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The first example of polymeric lanthanide tetrakis-
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18185 ~ of up-converting NaGdF,4:Yb,Er,Nd thin films+
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A series of lanthanide tetrakis-trifluoroacetates {(detaH,),[La(tfa)glo(CH3CN)s(H-O),}, and (detaH,),[Ln
(tfa)slo, (Ln = Pr—Eu), mixed-ligand complexes [La(tfa)s(CHsCN)(H,O)l,, [Gd(tfa)s(deta),](PrOH) and
[Yb(tfa),(deta),l(tfa), as well as detaHy(tfa), were isolated and characterized. All lanthanide tetrakis-
trifluoroacetates contain two types of 1D anionic chains [Ln(tfa)4],,”~ and cavities occupied by detaH,?*
cations and solvating H,O and CHzCN molecules. The thermal behavior of (detaH,),[Ln(tfa)4l,, in air is
investigated by TGA, in situ VT-PXRD and total X-ray scattering with PDF analysis, and the formation of
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acetates and diethylenetriamine (deta) as precursors for chemical deposition of p-NaGdF4:Er,Yb,Nd thin
films is reported. The deposited p-NaGdF4:Er,Yb,Nd thin film demonstrates up-conversion luminescence
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Introduction

Polymeric and polynuclear carboxylate complexes of rare-earth
elements (REEs) are promising compounds to produce lumi-
nescent materials,' catalysts,”® single molecular magnets,”®
and magnetocaloric materials.”'" REE ions possess similar
coordination environments and chemical properties but differ
in their electronic structures. Therefore, the presence of
different REE cations with suitable resonance energy levels
within one compound provides the possibilities for design of
new luminescent thermometers," sensors,”® and up-conver-
sion materials>™"® due to the energy transfer between REE
centers. Molecular clusters of lanthanides are also considered
as secondary structural blocks for new coordination polymers
of different dimensionalities from 1D chains to 3D
frameworks."'®>"

Thin films of hexagonal B-NaLnF, doped with Er**, Yb*",
Tm*", Tb®" or Nd*" are considered as promising up-conversion
materials because of low lattice phonon energies and crystal
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under 980 and 808 nm laser excitation.

field strength for host materials based on f-NaLnF,.”>>” Up-
conversion luminescent materials require a host material
doped with at least two active elements (dual-doped system) —
sensitizer and activator, eg, NaY,75Ybo0Erlpo, and
NaYy 595 Ybg 20TMg 005.>5>° More complicated systems, such as
tri-doped B-NaLnF,:Er,Yb,Nd, can demonstrate more effective
luminescence.**>* For up-converting p-NaLnF,:Yb,Er,Nd
nanoparticles, the dopant content of 5% Nd, 2% Er and 20%
Yb is often used* ~*° but at the same time, there are no reports
in the literature regarding the optimal composition for
f-NaGdF,:Er,Yb,Nd thin films, as only p-NaYF,:Nd films were
obtained earlier.*”

In any case, uniform distribution of elements is essential
for multi-component NaLnF,-based materials. The metal-
organic chemical solution deposition (MOCSD) process allows
both the precise control of cation composition and their
uniform distribution. Fluorinated carboxylate complexes are
possible molecular precursors for oxide and fluoride thin film
materials in the MOCSD process.***° One of its requirements
is the precursor solution which does not crystallize upon
solvent evaporation. Studies of precursor solution chemistry
demonstrate that this can be achieved by hydrolysis**™*® or
polymerization of metal complexes.*” The simultaneous coex-
istence of hydrolyzed and non-hydrolyzed forms for lanthanide
cations in the gel is shown.

The hydrolysis additionally decreases the decomposition
temperature of the precursor in the deposition of oxide thin
films,*° but for fluoride films thermal decomposition of inter-
mediate hydroxocomplexes can result in the formation of oxy-
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carbonates and other by-products that complicates the depo-
sition of a phase-pure material.*”

Another way to control the nuclearity of complexes is using
polydentate organic ligands. Generally, their addition leads to
the formation of mono- or binuclear non-hydrolyzed isolated
complexes®™* or coordination polymers.>**> Solutions of
fluorinated complexes [Ln,(tfa)(diglyme),],>® [Ln(tfa),(deta),]
(tfa) (deta = diethylenetriamine),®® [Lny(pfp)sQ,] (Q = H,O,
diglyme),”® or polymeric [NaLn(tfa),(diglyme)],””*® [NaY(tfa),
(diglyme)], [[Na(triglyme),][Y,(tfa),(THF),]], and [Na,Y(tfa)s
(tetraglyme)]*® were previously exploited as precursors for the
B-NaLnF, phase; however only a few examples of lanthanide
tetrakis-trifluoroacetate systems were described.?®3%39762

In this paper, we present the systematic study of complex
formation in the Ln(tfa);-deta solution system and its appli-
cation as a precursor for MOCSD of thin films.

