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The study presents a comparative analysis of the spectral-luminescent properties of synthesized
B-diketonate coordination complexes of ytterbium with the following ligands: 2,7-dimethyl-oct-1-
en-3,5-dione, 2,6-dimethyl-hept-1-en-3,5-dione, 2-methyl-5-phenylpent-1-en-3,5-dione, 2-methyl-
5-biphenylpent-1-en-3,5-dione. In addition, research was conducted on polymeric compounds based
on these complexes and their phenanthroline mixed-ligand derivatives.

Using a range of physicochemical analysis methods, it was established that the structure of the ele-
mentary unit during polymerization, as well as the coordination sphere of the complexes during the
formation of mixed-ligand compounds, does not undergo significant changes compared to the initial
B-diketonate molecules. Thermal analysis revealed a significant increase in the decomposition onset
temperature of mixed-ligand and metallopolymeric compounds compared to their monomeric coun-
terparts. Luminescence spectroscopy demonstrated that the studied samples exhibit luminescence in
the infrared (IR) range.

A comparative analysis of the integral luminescence intensities of ytterbium complexes identified
key factors influencing the emission characteristics. Primarily, the synthesis of mixed-ligand complex-
es with phenanthroline mitigates the negative effects of one of the most well-known quenching factors:
OH-oscillators of water molecules, which complement the coordination sphere of monomeric ytterbi-
um complexes. Furthermore, the synthesis of polymeric compounds based on -diketonate complexes
positively affects the luminescence, potentially due to a reduction in concentration quenching, as in
polymers, the emitting centers are uniformly distributed along the macromolecular chain. Besides di-
rectly enhancing luminescent properties, this approach aims to address the practical application of the
synthesized compounds since polymers are significantly easier to process and can form film materials.

Based on the conducted research, the following luminescence intensity dependencies were estab-
lished: dmod>dmhpd>mbphpd>mphpd, as well as monomer-polymer-MLC-MLC polymer. As seen
from the presented data, the best emission characteristics are exhibited by ytterbium mixed-ligand
mono- and polycomplexes with B-diketones containing alkyl substituents.

Keywords: ytterbium, complex, luminescence, -diketones, polymers.
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INTRODUCTION. The luminescence of
ytterbium(III) coordination compounds is
a subject of intensive research due to their
unique spectroscopic properties and poten-
tial applications across various fields. A key
feature of the Yb** ion is its ability to emit in
the near-infrared (NIR) range [1], making it
highly appealing for investigation. For examp-
le, Yb-containing compounds can be used as
luminescent markers in immunofluorescence
analysis [2-5], as well as in laser systems, elec-
troluminescent devices, optoelectronics, and
communication technologies [6, 7].

Ytterbium complexes with organic ligands,
particularly p-diketones, are actively studied
due to their ability to provide high lumines-
cence efficiency and resistance to external in-
fluences. The ligand used for energy transfer
determines the luminescence process’s efficien-
cy. p-Diketones, which have a high absorbance
in the UV spectral range, serve as effective sen-
sitizers for luminescence due to their ability to
efficiently transfer absorbed energy to lantha-
nide ions [8, 9]. The luminescence intensity of
lanthanide ions, including Yb**, in B-diketo-
nate complexes is influenced by two primary
factors: energy transfer from the triplet state
of the ligand (T;) to the resonant level of the
Ln(III) ion and deactivation processes of the
excited levels of the Ln(III) ion. The efficiency
of energy transfer from the ligand to the metal
is determined by the energy gap (AE) between
the triplet and resonant levels, with the optimal
AE value depending on the type of ligand and
Ln(III) ion [9]. Experimentally, the T, energy
levels of ligands are determined from molecu-
lar phosphorescence spectra of their complex-
es with rare-earth metals that have an empty
(Y, La) or fully filled (Lu) 4f subshell or with
gadolinium, as the resonant 6P;/, level of the
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Gd(III) ion lies above the triplet levels of most
organic ligands [10].

The energy of triplet states in f-diketonates
of Ln(III) depends on the nature of the radicals
attached to the chelating [OCCCO] fragment
of the ligand and generally decreases in the fol-
lowing substituent series: aliphatic > fluorina-
ted > aromatic [11]. The energy of the triplet
level also decreases with the elongation of the
aliphatic chain of the fluorinated substituent.
For instance, using fluorinated p-diketonates
of Yb** can affect luminescence intensity, re-
ducing it with the increasing chain length of
fluorinated compounds [12, 13]. In [-dike-
tonates containing aromatic substituents, a
decrease in T; energy levels is observed with
the increasing size of the conjugated radical
system, e.g., phenyl > biphenyl > naphthyl =
phenanthryl > anthracenyl. Furthermore, the
branching of the alkyl radical chain reduces
the spectroscopic properties of the complexes
due to increased steric hindrance during coor-
dination.

Most B-diketones form hexacoordinated
complexes [Ln(p-dik)s;] with lanthanide ions,
where the coordination sphere of Ln(III) is
completed by solvent molecules, particularly
water. However, as shown in many studies, wa-
ter is a primary quencher of luminescence due
to the vibrational oscillations of O-H groups,
which facilitate non-radiative energy transfer.
Replacing water with organic ligands free of
such quenchers (e.g., phenanthroline or its de-
rivatives) significantly enhances the quantum
yield of luminescence. The additional ligand
may also participate in the energy transfer
process to the Ln(III) ion, further increasing
luminescence intensity [14-16]. The degree
of luminescence quenching by water mole-
cules is inversely proportional to the energy
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gap AEg between the emitting and ground
states. For Yb(III), this gap is relatively large
(~10,000 cm™), enabling the synthesis of yt-
terbium compounds with sufficiently high
quantum yields. Among P-diketonate lantha-
nide compounds emitting in the IR region,
Yb(III) compounds exhibit higher quantum
efficiency and longer luminescence lifetimes,
with emission wavelengths of 980-1000 nm.
This is particularly advantageous for applica-
tions in bio-objects, as they are transparent in
this range [17-19].

