. The crystal structures of new fluorotrifluoroacetate compounds with the
general formula Ax[Lng(ps-F)g(tfa)ioLsl, where A = Na and Ln = Pr(), Eu (lla), Tb(m), Dy(v) and Tm(v); A =
Na and HsO"* and Ln = Eu (lIb); or A = K and Ln = Yb(w); tfa = CFsCOO™ (trifluoroacetate anion); L = Htfa
(CFsCOOH, trifluoroacetic acid) and H,O, determined by the single-crystal XRD method revealed that
they were constructed from the complex anion [Lng(pz-Fg(tfa)oLel?~ and alkali metal (or alkali metal and
hydroxonium) cations and included solvate molecules in some cases. The core of the anion presented a
rhombododecahedral unit of six lanthanide atoms linked by bridging fluoride and trifluoroacetate anions.
The nature of the counterion led to the formation of compounds with different dimensions: from 1D for
potassium cations and 2D for sodium cations to 3D for sodium and hydroxonium cations. The {LngFg}
clusters were obtained for a wide range of lanthanides, with Pr and Yb being the end members; thus, the
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existence of heterometallic compounds was presumed. At a temperature of 100 °C, the new compounds
started to release solvent molecules, whereas the [Lng(ps-F)g(tfa)io] core was stable up to 270-300 °C
according to the TG-MS data. Substances llb, lll and IV revealed metal-centered luminescence and could
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1. Introduction

Lanthanide carboxylates find a lot of applications due to their
luminescence properties, allowing the production of lumines-
cent materials and chemical sensors based on them."™ The
possibility of using carboxylic acids with a specific structure
and additional functional groups, as well as the high coordi-
nation numbers of lanthanides, determines the wide variety of
representatives of this group of compounds.

Our research group has been intensively interested in fluor-
ocarboxylates of various transition metals.*” The addition of
fluoride ions to the system allows the assembly of small clus-
ters stabilized by carboxylate anions. In this case, only the stoi-
chiometry of the reagents determines the nuclearity and struc-
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be used for the development of new optoelectronic materials.

ture of the cluster as opposed to oxo- or hydroxo-clusters, for
which hydrolysis processes play an important role, and as a
consequence, the acidity of the reaction mixture and the
amount of water also require control.

A literature review showed that most characterized lantha-
nide fluorocarboxylate compounds contain the {Lng(us-F)s}
core.® ™ The first work studying such compounds was pub-
lished in 2020.° A compound [Tbe(ps-F)s(piv)ie(Hpiv),DMF]-
xDMF+yH,0 (Hpiv = pivalic acid, DMF = dimethylformamide)
was characterized by SCXRD, and researchers were able to
describe its structure. The molecular fragment [Tbg(ps-
F)g(piv)1o(Hpiv),DMF] was based on an octahedron of six
terbium atoms. Eight fluorine atoms were placed over each
{Ln;} face of the octahedron, and ten pivolate anions con-
nected the terbium atom pairs. DMF and Hpiv molecules com-
pleted the coordination environment of the terbium atoms.
The presence of F~ ions was confirmed by XPS and
MALDI-TOF methods. A study on the photophysical properties
of [Tbe(ps-F)s(piv);0(Hpiv),DMF]-xDMF-yH,0 revealed its extre-
mely high quantum yield (99.6%) and luminescent lifetime
(2.03 ms). These characteristics were better than those for
similar hydroxoclusters and nanoscale TbF;. Analyzing the
data, the authors conclude that the central {Tbg(us-F)s} core
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acts as an energy cage that minimizes the energy loss caused
both by energy migration and multiphonon relaxation. Thus,
the presented work described lanthanide fluorocarboxylates as
promising substances that could be used to produce lumines-
cent materials.

Independently, Morsbach et al.*'® serendipitously obtained
complexes [(NH,)o.75(H30)0.25]2[Ybe(ps-F)s(tfa)1(H,0)4]-4H,0,°
(NH,4),[Eue(ps-F)g(tfa);,(Htfa)e] and (NH,),[Eug(ps-
F)g(pfa)1.(Hpfa)e]-8Hpfa'® (Hpfa = pentafluoropropionic acid)
during attempts to synthesize the simple perfluorocarboxylates
of Eu** and Yb** in liquid ammonia. The europium hexanuc-
lear side-products exhibited longer luminescence decay times
than related p;-OH-capped compounds. Notably, the synthetic
mixtures did not contain any fluoride sources, but the {Lng(p;-
F)g} cores were assembled through slow oxidation processes.
The possible cause of cluster formation may be activation of
C-F bonds by binding of a fluoride atom to a lanthanide ion at
an intermediate stage, as suggested by Vizuet et al.’ In that
work, the question of the composition of the UiO-66 type
lanthanide MOF (containing {Lng(p;-OH)g} cores) formed in
the presence of a fluorine modulator was addressed for the
first time. The reexamination was supported by SCXRD, XPS,
IR, SEM/EDS and NMR experimental data and showed that the
presence of a fluoride atom in the p; positions is more consist-
ent with this data. Thus, the number of known compounds
based on {Lng(ps-F)g} clusters could be significantly higher
due to the inclusion of metal organic frameworks synthesized
in the presence of 2-fluorobenzoic acid (2-fba) or 2,6-difluoro-
benzoic acid (2,6-fba) as modulators. Additionally, when the
authors” examined the use of an extra amount of modulator
under the same conditions, leading to the formation of HoF;,
the results also confirmed the C-F bond activation. To sum
up, in terms of their photoluminescent properties, compounds
containing the {Lng(j3-F)g} unit are more promising than their
u3-OH analogues, and their synthesis is relatively straight-
forward. Given that these compounds have not yet been
studied in depth, there is significant motivation for work in
this area.