Tetrakis-trifluoroacetates with Ln®* (Ln = La-Eu) and proto-
nated deta cations were observed for the first time. The crystal
structures of polymeric {(detaH,),[La,(tfa)s],(CH3CN)5(H0)2} 1,
(detaH,),[Ln(tfa),],, (Ln = Pr, Nd) and [La(tfa);(CH;CN)
(H,0)],, as well as mononuclear mixed-ligand complexes
[Gd(tfa);(deta),](i-PrOH) and [Yb(tfa),(deta),](tfa) were deter-
mined. The simultaneous coexistence of hydrolyzed and non-
hydrolyzed forms for lanthanide cations in the gel is shown.
The thin films of p-NaGdF,:Er,Yb,Nd with up-conversion
luminescence properties were prepared for the first time by
MOCSD from the solution of lanthanide and sodium trifluor-
oacetates and diethylenetriamine.

Experimental
Materials and methods

Rare earth and sodium carbonates (analytical grade, Reakhim,
Russia), trifluoroacetic acid (Htfa, 98%, P&M Invest, Russia),
diethylenetriamine (deta, 99%, Sigma-Aldrich), (+)-3,7-
dimethyl-1,6-octadien-3-ol (linalool, 97%, Diillberg Konzentra,
Germany), diethyl ether (Medhimprom, Russia), acetonitrile
and isopropanol (99%, Irea2000, Russia) were used as received.
Na(tfa) and Ln(tfa);(H,O); were prepared from the corres-
ponding metal carbonates and Htfa as reported earlier®> and
certified by TGA and PXRD.

The Ln content was determined by gravimetric analysis.
TG-DTA data were obtained on a Derivatograph Q-1500 D in
static air with a heating rate of 10 °C min~" using an alumina
crucible without a cap; the mass of the sample was 50 mg.
FTIR spectra were recorded on a PerkinElmer Spectrum 3 FTIR
spectrometer in attenuated total reflectance (ATR) geometry in
the range of wavenumbers of 520-4000 cm ™.

PXRD patterns at room temperature were recorded on a
Rigaku MiniFlex 600 diffractometer (CuKa radiation, K filter,
D/teX Ultra detector) in the Bragg-Brentano geometry.
Variable-temperature PXRD (VI-PXRD) experiments were per-
formed in the temperature range 30-330 °C in the Debye-
Scherrer geometry (260 range 2.6-41.2°) on a Bruker D8 QUEST
diffractometer (Photon III CMOS area detector, MoKa radi-
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ation, Montel optics) equipped with a hot air blower. Samples
were placed into opened Kapton® capillaries of 0.5 mm dia-
meter. In situ heating experiment was performed in a stepwise
heating mode (10 °C per step) with the average heating rate of
2.5 °C min™*. 2D diffraction patterns were processed using
FormagiX software® and calibrated with a NIST SRM660c LaBg
reference sample, as described recently.*®

Total X-ray scattering data for pair distribution function
(PDF) analysis were collected at room temperature for powder
samples in Kapton® capillaries using the Bruker D8 QUEST
diffractometer in the Q range of 0.3-17 A™' as described
recently.*® PDF calculations were done with PDFgetX3 ®* using
the data in the Q-range of 0.3 to 12.0 A%, the refinements were
carried out with DiffPy-CMIL.®® Atomic coordinates were taken
from the crystal structure (detaH,),[Pr(tfa),],, and were fixed
during the fit. The scale factor and quadratic peak broadening
parameter have been refined.

XRD data for thin films were recorded in Bragg-Brentano
geometry and grazing incidence geometry using Tongda
TD-3700 (CuKo radiation, parabolic Gobel mirror, scintillator
counter) and Rigaku MiniFlex 600 diffractometers.

Quantitative analysis of the film composition was per-
formed by energy dispersive X-ray (EDX) spectroscopy using a
Silicon Drift Detector X-Max with an active area of 80 mm?®
(Oxford Instruments), integrated into the Supra 50 VP (Leo)
scanning electron microscope. The film was covered by a
carbon layer prior to analysis to avoid the charging effect.

Atomic force microscopy (AFM) was performed using an
NT-MDT NTEGRA Aura microscope operated in semi-contact
mode. Up-conversion luminescence (UCL) spectra were
recorded at room temperature using the setup based on an
Ocean Optics USB2000 fiber-optic spectrometer and two diode
lasers with an emission wavelength of 980 and 808 nm both
with a pumping power of 800 mW (Besram Technology Inc.,
China).