Ytterbium(III) is a unique ion among lan-
thanides, as it has only one emission band
corresponding to the *Fs/, = °F,/, transition.
Optimizing Yb** luminescence requires select-
ing appropriate ligands that act as “antennas,’
absorbing light more efficiently than the lan-
thanide ion and transferring this energy to the
excited state of Yb**, thereby enhancing lumi-
nescence intensity.

However, monomeric lanthanide complexes
have several drawbacks, including insufficient
thermal stability, a tendency to aggregate, and
difficulties in obtaining film materials, lim-
iting their use as precursors for luminescent
materials. One approach to overcoming these
challenges is incorporating polymer matrices
such as polymethyl methacrylate (PMMA),
polyvinylcarbazole (PVK), or polystyrene (PS)
to create stable materials with high lumines-
cence yields [20-22]. Lanthanide ion-based
polymer compositions, prepared by dispers-
ing lanthanide salts or -diketonate complexes
into polymer matrices, have been thoroughly
studied. Ytterbium polymer complexes are
typically formed by incorporating ytterbium
coordination compounds into a polymer ma-
trix, which acts as a stabilizing environment to
enhance luminescence stability and efficiency.

https://ucj.org.ua

Polymers not only provide a protective coat-
ing but also influence the coordination envi-
ronment of the ion, reducing the impact of
luminescence-quenching factors such as water
or ligand vibrations. However, these products
often lack uniform metal distribution within
the polymer matrix, resulting in unpredicta-
ble properties. Polymer compounds based on
monomeric complexes are promising in terms
of stability and enhanced luminescence inten-
sity. Lanthanide complexes with unsaturated
B-diketones containing a metal-chelating ring
and a double bond represent a readily available
and promising class of compounds for synthe-
sizing polymeric metal complexes. These com-
pounds enable one-stage synthesis of macro-
molecular metal chelates and uniform metal
distribution throughout the polymer, which
generally exhibits isotropic properties.

Despite the evident potential of such com-
pounds as polymerization monomers, research
on lanthanide p-diketonates with unsaturated
substituents remains limited. Combining poly-
mers with coordination complexes reduces the
impact of external factors such as moisture or
temperature on luminescent properties. This
paves the way for stable materials for optical
communication and biosensors operating un-
der challenging conditions.

Since the 2010s, researchers at the Depart-
ment of Heterophase Synthesis of Inorganic
Compounds and Materials, Vernadsky Insti-
tute of General and Inorganic Chemistry, NAS
of Ukraine, have investigated the polymeriza-
tion of unsaturated diketonate lanthanide com-
plexes [23-25]. Radical polymerization has
been used to obtain metallopolymers based on
mono- and mixed-ligand P-diketonate com-
plexes of Ln(III) with 2,7-dimethyl-oct-1-en-
3,5-dione, 2,6-dimethyl-hept-1-en-3,5-dione,
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2-methyl-5-phenylpent-1-en-3,5-dione, 2-me-
thyl-5-biphenylpent-1-en-3,5-dione, and their
mixed-ligand derivatives with phenanthroline.

Currently, key challenges in this field in-
clude identifying optimal ligands to enhance
luminescence efficiency and refining methodo-
logies for controlling the coordination envi-
ronment of ytterbium ions. Despite signifi-
cant progress in understanding luminescence
mechanisms, future research should focus on
developing new ligand types that minimize
quenching processes. Systematizing previously
obtained data, including those by the authors
of this article, is essential for these advance-

Son
YR

O OH

7R o
- N

0 ONa

This work summarizes the results of re-
search on ytterbium metal complexes and
their polymers with unsaturated p-diketones
containing alkyl and aromatic substituents and
compares the spectral-luminescent characte-
ristics of the compounds depending on the na-
ture of the substituents.

EXPERIMENT AND DISCUSSION OF RE-
SULTS. The study focused on mono-, mixed-li-
gand, and polymer coordination compounds
of ytterbium (III) with unsaturated B-dike-
tones. The synthesis of the initial f-diketones
was carried out via Claisen condensation ac-
cording to the methodology described in [26-
27] (Fig. 1).

2,6-Dimethyl-hept-1-en-3,5-dione
(Hdmhpd)

2.7-Dimethyl-oct-1-en-3,5-dione
(Hdmod)

2-Methyl-5-phenylpent-1-en-3,5-dione
(Hmphpd)

2-Methyl-5-biphenylpent-1-en-3,5-
dione (Hmbphpd)

Fig. 1 - Structural formulas of -diketonate ligands.

The synthesis of Yb(III) complexes with
p-diketones was conducted in aqueous-alco-
hol solutions by reacting ytterbium chloride
(YbCl;-6H,O) with the sodium salt of the re-
spective ligand at a molar ratio of 1:3.5 (pH
8-8.5) at room temperature. The synthesis
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of mixed-ligand complexes, where phenan-
throline was used as the second ligand, was
performed in alcoholic solutions with a
Yb(B-dik)s-Phen ratio of 1:1 following the
method described in [23].

Polymer [-Diketonates of Yb (III) were
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obtained through the homopolymerization of
the synthesized monomeric complexes via a
radical mechanism [24]. The polymerization
was carried out at 80 °C, with azobisisobuty-
ronitrile (AIBN) chosen as the initiator for the
radical polymerization, as the polymerization
mechanism for B-diketonates of lanthanides is
identical to that of vinylmonomers.