Herein, we report the synthesis under mild conditions of a
series of new isotype fluorotrifluoroacetate hexanuclear com-
plexes of Pr(m), Eu(m), Tb(u), Dy(m), Tm(m) and Yb(m), with
the general anion fragment [Lng(ps-Fg)(tfa);,Le]”~, containing
a unique {Lng(p;-F)g} core. Trifluoroacetate anions were chosen
due to the absence of X-H bonds capable of acting as
vibrational quenchers. The optimized conditions allowed large
crystals of seven compounds containing alkali metal (Na and
K) counterions to be obtained: Na,[Prg(ps-Fg)(tfa);,(Htfa),
(Hy0)4](Htfa)o s (I), Na,[Eug(ps-Fs)(tfa),(Htfa)y gs(H20)s5.10] (ITa),
(H03)0.5Nay s[Eug(ps-Fg)(tfa),2(Htfa)o 75(H20)s5 22 J(Htfa)o 72(H20)1 5
(Ib), Nay[Tb(js-Fg)(tfa);»(Htfa)y g5(H20)s5.15] (1), Na,[Dys(ps-Fs)
(tfa)y,(Htfa),(H,0),](Htfa)o 5 (v), Nay,[Tmg(p;-Fg)
(tfa)y,(Htfa),(H,0),)(Htfa)o s (V), and Ky[Ybe(ps-Fg)(tfa);o(H,0)s]
(Htfa),(H,O) (VI). The compounds were studied by SCXRD, PXRD,
IR, and DSC-TG analyses. Their crystal structure is discussed in
comparison with the above-mentioned analogues. The lumines-
cent properties of compounds IIb, III and IV were also studied.
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2. Experimental
2.1. Synthesis of I-VI

For the syntheses, the following set of lanthanide precursors
was used: Pr,(CO;);-6H,0 (reagent grade), Eu,(CO;);-3H,0
(reagent  grade),  Tb,(COs3)53-3H,O  (reagent  grade),
Dy,(CO;);-4H,0 (reagent grade), Tm,(CO;);-4H,0 (reagent
grade), and Yb,(CO;);-3H,0 (reagent grade) along with fluor-
ides NaF (high-purity grade), KHF, (high-purity grade), acids
HF (48%, high-purity grade), and Htfa (99%, high-purity
grade) and phosphorus pentoxide P,O,, (reagent grade). Alkali
metal fluorides were added to the reaction mixture as a 0.125
M water solution, HF was added as a 0.375 M water solution.

The synthesis was performed using the same procedure for
all compounds. The hexahydrate of the lanthanide carbonate
(Ln = Pr, Eu, Tb, Dy, Tm or Yb) was dissolved in 90% trifluor-
oacetic acid at room temperature, then a mixed solution of
alkali metal fluoride and hydrofluoric acid was added. The
molar ratio of the ions M* (M = Na and K), Ln*" and F~ in the
reagent was 1: 3 :4 (Table S1).

The solutions obtained were placed in a desiccator contain-
ing phosphorus pentoxide at room temperature, leading to the
formation of bulk crystals with linear lengths up to 0.3 cm,
which were suitable for SCXRD. The reaction mixture for the
europium sample gave two types of crystals with different
shapes (Ila and IIb) that could be separated manually. After
two weeks, the formed crystals were removed from the mother
liquor and dried in an argon flow. Compounds I-VI were
stable in air for long times.

2.1.1 Nay[Pre(ps-Fg)(tfa);,(Htfa),(H,0),](Htfa), 5 (D).
Obtained from 0.620 g (2.177 mmol) Pr,(CO;);-6H,0, 2.91 mL
NaF/HF solution (0.726 mmol NaF and 2.902 mmol HF). Yield:
62%. IR: 3200-3700, 1768, 1699, 1631, 1607, 1468, 1450, 1215,
1152, 848, 801, 727, 706, 612, 522, 467, 441. Content of Pr: cal-
culated 30.7%, found 30.3%.

2.1.2 Na,[Eug(p;s-Fg)(tfa);,(Htfa)o gs(H20)51,] (IIa) and
(H705)0.5Nay 5[Eug(n3-F8)(tfa),,(Htfa)o 75(H20)s 22 J(Htfa)o 72(H20)1.5
(IIb). Obtained from 0.607 g (2.257 mmol) Eu,(CO;)3-3H,0,
3.01 mL NaF/HF solution (0.752 mmol NaF and 3.009 mmol
HF). Ia IR: 3200-3700, 1771, 1710, 1702, 1612, 1471, 1215,
1157, 850, 800, 728, 616, 522, 471, 447. Content of Eu: calcu-
lated 34.3%, found 34.5%. IIb IR: 3200-3700, 1767, 1702,
1619, 1474, 1215, 1157, 851, 802, 728, 615, 522, 470, 446.
Content of Eu: calculated 32.9%, found 33.1%.

2.1.3 Nay[Tbg(ps-Fg)(tfa),x(Htfa)e gs(H20)5.12] ().
Obtained from 0.633 g (2.222 mmol) Tb,(CO;);-3H,0, 2.96 mL
NaF/HF solution (0.741 mmol NaF and 2.963 mmol HF). Yield:
59%. IR: 3200-3700, 1773, 1716, 1703, 1628, 1610, 1475, 1216,
1157, 852, 802, 728, 703, 617, 522, 473, 449. Content of Th: cal-
culated 35.3%, found 35.6%.

2.1.4 Na,[Dys(ps-Fg)(tfa),,(Htfa),(H,0),](Htfa)o 5 (Iv).
Obtained from 0.603 g (2.079 mmol) Dy,(CO;);-4H,0, 2.78 mL
NaF/HF solution (0.693 mmol NaF and 2.772 mmol HF). Yield:
63%. IR: 3200-3700, 1780, 1714, 1702, 1627, 1608, 1476, 1457,
1215, 1155, 853, 802, 729, 703, 618, 523, 473, 450. Content of
Dy: calculated 33.8%, found 33.5%.

This journal is © The Royal Society of Chemistry 2025
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2.1.5 Na,[Tmg(p;-Fg)(tfa);,(Htfa),(H,0),](Htfa), 5 V).
Obtained from 0.608 g (2.051 mmol) Tm,(CO;);-4H,0,
2.74 mL NaF/HF solution (0.684 mmol NaF and 2.735 mmol
HF). Yield: 61%. IR: 3200-3700, 1783, 1719, 1706, 1628, 1610,
1477, 1217, 1158, 854, 801, 729, 701, 619, 523, 476, 454.
Content of Tm: calculated 34.7%, found 34.8%.