Preparation of {(detaH,),[La,(tfa)s],(CH;CN)5(H,0),},, (1),
(detaH,),[Ln(tfa)]>,, Ln = Pr (2), Nd (3), Sm (4), and Eu (5),
and [La(tfa);(CH3;CN)(H,0)],, (6)

Powder of Ln(tfa);(H,0); (28 mmol) was dissolved in 15-20 ml
of acetonitrile at room temperature; then, deta (5.6 mmol) was
added dropwise to the solution under vigorous stirring. The
solution was left to complete evaporation of the solvent for 5-7
days. After 2 days, several colourless crystals of X-ray quality
were obtained for 1 and 6. The resulted residue was rinsed
with diethyl ether and linalool to separate the crystalline pre-
cipitate from the gel-like by-product. The resulted precipitates
consist mainly of (detaH,),[Ln(tfa),],, (Ln = Pr-Sm, 2-4), while
for Ln = Eu the phase 5 was observed predominately as a by-
product (Fig. S17). The yield was 20-40%.

Anal. calc. for CyoH;5F»4N3046Pr, (2) (%): Pr, 21.83. Found
(%): Pr, 22.87. FTIR (v, cm™): 3295 (VW), 3088 (VW), 2972
(VW), 2934 (VW), 1804 (VW), 1734 (M), 1667 (S), 1640 (S),1620
(S), 1524 (W), 1488 (W), 1463 (M), 1419 (VW), 1387 (VW), 1350
(VW), 1317 (VW), 1193 (VS), 1169 (S), 1138 (VS), 1077 (M), 1044
(W), 1025 (W), 1010 (W), 969 (VW), 930 (VW), 902 (VW), 895
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(VW), 857 (M), 841 (M), 795 (S), 747 (W), 729 (M), 718 (S), 681
(W), 606 (W).

Anal. cale. for CyoH;5F24N3046Nd, (3) (%): Nd, 22.23. Found
(%): Nd, 22.09. FTIR (v, cm™"): 3295 (VW), 3083 (VW), 2976
(VW), 1802 (VW), 1791 (VW), 1737 (M), 1670 (S), 1642 (S), 1619
(M), 1524 (W), 1487 (W), 1463 (M), 1387 (VW), 1350 (VW), 1195
(vS), 1170 (S), 1140 (VS), 1077 (W), 1044 (VW), 1026 (VW), 1010
(VW), 970 (VW), 857 (M), 842 (M), 795 (S), 748 (W), 736 (M),
730 (M), 719 (S), 685 (VW), 607 (W).

Anal. calc. for CyoH;s5Fy4N30:6Sm, (4) (%): Sm, 22.96.
Found (%): Sm, 23.16 FTIR (v, cm™'): 3298 (VW), 3082 (VW),
1804 (VW), 1742 (M), 1672 (S), 1643 (S), 1619 (M), 1523 (W),
1486 (W), 1464 (M), 1388 (VW), 1350 (VW), 1316 (VW),
1196 (VS), 1169 (S), 1140 (VS), 1077 (W), 1044 (W), 1026 (W),
1009 (W), 969 (W), 857 (M), 842 (M), 795 (S), 749 (W), 737 (M),
730 (M), 719 (S), 608 (W), 522 (M).

Anal. calc. for Cy0H;5F,4N3046Eu, (5) (%): Eu, 23.14. Found
(%): Eu, 23.38. FTIR (v, cm™'): 3299 (W), 3083 (W), 3070 (W),
1807 (VW), 1746 (M), 1675 (S), 1646 (S), 1620 (M), 1522 (W), 1485
(W), 1467 (M), 1404 (W), 1368 (VW), 1349 (W), 1329 (W), 1306
(W), 1267 (W), 1196 (VS), 1171 (S), 1141 (VS), 1078 (W), 1058 (W),
1045 (W), 1025 (W), 1013 (W), 993 (W), 974 (W), 937 (VW), 858
(M), 842 (M), 829 (W), 795 (S), 780 (W), 749 (W), 737 (M), 729
(M), 719 (S), 690 (W), 669 (W), 649 (W), 608 (W), 522 (M).

Preparation of [Gd(tfa);(deta),](iPrOH) (7) and [Yb(tfa),(deta),]
(tfa) (8)

Powder of Ln(tfa);(H,0); (0.75 mmol) was dissolved in 2 mL of
isopropyl alcohol (for 7) or acetonitrile (for 8); then, deta
(1.5 mmol) was added dropwise to the solution under vigorous
stirring. The mixture was left in an open vessel for slow evapor-
ation. After 2 days, several colorless crystals of X-ray quality
were obtained for 7 and 8.

Preparation of detaH,(tfa), (9)

The solution of Htfa (12 mmol) in 5 mL of acetonitrile was
added to the solution of deta (6 mmol) in 5 mL of acetonitrile,
and the resulted solution was evaporated on a rotary evapor-
ator to a residual volume of 5 mL. The crystalline precipitate
was filtered and dried in air. The yield was 70%.