All synthesized compounds were investigat-
ed using IR spectroscopy, DRS, thermogravim-
etry, and luminescence analysis.

IR spectra were recorded using a Specord
M80 spectrometer in the range of 400-
4000 cm™" in KBr pellets.

Diffuse reflectance spectra in the range of
300 - 1100 nm were registered using a UV-
VIS-IR Shimadzu UV-3600 spectrophotome-
ter.

The hydratecomposition of the synthesized
compounds and their thermal stability were
determined using DTA. Thermograms were
recorded using a Q-1500°D derivatograph sys-
tem from F Paulik, J. Paulik, L. Erdey, in the
temperature range of 20-500 °C at a heating
rate of 5 °C/min in a platinum crucible with
a carrier (anhydrous Al,O;) under a static air
atmosphere.

The excitation and emission spectra of so-
lid complexes were recorded using a Fluorolog
FL 3-22 spectrofluorimeter, Horiba Jobin Yvon
(Xe lamp 450 W), with a light filter OS 11, fol-
lowed by corrections accounting for the emis-
sion distribution of the xenon lamp and the
sensitivity of the photomultiplier tube (PMT).
For the IR region, InGaAs photoresistors
(DSS-IGA020L, Electro-Optical Systems, Inc,
USA, cooled to liquid nitrogen temperatures)
were used as radiation receivers.

The coordination mode of P-diketonates
with the Yb(III) ion was determined by IR

https://ucj.org.ua

spectroscopy, which, in cases where direct
X-ray structural analysis is not possible, al-
lows the structural identification of [-dike-
tonate complexes. Fig. 2 shows a typical IR
spectrum of Yb(III) coordination compounds
with p-diketonate ligands containing unsatu-
rated substituents in the a-position, and Table
1 summarizes the main vibrational frequencies
and their assignments for all studied ytterbi-
um-containing p-diketonates.

The main characteristic vibration bands of
complex B-diketonate compounds are located
in the region of 1500-1700 cm™, which cor-
respond to stretching vibrations of carbonyl
groups and multiple CC bonds of the dicarbo-
nyl fragment [28, 29].

Since there is a delocalization of electron
density in the diketonate fragment, the stretch-
ing vibration bands occupy an intermediate
position between the stretching vibrations of
single C-O and C-C and double C=0 and C=C
bonds. Thus, the band with a higher frequency
(~1580-1610 cm™) corresponds to the sym-
metric stretching vibration of the bond (C=0),
and with a lower frequency (~1540-1580 cm™)
to the asymmetric stretching vibration of the
bond (C==C). It should be noted that for mo-
nomeric and polymeric complexes with mbph-
pd and Phen, the splitting of the v (C--O) band
into 2 components is observed, which may be
due to the structural inequivalence of some
chelate rings. For most polymeric compounds,
the v(C=C) band appears in the region of
~1650-1660 cm™ as a shoulder, indicating the
presence of terminal unsaturated groups, and
in the case of the [Yb(mphpd) Phen] comp-
lex, the average intensity of this band may indi-
cate an incomplete polymerization process and
the formation of a certain number of oligome-
ric products.
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Fig. 2. - IR spectrum of the complex Yb(mphpd),-2H,O.

Table 1.

Assignment of vibration bands in the IR spectra of Yb(III) B-diketonate (cm™)

Complex v(Yb-0)+3, | ring v(Yb-N) | v (C==C) | v(C==0) v (C=C)
Yb(mphpd)3-3H20 421, 453, 490, 505, 545 - 1580 1596 1655
Yb(mphpd)3-Phen 405, 464, 487, 504, 545 467 1582 1601 1655
Yb(mbphpd)s-ZHzO 411, 429, 450 - 1560 1586 1653
Yb(mbphpd)s'Phen 410, 428, 451 474 1558 1575, 1607 1653
Yb(dmhpd)3-2HZO 408,430, 478, 501, 526 - 1555 1555 1640, 1660
Yb(dmhpd)3-Phen 420, 435, 481, 495, 507 477 1552 1590 1630
Yb(dmod)3-2HZO 456, 470, 489, 520 - 1542, 1560 1590 1680
Yb(dmod)S-Phen 450, 468, 470, 515 480 1547 1592 1650
[Yb(mphpd)3]n 421, 453, 490, 505, 545 - 1560 1590 1651sh.
[Yb(mphpd)3-Phen]n 410, 420, 435, 495, 507 481 1565 1585 1650
[Yb(mbphpd),] 406, 427, 455 ; 1559 1581, 1599 1652sh.
[Yb(mbphpd)3-Phen]n 409, 432, 461 481 1561 1580, 1607 1651sh.
[Yb(dmhpd)3]n 419, 426, 484, 511 - 1537 1578 1659sh.
[Yb(dmhpd)3-Phen]n 417, 429, 475, 515 468 1535 1577 1653sh.
[Yb(dmod),] 421, 435, 481, 511 ; 1542 1581 1661sh.
[Yb(dmod)3-Phen]n 419,439, 474, 518 465 1544 1584 1663sh.
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In the low-frequency region of the spectra
(400-600 cm™) a set of bands appears, which
corresponds to a combination of stretching
vibrations of the Yb-O bond and deforma-
tion vibrations of the chelate ring. At the same
time, the frequencies of the § __and v(Yb-O)
differ slightly for different compfexes, since the
structure of the [OCCCO] fragment of the li-
gands practically does not depend on the type
of substituents in them, which may indicate
a close coordination environment of Yb(III)
in all the studied compounds. For complexes
with phenanthroline in the IR spectra in the
range of 465-480 cm, bands corresponding
to the stretching vibration of Yb-N are addi-
tionally observed. Their presence confirms the
formation of mixed-ligand complexes. The po-
sition of the v vibration of the Yb-O bonds in
the IR spectra of polymer and monomer comp-
lexes is almost the same, and the slight shift of
the band data to the low-frequency region (up
to 20 cm™) for polymer complexes is probably
due to the deformation of the coordination site.
That is, during polymerization, the immediate
environment of the lanthanide ion practical-
ly does not change in comparison with metal
complexes.