2.1.6  K,[Ybe(ps-Fg)(tfa),,(H,0)s](Htfa),(H,0) (VI). Obtained
from 0.588 g (2.027 mmol) Yb,(COs);5-3H,0, 2.71 mL KF/HF
solution (0.676 mmol KF and 2.702 mmol HF). Yield: 67%. IR:
3200-3700, 1705, 1612, 1478, 1215, 1155, 854, 801, 729, 701,
618, 522, 480, 458. Content of Yb: calculated 35.1%, found
35.0%.

2.2. Methods and equipment

All studies, excluding PXRD and SCXRD experiments, were per-
formed with the same large single crystals of compounds after
confirmation of their composition and structure by SCXRD
analysis of splinters of each crystal.

PXRD data were collected using a Huber G670 Guinier
Camera (CuK,, radiation, Ge monochromator, A = 1.5406 A).
Le Bail refinement was performed using Jana2020 software.""

Single crystals of compounds I-VI were subjected to X-ray
single-crystal measurements with a Bruker diffractometer (AXS
D8 VENTURE PHOTON III C14 IuS 3.0 and SMART-APEX-II)
using graphite monochromatized MoK, radiation under a
stream of cooled nitrogen. Data reduction was performed
using the SAINT program.'? Absorption correction based on
measurements of equivalent reflections was applied."
Structures were solved by direct methods and refined by F* by
full-matrix least-squares in anisotropic approximation for non-
hydrogen atoms using the SHELXTL-Plus software.'* For all
structures, hydrogen atoms were placed in the calculated posi-
tions. In all the structures, the -CF; groups are rotationally dis-
ordered and were refined with restrained C-F and F---F dis-
tances (SADI). In the structures of monoclinic compounds Ila
and III, there is statistical disordering of the axial ligands. The
occupancies of the H,O (PART 1) and Htfa (PART 2) molecules
were refined using a free variable (oc(H,O) + oc(Htfa) = 1) and
then fixed. The Htfa molecule was refined isotropically with
restriction of the C-F, C-C and F---F distances (DFIX com-
mands). The ADP of these fluorine atoms were unified using
the EADP command. The same disordering was observed in
IIb, but one more Htfa solvate molecule was observed in the
H,0 PART connected to water via a hydrogen bond. All the
restrictions applied to the Htfa molecules were identical to
those described above, and the disordered molecules were
refined isotropically. Moreover, there were voids in this net-like
structure, filled by H;0" cations and H,O molecules. Because
of the poor sensitivity of the SCXRD method to hydrogen
atoms and their complex disordering, only oxygen atoms (five
different PART positions) in the voids were added to the
model. Potassium complex VI has another type of disordering.
One of the bridging trifluoroacetate anions either occupies the
standard position between two Yb atoms (major PART) or con-
nects the Yb and K atoms (minor PART). Both PARTs were sup-
plemented by water molecules on the atom that did not bind

This journal is © The Royal Society of Chemistry 2025
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with trifluoroacetate anions (K and Yb atom in the major and
minor PART, respectively). The occupancies of the PARTS were
refined using a free variable and then fixed. The minor PART
was refined isotropically. The Htfa molecule was refined isotro-
pically with restriction of the C-F (DFIX commands), C-C and
F---F distances (SADI commands). The ADP of these fluorine
atoms were unified using the EADP command.

A summary of the crystallographic data and structure deter-
mination parameters is provided in Table S2. Crystal data have
been deposited in the Crystallographic Data Centre as sup-
plementary publications under the CCDC numbers
2391137-2391142 and 2427723.

Infrared spectra were recorded with an FTIR Spectrum One
(PerkinElmer). The samples were pressed into KBr pellets and

measured. The spectral resolution was 0.5 cm™', from

4000 cm ™" to 400 cm ™.

The TG-DSC thermal analysis of samples combined with a
simultaneous QMS evolved gas analysis was performed in a
dynamic stream of argon (30 mL min~") with an STA 409PC/PG
(NETZSCH) at 25 °C to 500 °C with a 5 K min~" heating rate.

Photoluminescence and excitation spectra in the visible
region for all the complexes were measured in the solid state
using a Horiba Jobin-Yvon Fluorolog QM-75-22-C spectro-
fluorimeter fitted with a 75 W xenon arc lamp (ArcTune). A
Hamamatsu R13456 cooled photomultiplier tube that was sen-
sitive in the UV-Vis-NIR region (200-950 nm) was used as the
detector. Photoluminescent decays were recorded for all the
complexes in the solid state using the same device, except the
excitation source was changed to a pulsed xenon lamp with a
50 ps pulse duration and 100 Hz repetition rate.

3. Results and discussion

In the present work, we report seven new fluorotrifluoroacetate
complexes of lanthanides (structures were determined from
single-crystal XRD experiment data):

Na,[Prg(j3-Fs)(tfa);,(Htfa),(H,0),](Htfa)s 5 (I)

Nay[Eug(pis-Fs)(tfa)12(Htfa)o.s5(H20)s5.1,] (11a)

(H703)0.5Nay 5[Eug(p3-Fs)(tfa),o(Htfa)g 75(H20)s5.22]

(Htfa)o 72(H,0); 5 (IIb)

Na,[The(ps-Fg)(tfa);,(Htfa)g gs(H20)s5.15] (1)

Na,[Dys(ps-Fs)(tfa);,(Htfa),(H,0)4](Htfa)o 5 (IV)

Na,[Tmg(p5-Fg)(tfa);,(Htfa),(H,0),](Htfa)y 5 (V)

K[ Ybe(p3-Fg)(tfa);,(H,0)s](Htfa),(H,O) (VI)

The synthetic method used was simple and allowed to
obtain large crystals of these compounds (Fig. 1). Both big
crystal sizes and stability at ambient atmosphere made it poss-
ible to study the samples by IR-spectroscopy, TG-MS and
luminescence measurements using parts of one single crystal.
Nevertheless, phase purity of the obtained solid products was
explored by the PXRD method (Fig. S1-S7, and Table S3),
which was needed to characterize the synthetic procedure.