FTIR (v, cm™): 3353 (VW), 3326 (VW), 3292 (VW), 3088 (M),
2952 (M), 2920 (M), 2868 (W), 2184 (VW), 2164 (VW),
2160 (VW), 1800 (VW), 1678 (S), 1594 (S), 1518 (M), 1470 (M),
1430 (M), 1386 (W), 1377 (W), 1361 (W), 1348 (W), 1319 (W),
1279 (W), 1172 (S), 1120 (VS).

X-ray crystallography

Single crystal X-ray diffraction data were collected on a Bruker
D8 QUEST (50 kv, 1.4 mA, MoKa radiation, Montel optics, a
Photon III CMOS area detector) at 100 K and on a Bruker APEX
II (50 kv, 30 mA, MoKa radiation, a graphite monochromator,
a CCD area detector). The data acquisition for weak needle-like
crystals 1-3 was performed at an exposition time of 60-90
seconds per frame and these crystals demonstrated radiation
damage and rapid decay of intensity of higher-angle peaks. The
crystals were selected using a polarization microscope and then

This journal is © The Royal Society of Chemistry 2024
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screened on a diffractometer. Crystals of 2, 3, 6, and 9 were
treated as single crystals, while other ones were treated as twins:
1 was refined as a two-component inversion twin; pseudo-mero-
hedral twin 7 was de-twinned using the TwinRotMat algorithm
as implemented in PLATON;®* 8 was treated as a merohedral
twin with a twin law (-1000 -1 00 0 1).

The data were corrected for absorption by SADABS.®”
Crystal structures were solved by direct methods (SHELXS) or
dual-intrinsic phasing (SHELXT) methods and refined aniso-
tropically for all non-H atoms with the full-matrix F* least-
squares technique (SHELXTL PLUS).**7° For structures 1, 3, 7,
the soft restrains on some C-F, C-C, and C-N bond distances
and F-C-F, C-C-F angles were applied. All H atoms were
placed in geometrically calculated positions and were refined
in a riding mode. In structure 7, the disordered iPrOH mole-
cule was localized from Fourier synthesis but its refinement
was unstable and resulted in a poor data-to-parameter ratio,
thus it was finally excluded from refinement by the Squeeze
procedure of PLATON.®” Details of the data collection and
refinement parameters are listed in Table S1, Fig. S2 and S3.1

Coordination polyhedra of the Ln atoms were determined
using the continuous shape measures (CShM) approach as
implemented in SHAPE2.1 software;”" the results for 1-3, 6-8
are listed in Tables S2-S6.}

Hirshfeld surface analysis for 1 and 3 was performed using
CrystalExplorer software.””

Preparation of NaGdF,:Yb,Er,Nd thin films

The precursor solutions for thin film deposition were prepared
by dissolving metal trifluoroacetates in isopropyl alcohol.
Powders of Na(tfa) (1.500 mmol), Gd(tfa);(H,0); (1.095 mmol),
Yb(tfa);(H,0); (0.300 mmol), Er(tfa);(H,0); (0.030 mmol) and
Nd(tfa);(H,0); (0.075 mmol) were dissolved in 5 mL of iPrOH
at room temperature; then, deta (1.500 mmol) was added drop-
wise to the solution under vigorous stirring. Metal carboxylate
films were deposited on a single-crystalline «-Al,O; substrate
of C-plane orientation employing the dip-coating technique
with a pulling rate of 1 mm s~ and a drying temperature of
150 °C. Then, the resulting amorphous precursor films were
annealed at 600 °C for 15 min under argon with minor
amounts of HF released from KHF,.”®

Results and discussion
Synthesis

The method of self-controlled hydrolysis is used for the repro-
ducible synthesis of various lanthanide hydroxocomplexes
with a target structure. Addition of aliphatic amines (e.g. deta)
to a solution of lanthanide carboxylates promotes partial
hydrolysis and stabilizes the REE hydroxocomplexes with low
nuclearity of the metal-oxygen core, e.g. {Ln,(OH),} or
{Lng(OH)g}.*>*® In the present work, the reaction of Ln
(tfa)3(H,0); with the reduced amount of deta (molar ratio of
Ln:deta = 1:0.2) was studied. As a result, a series of non-
hydrolyzed crystalline compounds of 1-6 were isolated from
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the gel-like matrix. The single crystals of 1, 2-3, 6 and crystalline
powders of 2-5 were characterized by XRD (Fig. 1), TG-DTA and
FTIR. It was found that compounds 1-5 of general formula
(detaH,)[Ln(tfa),],(Solv), are lanthanide tetrakis-trifuoroacetates,
where the molar ratio of tfa~ to Ln®" is higher than in the initial
Ln(tfa);(H,0);. Thus, the formation of 1-5 most probably occurs
along with partial hydrolysis which provides the excess of tfa™ in
the solution according to eqn (1):