a

In the region of 3200-3600 cm™ for all
monomer complexes, there is a broad vibration
band of the O-H groups, which is associated
with the addition of water molecules to the co-
ordination sphere of ytterbium(III) complexes.
In the case of phenanthroline complexes, this
band is not observed in the IR spectra, which
indicates the displacement of water molecules
from the inner coordination sphere due to the
coordination of the Phen molecule to the cen-
tral ion. In the case of polymer complexes, the
v(O-H) band has a low intensity in the given
spectral range. This can be explained by the
presence of a small amount of occluded water
in the structure of metal polymers.

The similarity of the IR spectra of metal
chelate monomers, mixed ligand and polycom-
plexes suggests the proximity of the ligand en-
vironment of metal ions in these compounds.

Based on the analysis of the IR spectra, it
can be unequivocally stated that in the com-
plexes Yb(B-dik),-2H,0O the metal ion coordi-
nates the p-diketonate ligands bidentately-cy-
clically with a delocalized system of m-bonds
in the chelate ring. In this case, six-membered
metallocycles are formed (Fig. 3).

Z

Fig. 3 — Schematic structure of Yb(III) complexes: Yb(B-dik), (a), Yb(B-dik),Phen (b).
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From the point of view of the possible prac-
tical application of the synthesized coordina-
tion compounds of ytterbium (III), an impor-
tant stage of the study is the thermal analysis,
in particular the determination of the thermal
stability of the synthesized compounds. The
thermal stability of Yb(III) complexes with un-
saturated P-diketonesis analyzed in sufficient
detail in [23, 24]. The generalization of the
results of thermal studies of Yb(III) p-diketo-
nates shows that the thermal decomposition of
all compounds proceeds in the same way:

- dehydration of monomeric complexes
Yb(B-dik),, regardless of the -diketone,
occurs in the temperature range of 120-
127 °C and is accompanied by endoeffects,
which corresponds to the elimination of
two coordinated water molecules;

- for mixed-ligand compounds, the ab-
sence of this thermal effect indicates the
replacement of water molecules by a phe-
nanthroline molecule. The elimination
of a phenanthroline molecule begins at
about 170 °C;

- in the case of polymer complexes at a tem-
perature of ~ 130 °C, a slight endoeftect is
observed, which may indicate the elimi-
nation of water remaining in the voids of
the polymer matrix during polymeriza-
tion of the monomer;

- at a temperature of > 180 °C, polymeriza-
tion of complexes occurs without an ini-
tiator;

- in the temperature range of 250-450 °C,
oxidative thermal destruction of all comp-
lexes is accompanied by a number of exo-
effects, which is due to the decomposition
of organic fragments of the molecule,
and the final decomposition products are
non-stoichiometric ytterbium(III) oxides;
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— the thermal stability of the studied com-
pounds increases in the following order:
monocomplexes>mixed-ligand complex-
es>metalpolymers>mixed-ligand metal-
polymers.

The temperature at the onset of degradation
varies from 250 °C (for monomers) to 375 °C
(for polymers). This effect may be due to the
denser, ordered packing of polycomplexes with
a complex, possibly branched, system of bonds.

The geometry evaluation, coordination
number, and determination of the symmetry of
the nearest coordination environment around
the Yb(III) ion were carried out based on the
analysis of the position and intensity of the f-f
transition bands in the diffuse reflectance (DR)
spectra of the studied compounds.

In Fig. 4, as an example, the DR spectra of
Yb(III) complexes with 2,7-dimethyl-octen-
1-dione-3,5 are shown, while Table 2 lists the
characteristics of the *F, , — °F, ) transition for
all synthesized complexes. In the DR spectra of
all complexes, one °F, — °F_ transition cha-
racteristic of the Yb(III) ion is observed, with a
maximum in the range of 970-980 nm. At the
same time, the overall appearance of the spectra
for both monomeric and polymeric complexes is
similar, indicating that polymerization does not
affect the geometry and structure of the coordi-
nation polyhedron of the lanthanide. The slight
difference in A__ values is due to the geometric
structure of the substituents in the -diketonate
ligands, which have different A__ values for al-
lowed m-m* transitions in the near ultraviolet
region (200-400 nm). For example, replacing
a biphenyl substituent with an alkyl substituent
causes a significant shift in the absorption maxi-
mum and broadening of spectral lines, which is
due to different energy characteristics of the of
the ligands being studied [10, 24].
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Fig. 4 — Diffuse reflection spectra of complexesYb(dmod),-2H,O (1), Yb(dmod),-Phen (2),

https://ucj.org.ua

[Yb(dmod),] (3), [Yb(dmod),-Phen] (4) [24].