Crystalline compounds formed in solutions during the con-
centration process were not produced as single-phase samples
in some cases. Phase analysis of the europium system shows
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Fig. 1 Photograph of the as-synthesized compound Ilb.

the presence of two compounds with slightly different compo-
sitions and structures (the crystals could be separated manu-
ally based on their morphology). It was also found that the
solid substance formed in the synthesis of I contained small
amounts of impurities. We repeated the synthesis of Pr com-
pound I several times and found that the resulting solids con-
tained the same impurity. However, the single notable peak
did not allow us to conduct a phase analysis to establish its
nature; thus, some of these systems require further studies.

IR spectra of I-VI show the presence of absorption bands
corresponding to vibrations of atom groups in trifluoroacetate
anions, trifluoroacetic acid and water (Fig. S8, and Table S4).
Band assignments were made based on data from published
articles>™*” in which the IR spectra of trifluoroacetates were
also discussed. No bands corresponding to v(Ln-O) oscil-
lations were observed in the studied region; these probably
absorb slightly more to the right than 400 cm™". However, a
shift of the absorption band corresponding to the planar
vibration of the CCOO-group (that is directly related to the
energy of the Ln-O bonds) was observed. The reduction of the
lanthanide ionic radius in the series of compounds I-VI leads
to increasing Ln-O bond energy and, correspondingly, to a
shift in the §,,,(CCO,) band to the higher wavenumbers.
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Despite the diversity of the lanthanide carboxylates and
their tendency to form oligo- and poly-nuclear coordination
compounds, to our knowledge, there are only five reports of
compounds featuring a {LngFg} core.>”>'®'® A pivalate
complex [Tbg(ps-F)g( piv)io(Hpiv),DMF|-xDMFyH,0 was the
first reported compound of this type.” Trifluoroacetate and
pentafluoropropionate analogies with the same fragment
[Lng(nus-Fg)(tfa),Le]”~  were  subsequently  described.'’
Meanwhile, the results reported in the present work indicate
the existence of a family of compounds structurally related to
fluorocarboxylatolanthanate for the wide row of lanthanides
(at least from Pr to Yb).

The presence of the second phase IIb ((H;03)o5Na; 5
[Eug(ps-F)s(tfa)io(Htfa)o 75(H20)s 22](Htfa)o 72(H,0)15)  in  the
system Na-Eu-tfa-F additionally indicates the stability of the
fluorotrifluoroacetic fragment [Lng(p;-F)g(tfa);,Le]. We associ-
ate the formation of IIb with some non-stoichiometry of the
europium carbonate hydrate, leading to a lack of sodium ions
in the reaction mixture. In this case, the compound contains
hydroxonium cations as compensation.

3.1. Structure description

According to SCXRD data, compounds I-VI have a unique
architecture of the anion complex, which contains the [Lng(p;,-
F)g(tfa);,] fragment common for all substances. The fragment
is formed by six Ln atoms placed at the vertices of the almost
ideal octahedra (Fig. 2). Eight fluorine atoms connect three
neighboring lanthanide atoms in positions above the octahe-
dra faces. Each pair of Ln atoms is additionally linked via brid-
ging trifluoroacetate anions. The fragment structure is similar
to analogs described in the literature.”*°

Axial positions (the ninth donor atom positions for Ln**
ions) are occupied by molecules of water or trifluoroacetic
acid. In the structures of compounds IIa, IIb, III, and VI, these
molecules are statistically disordered. The hydrogen atoms of
the trifluoroacetic acids in the axial positions form intra-
molecular hydrogen bonds with oxygen atoms of the bridging
trifluoroacetate anions (Fig. 3).

Axial ligands are absent at some lanthanide atoms in com-
pound VI, which is based on ytterbium atoms with a smaller
radius than the other lanthanides in compounds reported in

Fig. 2 Structure of the anionic fragment [Lng(ps-F)g(tfa)sol. In the last picture, fluorine atoms of the CFs-groups are omitted for clarity.
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Fig. 3 Fragment of the anion complex in the crystal structure of IV. The
intramolecular hydrogen bonds are shown in dashed lines, and the
fluorine atoms of the CF3-groups are omitted for clarity.

this work. Consequently, a coordination number of 8 for the
Yb ion was observed. The observation was also noted in
recently published works® on ytterbium fluorotrifluoroacetate
complexes with a rhombododecahedral core. Another reason
for the lower coordination number could be steric hindrance,
as observed for similar pivalate complexes.’

Coordination polyhedra of the Ln atoms were determined
using the continuous shape measures (CShM) approach
implemented in SHAPE2.1 software'® (Table S6). According to
the calculated data, the best description of the polyhedra for
lanthanides with CN = 9 is a capped square antiprism (Cy),
whereas for the ytterbium atoms in VI (CN = 8) without axial
ligands, the most accurate description of a polyhedron is a
square antiprism (D,q).

Reduction of the lanthanide ionic radii along the Pr-Yb row
(structures I-VI) causes the shortening of the Ln-Ln, Ln-F,
and Ln-O lengths and is consistent with theoretically calcu-
lated data®® (Table 1).

Alkali metal cations (sodium or potassium) play the role of
counterions for the described anion complexes. In structures
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I-VI, the cations are located between two neighboring anions
and have six oxygen atoms in their environment (Fig. 4). For
the larger potassium cation, the environment also includes
one additional oxygen atom from a trifluoroacetic acid
molecule.

It is worth noting that, in structures I-V, a few fluorine
atoms of the CF; groups are close to the sodium ions. As we
highlight above, the reduction of the lanthanide radius leads
to the shrinkage of the {Lng(j3-F)g} core. At the same time, the
Ln-O distances increase (O atoms are from the trifluoroacetate
anion connected to Na ions). This, in turn, makes sodium
atoms more available to contact the fluorine atoms of the CF;
groups, so the Na---F distances become shorter in the series of
compounds I-V (Fig. 5). Calculations (Fig. S17, Tables S8-S13)
by the overlapping spheres method®' indicate that the coordi-
nation number of sodium ions in I-V is almost constant
(excluding Na1l atom in structure of I) and is 10. At the same
time, the proportion of the specific surface area of the
Voronoi-Dirichlet polyhedra per six oxygen atoms in the

Fig. 4 Environment of the alkali metal ions: (a) sodium in compound IV
and (b) potassium in compound VI. Fluorine atoms of the CFs-groups
are omitted for clarity.