8Ln(tfa), + 2 deta + 4H,O — 4 1/n[Ln(tfa),],"”
+{Ln4(OH)4}8++2 detaH,>" + 8tfa~

Indeed, for Ln = Pr, Nd the powders of 2 and 3 contain a
minor admixture of the other crystalline phase
[Lny(OH),(tfa)g(H,0),], related to [Gdy(OH),(CF3CO0)g(H,0),]:
2.5H,0.” This phase will be reported later. In the case of
Ln = Eu, compound 5 can be hardly obtained as a pure
product and frequently appears as an admixture to
[Eus(OH),(tfa)g(H,0),],, while for heavier Ln = Gd and Yb the
single crystals of mixed ligand complexes [Gd(tfa)s;(deta),]
(iPrOH) (7) and [Yb(tfa),(deta),](tfa) (8) can be isolated (dis-
cussed in section 2.5 and 2.6 of the ESIT). Nevertheless, the
formation of (detaH,),[Ln,(tfa)s], compounds has been shown
even for heavy REEs including Lu (Fig. S11).

Crystal structure of {(detaH,),[La,(tfa)s],-5CH;CN-2H,0}, (1)

The structure 1 consists of two anionic polymeric chains
[Lay(tfa)g],*"", each formed by pairs of La atoms (Lal, La2, or
La3, La4, respectively) combined by bridging tfa™ anions (Fig. 2a
and ¢, S71). Cationic species detaH,>* and solvating CH;CN and
H,0 molecules are packed within the chain cavities.

Anionic chains demonstrate a roughly similar geometry but
they remarkably differ in La-O interatomic distances. Within
the first chain (Fig. 2a), atoms Lal and La2 with CN being
equal to 8 are in a similar square antiprismatic environment
(CShM = 0.206 and 0.173, respectively) (Table S2t). Namely,

Eu

\A_JJ Nd

Intensity [a.u.]

7A_J I ‘ calc.

LI L e L L B B

5 10 15 20 25 30 35 40 45 50
20 [deg]

Fig. 1 PXRD data for powder samples of 2—-5 (Pr—Eu), 1 = 1.5418 A.
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Fig. 2 Selected fragments of anionic chains of the first (a) and the
second (c) types and their packing (b and d) in structure 1. Hydrogen
atoms are omitted for clarity. Black dashed lines show the directions of
the hydrogen bonds. Blue lines show the elongated Ln—O contacts of
chelate-bridging tfa™ ligands. A Hirshfeld surface decorated with the
dhorm Property is shown for the chain of the first type. Symmetry codes:
i) -1+xy z(i)1+xy z (ii)—x, -05+y, -z (ivVJ1-x,-05+y,1—-z

Lal and La2 are coordinated by eight bridging carboxylate
groups; the mean La-O distances are 2.532(13) A and 2.529(18)
A respectively. Additionally, weak elongated contacts Lal---O2
(3.033(17) A) and La2---013" (2.995(17) A) reveal two carboxy-
late groups with slightly expressed chelate-bridging coordi-
nation (Table S87). The scheme of both chains is shown in the
ESI (Scheme 17).

Within the second chain atoms La3 and La4 (Fig. 2c)
possess different coordination environments. La3 is co-
ordinated by seven bridging carboxylate groups (mean La3-O
distance 2.502(13) A) and one chelate-bridging carboxylate
group. It is worth noting that the La3-O18 distance (2.882(17)
A, Table S71) is only slightly longer than the typical La-O
contact that allows one to consider it as a weak coordination
bond. Therefore, the CN of La3 equals to 8 + 1 and the coordi-
nation polyhedron of La3 is best described as distorted muffin
(CShM = 0.736, Table S21). The La4 atom is coordinated by
eight bridging carboxylate groups (mean La4-O distance
2.513(19) A, Table S7) with no chelate-bridging coordination.
So, the CN of La4 equals to 8 and the coordination polyhedron
of La4 is best described as square antiprism (CShM = 0.177,
Table S27).

The chains of both types are packed parallel to neighbours
along the [100] direction. This packing can be virtually separ-
ated into alternating layers formed by the chains of one par-
ticular type. Therefore, chains form two-layered packing with a
distorted 2D pseudo-hexagonal motif (Fig. S87). The packing is
loose and contains cavities occupied by detaH,>" cations and
solvating H,O and CH3;CN molecules. Carboxylic groups of
tfa~ anions, NH;-groups of detaH,>* cations and H,O mole-
cules form an extended framework of interchain hydrogen
bonds (Table S87) visualized as few isolated red-coloured d;,orm
spots on the chain side Hirshfeld surface (Fig. 2b and d).

This journal is © The Royal Society of Chemistry 2024
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Crystal structure of (detaH,),[Ln,(tfa)s],, Ln = Pr(2), Nd(3),
Sm(4), Eu(5)

According to single crystal XRD data for 2-3 and PXRD data for
2-5, these compounds are isostructural and therefore only 3
will be discussed as an example.