Position of the maxima of the ’p ézF transitions in the DRS

of Yb(III) complexes with Unsaturated B-diketones

Complex )\max, nm B ) b2
Yb(mphpd)3-3H20 975 0,9945 0,5530 0,05244
Yb(mphpd),-Phen 978 0,9968 0,3210 0,04000
Yb(mbphpd)s-ZHZO 974 0,9957 0,4319 0,04637
Yb(mbphpd)3-Phen 976 0,9941 0,5935 0,05431
Yb(dmhpd)3-2HZO 973 0,998 0,2004 0,03162
Yb(dmhpd),-Phen 974 0,998 0,2004 0,03162
Yb(dmod)S-ZHZO 975 0,9951 0,4924 0,04950
Yb(dmod) -Phen 975.5 0,9969 0,3110 0,03937
[Yb(mphpd),] 971 0,9978 0,2205 0,03317
[Yb(mphpd),-Phen] 973 0,9962 0,3814 0,04359
[Yb(dmhpd),] 972 0,998 02004  0,03162
[Yb(dmhpd) -Phen] 973.5 0,997 0,3009 0,03873
[Yb(dmod),] 973 0,9978 0,2205 0,03317
[Yb(dmod),-Phen] 972 0,9947  0,5328  0,05148

Table 2
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It should be noted that for mixed-ligand
phenanthroline complexes, regardless of the li-
gand, there is a slight (~30 cm™) bathochromic
shift of the band maximum and a significant
increase in absorption intensity. Probably, the
N,N-donor ligand makes the structure of the
complexes more rigid due to the axial distor-
tion of the f-metal coordination site during
the coordination of the Phen molecule with
two nitrogen heteroatoms, providing effective
shielding of the Yb*" nucleus from external
quenching compared to the original complexes
without Phen.

However, in general, the shape and position
of the’F, >°F, , transition band for all ytterbi-
um compounds are almost the same, which in-
dicates a similar coordination environment of
Yb(III) in all synthesized samples. At the same
time, the absorption maxima for monocomp-
lexes are close to A of the aquated Yb_, ion
(973 nm), which indicates a close symmetry of
the nearest coordination environment of the
ytterbium ion in complexes and inorganic salts
[30]. Thus, it can be assumed that the synthe-
sized Yb(III) B-diketonates are characterized
by C, symmetry, the lanthanide coordination
number = 8, to which the coordination poly-
hedron corresponds is a deformed square an-
tiprism.

For all synthesized compounds, the covalent
bond parameters were calculated: the nephe-
loxetic parameter ({3), the covalent parameter
(b,,) and the Sinha parameter () (Table 2).
As can be seen from the data in Table 2, for all
complexes the values of p are close to 1, which
may indicate a high ionicity of the Yb-O bond
[31]. The parameters b, ,and § characterize the
degree of covalent bond of the lanthanide with
the donor ligand molecules. The largest va-
lues of b, are found in monomeric complexes,
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which also correspond to the largest values of
d, which indicates a smaller contribution of the
covalent component to the Yb-O bond. Dur-
ing polymerization of the complexes, the va-
lues of b, decrease by almost 1.5 times, which
indicates an increase in the covalent bond
when transitioning from mononuclear to poly-
meric complexes. This is also confirmed by the
values of the parameter d: S[qus. dik)3]n<8Yb({3» g3
The lowest values of covalence parameters are
found in ligands with alkyl substituents (2,7-di-
methyl-oct-1-en-3,5-dione, 2,6-dimethyl-hept-
1-en-3,5-dione), which are structurally less
bulky than (-diketones with phenyl substitu-
ents (2-methyl-5-phenylpent-1-en-3,5-dione,
2-methyl-5-biphenylpent-1-en-3,5-dione).
Therefore, dmhpd/dmod easily “fit” to the cen-
tral atom, while bulky mphpd/mbphpd mole-
cules do not create additional shielding of the
emitting centers and can form a more ionic
bond with the central atom. Thus, a decrease
in the parameter b , in the order mphpd>
mbphpd>dmod>dmhpd indicates a decrease
in the covalent contribution to the metal-li-
gand bond. It is clear that in the case of poly-
mers, the contribution of the covalent compo-
nentis greater, which is due to the insignificant
deformation of the coordination site due to the
polymerization processes, while the structure
and symmetry of the complexes do not under
go major changes. Due to the weakening of the
ionicity of the bond with increasing covalency,
the intensity of the radiation can increase due
to the decrease in the shielding of the emitting
ion. However, this is not the only factor affect-
ing the intensity of luminescence.

For all obtained Yb(III) complexes, a char-
acteristic 4f-luminescence is observed in the
near-IR region of the spectrum (A = 980-

e 5
1015 nm, transition’F, — Fm)'
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An important condition for observing in-
tense luminescence is the optimal energy gap
between the triplet level of the ligand (E,) and
the resonance level of the lanthanide. To expe-
rimentally determine the energy of the triplet
levels of B-diketones, the fluorescence spectra
of GA(III) complexes were studied, which were
synthesized by a similar method as the Yb(III)
complexes (Fig. 5, Table 3) [10].

Table 3.
Calculated energies of the triplet levels
of the ligands.

Ligand | E, (cm™”) | AE —Ey s /2)’(cm'1)
dmhpd 19570 9370
[dmhpd] 19230 9030
dmod 19350 9150
[dmod]_ 18900 8700
mphpd 19490 9290
[mphpd]_ 20600 10400
mbhppd 21000 10800
[mbhppd], 20750 10550

lnos @rb.up.

15000 4

" —Gd(dmhpd),Phen

Y

10000 4

Gd(dmhpd),

5000 P
/ {
/| ‘\\\
/ | [Gd(dmhpd),) "~
/ s SN o 0 R
VAR SR e P
0 T . ; .
450 500 550 600 A.nNmM

Fig. 5 — Phosphorescence spectra of some
gadolinium complexes, T=77 K.

The calculated values of the triplet energy

levels of the ligands and the width of the energy
gap between the E_of the ligands and the reso-

https://ucj.org.ua

nance °F_ level of Yb(III) (10330 cm™) show
that in all cases, intramolecular energy trans-
fer to the metal ion is fundamentally possible,
which indicates the ability of the complexes to
exhibit effective 4f-luminescence.