Table 1 Average Ln—F and Ln—O (oxygen atoms from bridging trifluoroacetate anions) bond lengths and Ln—Ln distances for the nine-coordinated

Ln ions for compounds I-VI

Pr(1) Eu (IIa) Eu (IIb) Tb(m) Dy(wv) Tm(v) Yb(v1)
d(Ln---Ln) 4.0738(5) 3.9859(7) 3.9804(9) 3.9457(8) 3.9232(6) 3.8617(5) 3.8537(4)
d(Ln-F) 2.428(3) 2.378(4) 2.376(4) 2.352(6) 2.342(3) 2.309(3) 2.304(2)
d(Ln-Os,) 2.474(4) 2.405(6) 2.400(5) 2.375(8) 2.359(4) 2.318(3) 2.307(5)
d(Ln-F)heor. 2.44 2.37 2.37 2.34 2.33 2.29 2.28 (CN 8)
d(Ln-O)neor. 2.49 2.42 2.42 2.39 2.38 2.34 2.33 (CN 8)

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Binding sodium atom between two {Ln¢Fg} fragments in llb (a)
and Il (b) structures (short Na—F contacts are shown in dashed lines).

sodium atom surrounding decreases for heavier lanthanides,
which confirms the above trend (Fig. S17).

The sodium ions are linked to the anion complexes in the
same way as realized in the fluorotrifluoroacetate of 3d-
metals.”” Fluorotrifluoroacetate families containing 4f- and 3d-
elements are similar, with the difference in their crystal struc-
tures determined by atom radii, resulting in differences in pre-
ferred coordination numbers. Based on the structure data for
recently published fluorotrifluoroacetate complexes with 3d-
metals,** it was concluded that varying the cations in the
lanthanide family of complexes also allows us to obtain sub-

L {042

/7

! Dy3

Fig. 6 Crystal structure of the anion complex [Dye(us-Fg)(tfa);2(H20)4(Htfa),

of the CF3-groups are omitted for clarity.
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stances with various packing of the anion complex and
different structure dimensions.

In the next section, the structural features of I-VI, which
have different axial ligand sets and packing, will be
considered.

3.1.1. Structural features of compounds I, IV, V. Three of
the obtained compounds are isostructural (I, IV, V) and crystal-
lize in the P1 space group. Here, we describe the structure of
these compounds with the example of compound IV
(Nay[Dys(ps-Fg)(tfa);o(Htfa),(H,0),](Htfa)o s). There are six
independent dysprosium atoms in the structure of IV. Dyl-
Dy3 and Dy4-Dy6 belong to two neighboring anion complexes
[Dye(ps-Fs)(tfa)12(H,0)4(Htfa),]*~ (Fig. 6). Axial ligand positions
are occupied by oxygen atoms of trifluoroacetic acid (Dy1, Dy6)
or water (Dy2-Dy5) molecules. One solvate molecule of trifluor-
oacetic acid is also present in the structure; it forms one hydro-
gen bond 034-H34A---043 with the oxygen atom of the water
molecule coordinated by Dy5 (Fig. 7).

The triclinic compound IV contains two crystallographically
independent sodium atoms (Nal and Na2). Each anion
complex is connected with four sodium atoms; thus, layers in
the structure of IV are formed (Fig. 8). The layers are arranged
parallel to the {bc} plane. Molecules of solvate acid are
observed between the layers but do not connect them.

3.1.2. Structural features of compounds Ila and IIL
Compounds Na,[Eug(ps-Fg)(tfa);5(H,0)s 12(Htfa)g gg] (la) and
Na,[The(ps-Fs)(tfa);2(H0)s.12(Htfa)g gg] () crystallize in P2,/n
and are isostructural. Here, we describe the structure of this
pair of substances using Ila as an example.

There are three crystallographically independent lanthanide
atoms in the structure of IIa. These three lanthanide atoms,
along with their symmetry equivalents, form one hexanuclear
anion complex [Eug(ps-Fg)(tfa);,(H20)s.12(Htfa)o g5]* . An axial
position on Eul atom is occupied by an oxygen atom from stat-
istically disordered molecules of trifluoroacetic acid, 013, or

(b) 033!

12~ in IV (a) and its bond with solvate Htfa molecule (b). Fluorine atoms

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Solvate trifluoroacetic acid molecule between two neighboring layers (shown in different colors). Fluorine atoms of the CFs-groups are

omitted for clarity.

Fig. 8 Cationic—anionic layer in the crystal structure of IV, viewed
along the crystallographic axis a. Fluorine atoms of the CFz-groups are
omitted for clarity.

water, O13A (with occupancy 0.44 and 0.56, respectively,
according to SCXRD refinement data), as shown in Fig. 9.

The water molecules’ oxygen atoms 022 and O21 complete
the coordination environment of the Eu2 and Eu3 atoms,
respectively. The 022 atom is also linked to the sodium atom
Nal and plays a bridging role.

In contrast to the triclinic phases described above, IIa has a
single independent sodium atom. However, the same kinds of
cation-anionic layers are observed, which are parallel to the
{bc} plane, as in the triclinic compounds (Fig. 10).

This journal is © The Royal Society of Chemistry 2025

Fig. 9 Structure of the anion
(tfa)12(H20)s 12(Htfa)o ggl?~ of lla with the nearest sodium cations. The
statistical disorder of axial ligands coordinated by Eul atoms is shown.
Fluorine atoms of the CFs-groups are omitted for clarity.

complex [Eue(ps-Fg)

3.1.3. Structural features of compound IIb. Crystals of
another compound obtained in the europium system have
higher symmetry (space group R3) and the composition
Na; 5(H30)o.5[Eue(ps-Fg)(tfa)io(Htfa)y 5(H,0)s 5] (Htfa)o 5. The
structure contains four crystallographically independent euro-
pium atoms that form two anionic complexes (Fig. 11). The six
crystallographically equivalent Eu4 atoms form the first anion
[Eug(ps-Fs)(tfa);5(H,0)s]*~, while Eu1-Eu3 form another anion,
[Eug(ps-Fs)(tfa);o(Htfa)g 06(H20)s.04]> - The coordination sphere
of Eul includes different statistically disordered ligands in the
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Fig. 10 Cationic-anionic layers in the crystal structure of lla, viewed
along the crystallographic axis a. Fluorine atoms of the CFz-groups are
omitted for clarity.

axial position, a water molecule with donor atom 021, and a
molecule of trifluoroacetic acid connected to Eul by its carbo-
nyl oxygen atom O17A. The water molecule mentioned above
also takes part in hydrogen bond formation with the solvate
trifluoroacetic acid molecule that has the same chemical
occupancy.