The structure 3 consists of two different anionic polymeric
chains [Nd(tfa),],"”, each formed by certain type of Nd atoms
(Nd1 or Nd2, respectively), and cationic species detaH,>*
(Fig. 3a and c, S97). The coordination environment of Nd1 and
Nd2 differs in detail despite the similar polyhedron (CN = 8,
square antiprism, CShM = 1.312 and 0.044 respectively,
Table S31). Namely, Nd1 is coordinated by one chelating car-
boxylate group (Nd1-O1 and Nd1-O2 distances are 2.596(6)
and 2.586(5) A respectively) and six distinct bridging carboxy-
late groups (mean Nd1-O distance 2.45(3) A). Nd2 is co-
ordinated by the eight bridging carboxylate groups (mean
Nd2-O distance 2.446(17) A, Table S9%). The scheme of both
chains is shown in the ESI (Scheme 2).

The chains of both types are packed parallel to neighbors
along the [001] direction. This structure can be considered as
two-layered packing of chains (each layer is formed by the
chains of only one type) with a distorted 2D pseudo-hexagonal
motif (Fig. S10t). The packing is tighter than in that in the
structure of 1 (as monitored by 2D lattice parameters # and v,
Table S91) and the packing cavities are occupied only by
detaH,*" cations with no solvent molecules. Carboxylic groups
of tfa~ anions and NHj-groups of detaH,>" cations form an
extended framework of interchain hydrogen bonds
(Table S10t) appeared as few isolated red-coloured dorm Spots
on the chain side Hirshfeld surface (Fig. 3b and d).
Nevertheless, according to Hirshfeld surface fingerprint ana-

Fig. 3 Selected fragments of anionic chains of the first (a) and the
second (c) types and their packing (b and d) in structure 3. Hydrogen
atoms are omitted for clarity. Black dashed lines show the directions of
the hydrogen bonds. Blue lines show the Ln—O bonds of chelating tfa™
ligands. A Hirshfeld surface decorated with the d,om property is shown
for the chains of both types. Symmetry codes: (i) -0.5 + x, y, 0.5 — z,
(i)05+x,y, 05—z (i)-1+x,y,z(iV2-x1-y,1-2z V3-x1-y,
1-z
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lysis (Fig. S117), O---H contacts make a minor contribution to
intermolecular interactions (less than 13%), while F---F con-
tacts predominate (with a contribution of 44-54%). This fact
facilitates the preservation of the polymeric chain structure
regardless of the removal of deta upon heating.

According to PXRD data, the unit cell parameters of 2-5
decrease along with reduction of ionic radius from Pr to Eu
(Table S12%). More detailed description of structures 1-3 is
presented in the ESI (sections 2.1-2.37).

An overview of the structures 1 and 2-3 as well as PXRD
data (Fig. 1, S17) allows us to conclude that the anionic poly-
meric chains [Ln(tfa),],"” demonstrate high adjustability of
the structure to the certain Ln due to variation of the coordi-
nation mode of the tfa™ ligand. Furthermore, the coordination
number of 8 is appropriate for the entire REE series providing
the existence of [Ln(tfa),],"” species for La-Lu. Some distinct
examples of polymeric tetrakis-trifluoroacetates of light and
heavy REEs®®*™*' as well as binuclear fragments with similar
four bridging tfa~ anions®”’*7° confirm this concept. It is the
existence of polymeric [Ln(tfa),],"” species for the entire REE
series that facilitates the formation of mixed-metal polymers
and allows us to obtain a homogeneous solution for the for-
mation of NaLnF, films.

Thermal behavior of (detaH,),[Ln,(tfa)g],, Ln = Pr(2), Nd(3),
Sm(4), Eu(5)

Since (detaH,),[Ln,(tfa)s], compounds are present in the solu-
tion used to deposit fluoride thin films, a thorough study of
their thermolysis is essential. The thermal behavior of 2-5 in
air was investigated in the temperature range of 20-1000 °C by
TGA (Fig. 4, left panel, Fig. S21-S24t1) and additionally
decomposition of 2 was monitored in situ by VI-PXRD in the
temperature range of 30-330 °C (Fig. 4, right panel).
Compounds 2-5 demonstrate similar thermal behavior with
three stages of decomposition which are described for repre-
sentative complex 2. Firstly, a hardly resolved stage of minor
weight loss (7.9%) in the 200-230 °C range is best attributed to
elimination of deta (NB, b.p. of deta is 204-207 °C (ref. 77))
and formation of the intermediate phase [HPr(tfa),], (calcu-
lated weight loss 8%). The elimination of deta affects the
crystal structure of the coordination polymer to splitting of
major peaks in the VI-PXRD pattern; however the product
retains its overall crystallinity (Fig. 4, right panel). The second
stage occurs in the 240-280 °C range and corresponds to the
thermolysis of tfa” and formation of PrF; as confirmed by
PXRD (Fig. 4, right panel). It is worth noting that the heating
of lanthanide carboxylates in the presence of amines can
result in the formation of oxycarbonates instead of trifluor-
ides.?® Fortunately, this is not the case for compounds 2-5,
where deta molecules are located outside the robust
[Ln(tfa),],"~ polymeric chains and are removed from the com-
pound prior to thermolysis. This behavior allows us to avoid
the formation of undesirable products during the deposition
of thin films. Finally, PrF; undergoes pyrohydrolysis above
600 °C, which is typical of REE trifluorides,”®”® and trans-
forms to the mixture of PrOF and PrO, (e.g., PrsOy4).
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Fig. 4 The data of TGA (left) and VT-PXRD (right) on the thermal behavior of 2 upon heating in air. On the left, black line shows the TG curve, the
pale grey line shows the DTG curve, the insert presents the PXRD of the residue compared to cards [44-1312] for PrOF and [42-1121] for Pr¢O4; from
PDF-2 database, 1 = 1.5418 A. On the right, white vertical bars show the calculated positions of intense (>3%) PXRD peaks for (detaH,),[Pr(tfa)4l.,