Fig. 6 (a, b, ¢) presents the excitation and
luminescence spectra of ytterbium compounds
with the studied P-diketones. The excitation
spectra of the complexes (Fig. 6, a) are similar
for all compounds regardless of the ligands and
represent broad structured bands in the region
of 230-410 nm, corresponding to the m-m*
transitions of the -diketonate fragment. The
partial overlap of the ligand absorption spec-
tra and the excitation spectra of the complexes
indicates the sensitization of 4f-luminescence
due to intramolecular energy transfer from the
B-diketonate fragment to the ytterbium ion.
Compared with the absorption of the organic
ligand, the bands of the f-f transitions of Yb(III)
are quite weak, which confirms the predomi-
nant sensitization due to the excitation of the
ligand compared to the direct excitation of the
lanthanide ion.

In the luminescence spectra of Yb(III)
B-diketonates, the most intense is one band,
which corresponds to the transition from
the excited level °F, >°F_ in the region A_ =
978-985 nm. Table 5 shows the position of this
band for all synthesized ytterbium complex-
es, and also the calculated integral intensities
of luminescence of the samples. In addition to
the narrow peak, a broad band at A=1000nm
is observed in the spectra, which corresponds
to optical transitions of an electron between
the Stark sublevels of the ion and depends
on the symmetry of the crystal field of the li-
gand. The difference in the shape of the spec-
tral lines and the integrated intensity for dif-
ferent ligands can be due to both the different
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structure of the ligands and the screening of
the emitting centers by phenyl substituents of
aromatic 3-diketones or phenanthroline. Thus,
the maximum relative emission intensity is
observed for complexes with dmod, which is
up to = 6 (for monomers) and = 1.5 (for pol-
ymers) times higher than the relative intensity
for complexes with other P-diketones, which

can be explained by the positive effect of the
additional methylene group of the hydrocar-
bon radical in dmod, which in a certain way
weakens the bond of the Yb(III) ion with the
ligand due to there distribution of the electron
density in the molecule, and, presumably, con-
tributes to a more efficient transfer of energy
from the ligand to the metal.

Iex. 70000 2, 2R
70000 51 72
00095 Yb(dmod),
60000
Yb(dmokd), 50000 4
50000 S
< 40000
“r Yb(mbphpd),
40000 Yb(mbphpd), g 30000
30000 - -
20000
20000 A
Yb(dmhpd), 1000 Yb(mphpd),
10000 Yb(mphpd), g _‘JLL\
0 T T T T T < > ! l J
250 50 e 400 430 ),.nm 900 950 IOOOA 1050 1100
,nm
a b
200000 [Yb(dmod);Phen],,
180000
ZFS/‘Z £F7/2
160000
140000
=
& 120000 [Yb(dmhd),Phen],
£ 100000
=
= 80000 - [Yb(mbphpd);Phen],
60000
40000
20000 [Yb(mphpd),Phen],,
0 -
T T T T T
900 950 1000 1050 A 1100
,nm
C
Fig. 6 — Excitation (a) and luminescence (b, c) spectra of Yb(III) B-diketonates
(A,,-=365 nm, T=293K).
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The minimum value of I, is exhibited by
complexes based on methacroylacetophenone
(Table 4), which maybe due to the structural
features of the methacroylacetophenone mo-
lecule, namely, the screening of the emitting
centers of the ytterbium ion by the aromatic-

ring. The higher integral intensity of comp-
lexes based on mbphpd compared to mphpd
could be explained by an antenna effect or
stacking-stacking interactions in the biphenyl
substituent.

Table 4.

Characteristics of luminescence spectra of complexes with unsaturated diketones.
Complex A, NM [, 10%au. |Complex Ay, NM [, 10%au.
Yb(mphpd),-3H,0 978 309580.54 Yb(dmhpd),-2H,0 980, 1005, 2054 1758376.24
Yb(mphpd),-Phen 978 1758712.35 Yb(dmhpd),-Phen 984 5416980.82
[Yb(mphpd),] 978 477261.68  |[Yb(dmhpd),] 982 2076017.15
[Yb(mphpd),-Phen] %2’71001’ 114618.03 | [Yb(dmhpd),-Phen],  985,1020 5927269.72
Yb(mbphpd),2H,0 980 51433836 |Yb(dmod),2H,0 983 3348353.14
Yb(mbphpd),-Phen 982 5446747.50 Yb(dmod),-Phen 982 6284268.62
[Yb(mbphpd),], 981 529824.78 | [Yb(dmod),], 985 2693542.02
[Yb(mbphpd),-Phen], ?35’81014’ 636707255 | [Yb(dmod),-Phen] ggé 985,987, 9470427 30

For the all studied complexes, the integral
luminescence intensity of metallo polymers
exceeds the luminescence of their monomer-
ic analogues, which is due to the presence of
a larger number of emitting centers in [Yb(B-
dik),] (Fig. 5, b, ¢). In addition, the higher
luminescence intensity of polymeric metal
complexes enhanced with monomeric ones
may be due to an increase in the molecular
weight of the metallopolymer, which, in turn,
contributes to a decrease in exchange inter-
actions between lanthanide ions, and, conse-
quently, to a decrease in energy loss, and also
contributes to a more eflicient transfer of ener-
gy from the molecular levels of the polymer to
the resonance level of Yb(III).

The highest luminescence intensity is ob-
served in the mixed ligand complexes, re-

https://ucj.org.ua

gardless of the pB-diketonate ligand. Thus, for
monomeric dimethyloctene and dimethylhep-
tene complexes I, . increases by 2 and 3 times,
respectively, and for complexes with mphpd
and mbphpd I, increases by 6 and 10 times,
respectively. The tendency to increase the in-
tensity of luminescence is also preserved for
polymeric mixed-ligand compounds, with this
value of [ individual monoligand polymers
increases by up to 1.5 times. The exception is
the complex with methacroylacetophenone,
the luminescence of which decreases upon
formation of a mixed-ligand polymer com-
plex. The obtained data can be explained by
two reasons, one of which is possibly due to
the removal of OH oscillators from the inner
sphere of the complexes, which quench the
luminescence of the compounds [32]. On the
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other hand, due to the additional coordination
of the REE ion of the neutral phenanthroline
ligand, intramolecular energy transfer occurs
from Phen to B-dik, after E (p-dic)<E (Phen)
(E (Phen) = 21480 cm™), which only leads to
an additional antenna effect.