The single independent sodium atom in the structure of Ilb
is linked to the anion complexes. Furthermore, anions formed
by Eu4 atoms have six neighboring {Lne(jL5-F)s} fragments, and
those formed by Eul-Eu3 atoms have only two neighboring
fragments (Fig. 12). Thus, IIb exhibits a net-like organization.

(b)

017B

View Article Online
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Fig. 12 Projection of frameworks (only {Lng} fragments and Na ions
with binding oxygen atoms are shown) along the a, b, and c axes,
respectively (a—c) in the llb structure. Symmetrically independent {Lng}
units are presented in different colours: blue octahedra correspond to
{Lng} units of Eu4 atoms and turquoise octahedra correspond to {Lnhg}
units consisting of Eul-Eu3 atoms.

c18B

Fig. 11 Two types ((a) and (b)) of anionic complexes in the crystal structure of llb. The statistical disorder of axial ligands coordinated by Eul atom
and hydrogen bonds is shown. Fluorine atoms of the CF3-groups are omitted for clarity.

12510 | Dalton Trans., 2025, 54, 12503-12515
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The sodium cations in IIb cannot compensate for the anion
charges completely, so the electroneutrality principle requires
the presence of another counterion. The only such counterion
may be the hydroxonium cation located in the cavities of the
cation-anionic framework (Fig. 13). Apparently, there are two
independent H;0" ions connected to disordered water mole-
cules (027-030). The localization of the hydrogen atoms in
these H,O molecules looks impossible based on the available
data.

3.1.4. Structural features of compounds VI. The potassium
compound K,[Ybg(p;-F)g(tfa);,(H,0)s](Htfa),(H,0) crystallizes
in a triclinic crystal system (space group P1) and has three crys-
tallographically independent ytterbium atoms that form the
anion complex [Ybg(ps-Fg)(tfa);,(H,0)s]*". Neighboring ytter-
bium atoms are connected by bridging bidentate trifluoroace-
tate anions, one of which (011A-C11A(C12A)-0124) is dis-
ordered; it partially connects the Yb2 and Yb3 atoms and par-
tially Yb2 and K1. In the latter case, the position of the car-
boxylic atom O11A is occupied by atom O22B of the water
molecule (Fig. 14). The coordination environment of Yb3
(CN = 9) contains four fluorine atoms, three oxygen atoms
from bridging trifluoroacetate anions (03, O5, 010), one
oxygen atom from a water molecule and disordered atoms
O11A and 022B (from a tfa ion or water molecule). In case of
the Yb2 atom (CN = 8), the coordination environment is
formed by four fluorine atoms, three oxygen atoms of bridging
trifluoroacetate anions (01, 06, O7), and an oxygen atom
(O12A or O12B) of a disordered trifluoroacetate anion that
links Yb2 with Yb3 or K1. The atoms in the coordination
environment of Yb1 (CN = 9) are common to the above and the
axial position is occupied by a water molecule (023).

Each anion complex is surrounded by four potassium
atoms. The environment of the cation contains four oxygen
atoms of bidentate trifluoroacetate anions, the disordered

Fig. 13 Void in the structure of llb filled by HzO" cations and solvate
water molecules.

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Structure of the anionic [Ybg(us-F)s(tfa)1o(H,0)s1?~ complex in
VI with the nearest potassium cations. The statistical disorder of ligands
coordinated by Yb2 and Yb3 atoms is shown. Two bond colours (black
and gray) correspond to A and B parts of the disordered structure.
Fluorine atoms of the CFs-groups are omitted for clarity.

oxygen atoms O11B and O22A (see above), and the carbonyl
oxygen atom 014 of the trifluoroacetic acid. The hydroxy group
of this acid (O13A-H13A) forms a hydrogen bond with partially
occupied atoms O11B and 022A (d(O---0) is 2.767(9) and 2.558
(7) A, respectively). The anion complexes are linked via potass-
ium atoms into infinite chains placed along the crystallo-
graphic axis b (Fig. 15). Distances between neighboring chains
(or layers in cases compounds I-V) correspond to van der
Waals interactions between fluorine atoms of trifluoroacetate
groups belonging to adjacent chains (layers).

3.1.5. General crystallochemical comments. Three types of
lanthanide atoms can be distinguished in the structures of I-
VI. The first type of atom (“Lnys,”) has an oxygen atom of tri-
fluoroacetic acid in the axial position. The same oxygen atom
(excluding those in the structure of IIb) also enters the
environment of the alkali metal atom. The second atom type
(“Lnp,ona”) has a water oxygen atom in the axial position.
Additionally, this oxygen atom is connected to an alkali metal
atom. The third atom type (“Lny,”) has a terminal water
molecule in the axial position.

Ln-F and Ln-O distances are almost the same for each
lanthanide atom within each structural function. A full set of
this distance data is given in Table S5; Table 2 contains the
average distances for each lanthanide atom type.

According to the data, Ln-F distances increase in the series
Lnyes-F, Lnygona—F, and Lngo-F. A slight increase of the
“Lngra”"—Oya distance (O, is an oxygen atom of the bridging
trifluoroacetate anion) is caused by participation of this
oxygen atom in intramolecular hydrogen bonds. In contrast to
Ln-F distances, the bond length of Ln-O for the axial oxygen
atom reduces in the series Lnys,—F, LNy, ona—F, and Lny o-F.

The currently available structural data for the [Lng(us-Fg)
(RCOO),,] fragment are summarized in Table 3. It lists the
average Ln-Ln, Ln-F and Ln-O distances for the compounds
obtained in this work, as well as for previously reported
compounds.