(down) and PrFs (up), 1 = 0.7107 A.

The structural features of 2 and the intermediate phase 2/,
obtained by heat-treatment of 2 at 230 °C followed by cooling
to room temperature, were investigated by total X-ray scattering
with Pair Distribution Function (PDF, G(r)) analysis (Fig. 5).
Owing to the strong scattering power of Ln atoms, the most
intense peaks in the G(r) of the polymer (detaH,),[Pr,(tfa)s],
originate from the closest Ln---O (at ca. 2.5 A) and Ln---Ln (at
ca. 3.5-5.0, 8.6-9.0 and 12.5-13.0 A) contacts. The experi-
mental G(r) of intermediate phase 2’ after 230 °C differs
slightly from G(r) of 2 in the short range, 1-6.1 A, and shows
the noticeable decay in the mid-range, 6.1-25 A. Nevertheless,
the Pearson correlation coefficient, pce = 0.916 for 1.0-10.0 A
and pce = 0.688 for 10.0-25.0 A, shows the similarity of G(r)
function for 2 before and after heating to 230 °C in the range
which describes the local structure and closest interatomic
contacts. Thus, one can suppose the preservation of the
anionic chain [Pr(tfa),],"~ motif after deta elimination,
although the anionic chains become less regular.

Deposition of f-NaGdF,:Yb,Er,Nd film

Preparation of p-NaGdF,:Yb,Er,Nd thin films was performed
by MOCSD which provides the precise control of the complex
cationic composition essential for up-conversion applications.
The isopropanol solution of REE and sodium trifluoroacetates
was used as a source of cations and fluorine atoms. Addition
of an excess of deta modifies the viscosity of solution and pre-
vents undesired crystallization of dissolved metal salts upon
solvent evaporation due to in situ formation of polynuclear
hydroxocomplexes with the {Ln,(OH),} core*® and polymeric
[Ln(tfa),],"~ species similar to 1-5. Moreover, the polymeric
nature of 1-5 structures contributes to homogeneous distri-
bution of different metal cations within the precursor solution.

18188 | Dalton Trans., 2024, 53, 18183-18192
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Fig. 5 The experimental PDF (Qmax = 12 A™%) of 2 and 2’ powders and
fits by the model of the (detaH,),[Pr(tfa)sl., crystal. Pearson correlation
coefficients (pcc) for short- and mid-ranges compare experimental PDF
of 2and 2'.

Dip-coating of the c-Al,O; substrate and further annealing at
600 °C resulted in the formation of the single-phase polycrys-
talline film of p-NaGdF,:Yb,Er,Nd. Indeed, GIXRD data (Fig. 6)
agree with the reference XRD pattern of hexagonal p-NaGdF,,
and minor peak shifts occur due to doping of the latter with a
significant amount of smaller Yb*" cations. #-26 XRD data
contain the peaks corresponding to the f-NaGdF, without pre-
ferred orientation. The formation of the cubic a-NaLnF, phase
was not observed due to the Gd-based matrix*” and this is ben-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4dt01114g

Published on 16 octobre 2024. Downloaded on 2025-01-08 06:16:45.

Dalton Transactions

GIXRD Intensity [a.u.] linear
0-20 Intensity [a.u.] log10

20 [deg]

Fig. 6 0-20 and GIXRD patterns (w = 0.5°) of thin films annealed at
600 °C. Lattice parameters: a = b = 6.0281(8) A, c = 3.5891(9) A, a = f =
90°, y = 120°, V = 112.95(2) A®. Reflections denoted as a—d, respectively,
refer to (a) 4/2 reflections for c-Al,Oz (006), (b) CuK;, (c) WK, and (d)
c-Al,O3 (006). Inset shows AFM height profiles of fluoride thin films.

eficial for the up-conversion efficiency.?® The composition of
the thin film monitored by EDX analysis shows a tailored cat-
ionic ratio (Fig. S257).