As can be seen from Fig. 5¢, for the homo-
polymer [Yb(dmod),-Phen] ,abroadeningand
splitting of the °F, ) — °F_ transition line into
4 components at 981, 985, 987, and 990 nm is
observed. Such splitting indicates the presence
of several emitting centers. This may be due to
the formation of complexes with different de-
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4000000
3000000
2000000
1000000

0

dmbyd  —

dinod  ——————
[dmod] ——

mphpd =
mbhppd =

[dmhd] —

grees of polymerization. It is known that com-
pounds with long alkyl substituents polymerize
with a low degree of conversion, which is due
to the transfer of the chain to the monomer,
therefore, during polymerization, several poly-
mer compounds of different molecular weights
and, accordingly, different optical properties
can be formed.

Summarizing the data of the luminescent
properties of Yb(III) complexes with unsatu-
rated -diketones, we can draw the following
conclusions (Fig. 7):

I ]
)

Pl

o)

[mbhy

[d
\

Fig. 7 — Diagram of the change of integral intensity of luminescence inYb(III) f-diketonates
depending on the nature of the substituents in the ligands molecules.

« the intensity and efficiency of lumines-
cence directly depend of the nature of the sub-
stituents in the ligand molecules (aliphatic sub-
stituents in the a-position contribute to more
efficient emission in the near-IR range than
aryl ones) and increase in the order dmod>
dmhpd>mbphpd>mphpd;

o the luminescence intensity of Yb(III)
complexes with phenanthroline for all synthe-
sized compounds is higher than for monoli-
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gand complexes, which is due to the leveling
of the gassing action of water molecules and
additional energy transfer and luminescence
sensitization;

« the luminescence intensity of metallopoly-
mers is higher than that of monomeric comp-
lexes. Not a very significant difference in the
integral intensity of luminescence between
monomeric and polymeric samples maybe
due to the complex structure of ytterbium (III)
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B-diketonate complexes, which prevents the
production of polymers with high molecular
weight;

o the change in the luminescent properties
of Yb(III) B-diketonates occurs in the follow-
ing series: Yb(B-dik),.2H O< [Yb(B-dik),] <

Ligands

Yb(B-dik),-Phen < [Yb(B-dik),-Phen] , B-dik:
mphpd<mbphpd<dmhpd<dmod.

According to the obtained data for the
studied Yb(III) complexes with unsaturated
pB-diketones, the following excitation and ener-
gy transfer scheme can be proposed (Fig. 8)
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Fig. 8 - Scheme of energy transfer from an organic ligand to the Yb(III)
(GSA - ground state absorption).

As calculated above, there is a significant en-
ergy gap between the triplet state of the ligand
and the excited state of the ytterbium (III) ion.
In addition, for Yb**ions, the °F, , fluorescence
level lies ~10,000 cm™ above the °F,  ground
state, which in this case allows us to speak
about vibronic interaction or the mechanism
of internal electrontransfer from the ligand
to the metal [33]. We propose that the energy
transfer from the ligand triplet state to the ex-
cited level of Yb**, facilitated by vibronic cou-
pling, accounts for the population of the Yb**
excited state, which can then relax radiatively
to the ground state by emitting photons at ap-
proximately 980 nm. This indicates an effective

https://ucj.org.ua

antenna effect, since the excitation energy pho-
togenerated inorganic ligands is quickly trans-
ferred to the Yb** nucleus. The type of -dike-
tone mainly affects the intensity of absorption
and emission.

CONCLUSIONS. Monomeric, mixed-li-
gand and polymeric complexes of ytterbium
(III) with B-diketonate ligands with alkyl and
aryl substituents were synthesized and stud-
ied. It was established that the Yb(III) ion
forms triscomplexes with B-diketonate ligands
of the general formula Yb(f-dik),-2H,O, the
coordination sphere in monoligand complex-
es is supplemented by 2 water molecules, the
coordination number of the lanthanide = 8,
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the coordination polyhedron is a square an-
tiprism. Yb(III) B-diketonates easily attach a
donor ligand (phenanthroline), which displac-
es H O molecules (OH-oscillators) due to the
formation of stronger bonds with the central
ion. Replacing water molecules with a phenan-
throline molecule does not affect the structure
of the coordination polyhedron, but causes
only its slight deformation, which is reflected
in the covalence parameters (increasing the
covalence of the bond). The polymerization
process also does not significantly affect the
structure of the elementary unit, there is only
a slight distortion of the coordination polyhe-
dron. The thermal stability of the synthesized
complexes increases from monoligand mono-
meric compounds to mixed-ligand polymers,
which can be explained by the formation of
compounds with a more rigid structure and a
system of branched chemical bonds.