As shown in Table 3, a lanthanide coordination number of
nine is observed in most of the compounds. However, there

Dalton Trans., 2025, 54,12503-12515 | 12511
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Fig. 15 Polymeric chains in the structure of VI perpendicular to (a) and along (b) the b crystallographic axis. Fluorine atoms of the CF3-groups are

omitted for clarity.

Table 2 Average Ln—F and Ln—O distances in structures I-VI. Lanthanide atoms are grouped according to their type

I Ila b I v \% VI
Liggesa-F 2.414(3) 2.361(4) 2.383(4) 2.334(6) 2.321(3) 2.276(3) 2.247(2)
Ly, ona/x—F 2.416(3) 2.370(4) 2.368(4) 2.337(6) 2.335(3) 2.307(3) 2.326(2)
Lny o-F 2.454(3) 2.402(4) 2.378(4) 2.384(6) 2.370(3) 2.343(3) 2.340(2)
LDgze£a=Otfa 2.488(4) 2.414(6) 2.390(5) 2.386(8) 2.363(4) 2.320(3) 2.291(5)
Ly, onak—Otfa 2.476(4) 2.408(6) 2.409(5) 2.379(8) 2.364(3) 2.321(3) 2.307(3)
Lng,0-Oa 2.459(4) 2.394(6) 2.402(5) 2.359(8) 2.351(4) 2.314(3) 2.322(7)
Lgreta—Ortta 2.750(4) 2.879(19) 2.662(19) 3.02(3) 2.974(5) 3.252(5) —
Ly, onak—OH,0 2.671(4) 2.623(11) 2.633(6) 2.70(2) 2.609(4) 2.613(3)
Lng,0-On,0 2.573(4) 2.524(6) 2.575(13) 2.515(8) 2.508(4) 2.488(4)

Table 3 Summarized average distances in the previously reported compounds containing the[Lng(us-Fg)(RCOO),] fragment, where R = CF3 (tfa),
C,Fs (pfa), (CH3)3C (piv), or CcH4COO (dbc) and n = 10 or 12. Green, gold and blue-coloured rows correspond to the structures with 9-, 8- and
mixed (8 and 9)-coordinated lanthanide atoms, respectively

Ln-O average

Ln Ln---Ln average  Ln-F average Oy, Opfa Opiy Odbe Ln-Oy average T measurement, K  Ref.
Pr 4.0738(5) 2.428(3) 2.474(4) 2.665(4) 150(2) This work (I)
Eu 3.9859(7) 2.378(4) 2.405(6) 2.632(12) 150(2) This work (IIa)
3.9804(9) 2.376(4) 2.400(5) 2.58(1) 100(2) This work (IIb)
4.005(2) 2.386(13) 2.403(18) 2.670(19) 223(2) 10
3.9787(8) 2.373(3) 2.396(4) 2.663(4) 120(2) 10
Tb 3.9457(8) 2.352(6) 2.375(8) 2.683(16) 150(2) This work (III)
3.9687(17) 2.384(10) 2.349(12) 2.389(18) 298(2) 9
3.9161(12) 2.344(2) 2.338(6) — 150(2) 8
Dy 3.9232(6) 2.342(3) 2.359(4) 2.697(5) 100(2) This work (IV)
Ho  3.8613(9) 2.312(2) 2.306(4) — 105(2) 7
Tm 3.8617(5) 2.309(3) 2.318(3) 2.551(4) 100(2) This work (V)
Yb 3.8537(4) 2.304(2) 2.307(5) 2.445(6) 100(2) This work (VI)
3.8340(6) 2.294(2) 2.304(3) 2.496(2) 120(2) 6

12512 | Dalton Trans., 2025, 54, 12503-12515
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are some examples in which the coordination is reduced to
eight due to the small lanthanide radius (Yb compounds) and
bulky sterically hindered carboxylate anions (piv or bdc). The
presence of an available axial site in most cases can be used to
place antenna ligands that can enhance the luminescence of
such compounds.

The {Lng(s-F)s} rhombododecahedral sizes vary over a wide
range. This may indicate that such the units with can apparently
be formed for the most lanthanides. This fact makes it possible
to obtain heterometallic compounds based on this core.

3.2. Thermal properties

The thermal properties of compounds were investigated in an
Ar atmosphere with compounds IIb, III, IV and VI selected as
representatives of each structural type. Their decomposition
leads to a mixture of complexes of fluoride MLnF, (M = Na, K;
NasEuoF;, in case IIb) and lanthanide fluoride LnF; (Fig. S21-
S24) according to the PXRD data for the solid residues. In all
cases, decomposition was staggered. The first stage was
characterized by the separation of solvate molecules if they are
present in the compound (temperature 100-150 °C, observed
for IIb and IV) or crystallization water molecules (temperature
150-200 °C). During the next decomposition stage, anion com-
plexes in every compound are destroyed. The decomposition
temperature depends on the cation and is in the range
250-300 °C for IIb, III, and IV, which includes sodium cations,
while the potassium compound VI completes decomposition
at lower temperatures (220-250 °C).

Gas products of decomposition were determined to be in the
m/z range 16-70 using a mass analyzer. As expected, the ion cur-
rents for particles that are characteristic for trifluoroacetic acid>*
and water had considerable intensity (44 (CO,), 69 (CFs), 16 (O),
17 (OH), and 18 (H,0)). In the first stage, species with m/z 16, 17,
18 are observed for all compounds, which correspond to the
removal of solvate water molecules. For compound IV, the
removal of one solvate trifluoroacetic acid molecule was also
observed. Simultaneously, weak peaks appear in the ion current
curves at m/z 44 and 69. The assumed elimination of H,O and
Htfa molecules was confirmed by weight loss calculations.

No distinct first stage of decomposition was observed for
compound IIb, owing to the large amount of solvate water
molecules linked together in the complex hydrogen bonding
system. Its dehydration takes place smoothly in a temperature
range of 100-200 °C.

The main mass losses are observed in the second stage of
the decomposition over a narrow temperature interval. The
heat release effect observed during this stage, according to the
DSC curve, may indicate a mass removal effect. Such phenom-
ena lead to slight differences between the calculated and
experimental mass loss. An absence of pyrohydrolysis may be
confirmed by the absence of peaks for the oxide/oxofluoride
phases in the PXRD patterns of the decomposition products.