According to the AFM study, the film has a folded surface
formed by grains with a lateral size of 0.15-0.30 um (Fig. 6, S261).

Up-conversion luminescence of f-NaGdF,:Yb,Er,Nd film

The p-NaGdF,:Yb,Er,Nd film corresponds to a tri-doped system
and contains Yb®* and Nd*" as sensitizers and Er*" as the acti-
vator. In particular, Yb** absorbs near infrared (NIR) photons

4F 4|
2 4 92> 1152
1277 1572 H

4, 4 :
Sa™ s

Aoy = 808 Nm J

e odaga’)

Emission intensity [a.u.]

hgy = 980 NM J

T T T T T
400 450 500 550 600 650 700
Wavelength [nm]

Fig. 7 The emission UCL spectra for thin film NaGdF4:Yb,Er,Nd. The
inset shows the photo of a green emission of up-converted radiation at
Zex = 808 nm and a violet emission of scattered exciting radiation.
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whose energy is close to the energy of the Yb:|*F,,) — |*Fs,)
transition, 10.2 x 10*> em™ or Amax = 976 nm; moreover, Yb**
promotes transfer of energy to Er’". The presence of Nd**
allows the absorption of NIR photons with a shorter wave-
length due to the electron transition Nd:(|'lon) = |*Fsn)),
12.5 x 10° em™ or Ama = 800 nm. As a result, the deposited
film of p-NaGdF,:Yb,Er,Nd demonstrates an intense eye-visible
up-conversion luminescence under 980 and 808 nm laser
excitation (Fig. 7) despite the small amount of luminophore
within the film. The up-conversion luminescence spectra
contain typical emission bands which correspond to electron
transitions for the Er’* (655, 540 and 525 nm: |*Fop) —
|*T510); |PHi1e) = |[Masp); [*San) = |*Liss), respectively) and
agree with the emission spectrum of p-NaGdF,:Yb,Er,Nd nano-
particles of similar composition.*

Conclusions

Nowadays, the chemical transformations of REE carboxylates,
including trifluoroacetates, in the presence of amines are
being actively studied. Mono- and binuclear mixed-ligand com-
plexes, polynuclear hydroxocomplexes and hydroxogels are
known as products of these transformations, reflecting the
competition between complexation and hydrolysis processes.
It is necessary to study the composition, structure and thermal
behaviour of the compounds formed in this system to under-
stand the mechanism of their transformation to the final
material.

In the present work, the effect of diethylenetriamine (deta)
on crystallization of lanthanide trifuoroactetates was studied.
The crystalline lanthanide tetrakis-trifluoroacetates [(detaH,)
[Lny,(tfa)g](Solv),], were revealed for the entire REE series (La-
Lu) and isolated from the gel-matrix for Ln = La(1), Pr(2), Nd
(3), Sm(4) and Eu(5) in the absence of deta, while the excess of
deta leads to viscous homogeneous gel-like solutions stable
towards spontaneous crystallization and suitable for prepa-
ration of inorganic materials.

The complexes for 1 and 2-5 have similar crystal structures
and are formed from 1D polymer anionic chains [Ln(tfa),],"”
arranged in a pseudohexagonal motif. The cavities between
the chains contain detaH,>" cations and solvent molecules.
When heated in air, these complexes eliminate deta instead of
hydrolysis, while the motif of the chains remains unaffected
up to 260 °C when compounds transform to REE fluorides.

It is worth noting that the coordination environment of the
Ln ion in [(detaH,)[Ln,(tfa)s](Solv),], polymers easily adapts to
a specific REE, maintaining the structure of [Ln(tfa),],"”
anionic chains and making accessible the combination of
different REEs within each species in the precursor solution.
One could expect that detaH,*" cations which surround
[Ln(tfa),],"~ anionic species can be replaced by Na' cations in
the precursor solution. These features contribute to the hom-
ogeneity of solution, prevent the precipitation of individual
metal compounds during solvent evaporation and lead to the
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formation of complex fluoride thin films at moderate
temperature.

Thus, we have developed precursors that realize the advan-
tages of deta amine (for control of viscosity and crystalliza-
tion), but at the same time avoid the formation of LnO,F,
phases unsuitable for up-conversion application.

The solution based on REE and sodium trifluoroacetates
with deta was applied as a precursor for MOCSD preparation
of the tri-doped B-NaGdF,:Nd,Yb,Er film. Due to the simul-
taneous neodymium and ytterbium action as sensitizers, the
film exhibits up-converting luminescence upon excitation at
wavelengths of A, = 808 nm and A., = 980 nm. It is worth
noting that the up-converting luminescence with ., = 808 nm
was observed for the first time for the film sample.
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