The study of luminescent characteristics
showed that the integral intensity of lumi-
nescence varies in the series: dmod>dmbh-
pd>mbphpd>mphpd and monomer-poly-
mer-MLC-MLC polymer. The best lumines-
cent characteristics are possessed by the ytter-
bium complex based on dmod. A significant
increase in the luminescent properties of the
synthesized complexes occurs when obtaining
mixed ligand complexes with phenanthroline,
which is primarily associated with solving the
problem of the quenching effect of water mol-
ecules. Also, a noticeable increase in I, _occurs
when synthesizing MLC polymers. The prepa-
ration of such compounds is of practical im-
portance, since it is easy to obtain film materi-
als from polymer samples. Thus, the conduct-
ed studies of Yb(III) p-diketonate complexes
may hold promise for practical applications as
precursors of luminescent materials.
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Y po60Ti IpoBefieHO MOPiBHSAIBHNUI aHATTI3
CIEKTPAJIbHO-IIOMIHECLIEHTHUX ~ BJIaCTMBOC-
Tell CUHTE30BAaHUX KOOPAVHALIMHUX [-7u-
KeTOHATHMX KOMIUIEKCIB iTepOito 3 TaKUMU JTi-
raiugamm: 2,7-OUMeTUI-0KTeH-1-mioHoM-3,5,
2,6-guMeTuNA-TenTeH-1-mioHoM-3,5, 2-meTun-
5-¢eninnenren-1-3,5-gioHoM, 2-meTmn-5-6i-
¢eninnenren-1-3,5-gionom. Kpim nporo mpo-
BEJEHO JOCIIPKEHHS NOMIMEPHUX CIIONYK Ha
OCHOBI TIpeACTaB/IIEHUX KOMIUIEKCIB Ta IXHIX
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(dheHaHTPOTIHOBUX 3MillIaHOJIIraHJHUX MOXif-
HUX.

3a pomoMoror Husky GisMKo-XiMiYHIX
MeTOfiB aHa/li3y BCTAaHOBJIEHO, IO OypoBa
€JIEMEHTApHOI JIAaHKM IIpM IO/liMepu3alii, a
TAaKOXX KOOpAMHaLiiiHa cdepa KOMIUIEKCiB
IIpY YTBOPEHHI 3MillIaHOIITaHJHMUX CIIONYK He
3a3Ha€ CyTTEBUX 3MiH IOPIBHAHO 3 BUXITHU-
MM MOJIeKynaMu [-mukeToHaTiB. TepMiunmit
aHaJIi3 IOKa3aB 3HAYHe IIiIBUILIEHHA TeMIIepa-
TYpM IIOYATKy PO3K/IaJaHHA 3MilIaHOJIraH/-
HUX 1 MEeTa/IONOMIMEPHMX CIIONYK BiTHOCHO
IXHIX MOHOMEPHMX aHAJIOTiB. MeTOIOM IoMi-
HECL[EHTHOI CIIEKTPOCKOIIil BCTAaHOB/IEHO, 110
JOCTI/KYBaHI 3pasKyl IPOABJIAIOTD JIFOMiHeC-
nenniro B [Y-gianasoHi.

[TopiBHANBHMIT aHAJI3 iHTETPa/bHUX iH-
TEHCUBHOCTeIl JIIOMiHecleHLii iTepbieBux
KOMIIIEKCiB T03BO/INB BUSIBUTY K/TIOYOBI (pak-
TOPM BIUIMBY Ha €MICiliHI XapaKTepUCTUKMN.
Hacamnepeq 1ie ofep>XaHHA 3MilllaHOJITaH[-
HUX KOMIIIEKCIB i3 (peHaHTPOITIHOM, IO [03-
BOJISI€ HiBE/IIOBATY HETATVBHMUI BIUIMB OfHOTO
3 HalOiNPII BifOMMX YMHHUKIB TaciiiHOI mil:
OH-ocumnATopiB MONEKYNI BOAY, AKa JOMNOB-
HIOE KOOpAMHALINHY cdepy MOHOMEPHMX
iTepb6ieBux komIiekciB. Kpim 11p0ro no3utms-
HO TIO3HAYA€THhCsA HA [ CcuHTE3 momiMepHuX
CIIOTTYK Ha OCHOBI [3-AMKeTOHATHNMX KOMIIIEK-
ciB, 10 MOXke OYTU 3YMOBJIEHO 3MEHILIEHHIM
BIUIMBY KOHILIEHTPALiifHOTO TaciHHA, OCKi/lb-
KU y To/liMepax BUIIPOMIHIOBA/IbHI LI€HTPU
PIBHOMIPHO pOS3IIOfii/IEHi 110 JTAaHLIIOTY MaKpo-
monexymu. Takuit mifxin, okpiM npsAMoro Imo-
3UTMBHOTO BIUIMBY Ha JIIOMiHECLIEHTHI BJIa-
CTMBOCTI, MAa€ Ha MeTi BUMpIIIEHHA NUTAHHA
IPUK/IAJHOTO 3aCTOCYBaHHA CHHTE30BAaHUX
CIIONIYK, OCKI/JIbKM ITO/IIMEpM 3HAYHO JIeTHIE
Hifal0ThCA MepepoOIeHHI0 Ta MOXYTh YTBO-
pIOBaTH IJIiIBKOBi MaTepiain.

https://ucj.org.ua

3arajioM Ha OCHOBi TIPOBEIEHMX JOCIi-
IDKeHb MOXKHa CQOpPMYBaTH TakKi 3a/e>XXHO-
cTi iHTeHCMBHOCTI mMroMiHecneHnii: dmod>
dmhpd>mbphpd>mphpd Ta mMonOMep-momi-
Mep-3JIK-3JIK-nonmimep. K BUAHO 3 LuUX fAa-
HIX, HalKpaLIMMM eMICiTHUMIU XapaKTepuc-
TUKaMU BOJIOAIIOTD iTep6ieBi 3MilllaHOIraH -
Hi MOHO- Ta ITOJIIKOMITTIEKCH 3 - IVIKETOHAMU 3
AJIKITbHUMM 3aMiCHUKAMU.

Knrouosi cmoBa: iTep6iit, KOMITIEKC, THOMi-
HeCLeHIIisd, B—HI/IKCTOHI/I, Io/MiMepu.
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