3.3. Luminescence properties

Given that the {Lng(p;5-F)s} core exhibits features that constitute
an attractive “building block” for obtaining efficient photolu-

This journal is © The Royal Society of Chemistry 2025
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minescent materials, the spectroscopic properties of the euro-
pium, terbium and dysprosium complexes were studied in
detail.

In contrast to the luminescent complexes of lanthanides
with aromatic®® and heteroaromatic carboxylic acids' and acyl-
pyrazolones,?® the excitation spectra of complexes Ilb, III and
IV (Fig. S25) do not contain n-n bands of the ligand but
contain pronounced electronic transitions of lanthanides. This
is certainly because the intrinsic absorption of trifluoroacetate
ligands is in the hard UV range (4 < 250 nm). Nevertheless,
compounds IIb and III under UV irradiation exhibit intense
red and green luminescence, respectively, visible to the naked
eye. The yellow-green luminescence of the IV complex is much
less bright.

The luminescence spectrum of Eu contains bands related to
europium transitions Dy — 'F;, j = 0-4.”” Interestingly, transitions
from higher °D; and °D, levels do not appear, although they can
often be observed for such rigid high-symmetry systems.>”*® The
hypersensitive transition *Dy-"F, is the most intense.

The splitting of the least intense D, — ’F, transition is
well described by a single Gaussian curve, peaking at
17254 em™" (579.6 nm) (Fig. S26). This transition cannot split
in any symmetry field, making it a marker for nonequivalent
europium cations in the structure.”® The lack of splitting indi-
cates a high symmetry in the coordination environment of
Eul-Eu4 atoms. Analysis using the SHAPE 2.1 program'®?’
suggests that this environment is best represented as a one-
capped square antiprism (C4) or a Muffin (C), with the
former being more accurate. For these symmetries, the D, —
’F, transition should split into 2 or 3 components,***° but the
observed spectrum shows four components, three of which are
dominant and one weak. This suggests that the “extra” com-
ponents of the °D, — “F; transition are linked to nonequiva-
lent europium cations, especially given the small energy differ-
ences between them (Fig. S27). The hypersensitive D, — F,
transition is the most intense, with four components identi-
fied (Fig. S28), consistent with predictions from Judd-Ofelt
theory for C,, symmetry.>®

Integration of the spectrum components (Table S13) allows
us to calculate the radiative 7z,,q of europium ions, which is
4370 ps. Luminescence decay curves of the Eu complex at 77 K
and at room temperature are described by the monoexponen-

tial law, I = Ioe_ﬁ. The values of 7, at 300 K and 77 K are
(981.3 + 0.4) ps (Fig. $29) and (1002.0 + 0.4) ps (Fig. S30),
respectively. Thus, the temperature dependence of 7,ps is
small, which correlates well with the rigid crystal structure of
Ilb and the absence of vibrational quenching on OH, CH, or

NH bonds, which is common for most europium®’ complexes.

Tobs

The internal quantum yield, & = , is 22.5 and 22.9% at

Trad

300 K and 77 K, respectively.

The luminescence spectra of III and IV (Fig. 16), as well as
in the case of the europium complex considered above, do not
contain any bands, except for the transitions of these ions
from the most stable excited terms °D, (Tb) and ’Fy;, (Dy)

Dalton Trans., 2025, 54,12503-12515 | 12513


https://doi.org/10.1039/d5dt01105a

Published on 04 August 2025. Downloaded on 10/17/2025 12:12:28 AM.

Paper
—— b
— 111
v
]
©
I':LB
J((\l
LnDO')
T T T T T T
500 600 700 800

Wavelength, nm

Fig. 16 High-resolution emission spectra of Ilb, lll, and IV recorded at
77 K (Aex = 395, 385 and 393 nm, respectively).

to the sublevels of the main multiplet 'F;, j = 6-0 (Tb) and °D;,
J = 15/2-9/2 (Dy). The most intense transition of terbium ions
(j = 5) has a maximum at 545 nm, which corresponds to
bright green luminescence. It is interesting that transitions
with j = 2,1 and 0, which usually do not appear in organic com-
plexes, but are often found in solid-state phosphors,?” appear
as low-intensity bands in the red region of the spectrum. The
most intense Dy transition (j = 13/2) has a maximum at
575 nm, providing yellow-green luminescence of the Dy
complex. The observed lifetimes of terbium and dysprosium
complexes are (2563.4 + 0.8) us (Fig. S31) and (34.4 + 0.4) pus
(Fig. S32), respectively. In both the cases, one can speak of very
high values of 7,5, exceeding most of the carboxylate com-
plexes, which is associated with the suppression of vibrational
quenching in the rigid fluoroacetate framework."

4. Conclusion

The hexanuclear fluorocarboxylate anion [Lng(ps-F)g(tfa);,Le]*~
that is present in I-VI and in some compounds described
earlier®'® appears to be a common stable structural core for
the whole class of rare-earth fluorocarboxylate complexes.
Herein, we report a simple synthesis of seven new fluorine-rich
compounds containing the {Lng(us-F)s} core. The growth of
crystals of the target substances confirms the good yields and
reproducibility of the synthesis of I-VI, although their rich
crystallochemistry (three different sodium phases with slight
differences in composition and structure) and associated
phase interconversions require further study. Nevertheless, the
results obtained allow us to reach a number of conclusions
regarding the stability of the {Lng(ps-F)g} fragment for a wide
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range of rare-earth ions (Pr-Yb) despite the noticeable effect of
the lanthanide contraction.

Investigations on the luminescence properties of Ilb, III
and IV revealed the high lifetime of the excited state, along
with weak dependence of the photophysical characteristics on
temperature, which may be explained by the rigid nature of
the central fluorinated fragment containing the lanthanide
ions. The six close crystallographic metal positions in the core
open great opportunities for the syntheses of bimetallic
systems. For example this can allow to reach decreasing of the
concentration quenching and to obtain systems with sensibili-
sation or up-conversion effects.

The family of compounds is a good base for creating new
luminescent materials due to its thermal stability and wide
range of rare earth elements which can form this structures.
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