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Abstract: Uniform luminescent films with high optical quality are promising materials for modern
molecular photonics. Such film materials based on (3-diketonate complexes of lanthanides have
the following application problem: rapid luminescence degradation under UV radiation, low
thermostability, poor mechanical properties, and aggregation propensity. An alternative approach to
solving these problems is the use of anisometric analogues of 3-diketonate compounds of lanthanides
(III). The main advantage of such compounds is that they do not crystallize because of long hydrocarbon
substituents in the structure of complexes, so they can be used to fabricate thin nano-, micro-, and
macroscale uniform film materials by a melt-processing technique at relatively low temperatures,
as well as by spin-coating. The method of fabrication of microscale luminescent film materials
with controlled optical properties from anisometric analogues of Ln(DBM);Phen and Ln(bzac);Phen
complexes (Ln = Eu, Tb) is proposed in this paper. Within the framework of this research, we
developed original films which are highly uniform and transparent. An important advantage of these
films is their high photostability and potential for applications as reusable luminescent sensors and
light converters.

Keywords: lanthanide complexes; luminescence; thin films; luminescent sensors

1. Introduction

Molecular photonics is a modern branch of science and its active areas of study are development
and fabrication of highly functional luminescent materials and devices [1-7]. Among many different
types of luminescent compounds (e.g., organic compounds, quantum dots, metal-ligand complex),
lanthanide (III) coordination compounds are very promising candidates for development of luminescent
molecular photonics materials and devices due to their unique photophysical properties, such as
a narrow-band luminescence with a high quantum yield and a long lifetime [8]. Lanthanide (III)
complexes with aromatic 3-diketonate ligands are among the most interesting coordination compounds
of lanthanides because they combine intensive monochromatic luminescence with attractive chemical
characteristics (such as a relatively easy synthesis, good solubility in many basic solvents and a
capability of incorporation into various host matrices, such as polymers and liquids crystals). Due to
these properties, such compounds have a strong potential for a broad variety of applications.

Uniform luminescent films with high optical quality are promising materials for modern molecular
photonics. Such film materials based on p-diketonate complexes of lanthanides have the following
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application problem: rapid luminescence degradation under UV radiation, low thermostability, poor
mechanical properties and propensity to aggregation [9,10]. A possible solution is incorporating
these compounds into host matrices (e.g., organic polymers, ionic liquids, zeolites, and etc.) [11-13].
There are also other methods of fabricating film materials based on these compounds, such as electro
deposition and sol-gel technology [1-3].

Another problem of many film materials based on (3-diketonate complexes of lanthanides is
that their adsorption band is limited by the UV range. Therefore, UV sources are required to excite
luminescence in such films, such sources are unsuitable in many applications for certain reasons
(such as low brightness and high cost of such devices as compared to visible light sources). Thus, an
urgent problem of molecular photonics is to broaden this adsorption band so it can include the visible
light range.

The solutions for this problem offered today are known to be based on the following approaches:
synthetic modification of 3-diketonate ligands and coordination of complex chromophores to
tris(p3-diketonates) of lanthanides(Ill) with capabilities of efficient visible light adsorption. For
example, it is challenging to select a proper solvent for both a matrix and a complex, where, in addition,
this complex must not dissociate.

An alternative approach to solution of these problems is the use of anisometric analogues of
-diketonate compounds of lanthanides (III) [14,15]. The main advantage of such compounds is that
they do not crystallize because of long hydrocarbon substituents in the structure of complexes and
possess thermostable properties [16], so they can be used to fabricate thin nano-, micro- and macroscale
uniform film materials by a melt-processing technique at relatively low temperatures, as well as
by spin-coating [17]. The films produced by a melt-processing technique require a much simpler
technology for fabrication of luminescent materials based on lanthanide compounds as compared to
available analogues, because no solvents or photostabilizing matrices are needed in this case. Such
films have the following technological advantages: intense luminescence, high optical transmittance
(up to 95%) in nearly entire visible and near IR ranges, high resistance to UV light, and controllability of
their photophysical properties (e.g., the absorption band width and the luminescence intensity) [18,19].

In this paper, we discuss the opportunities of application of microscale films based on anisometric
europium(III) and terbium(III) B-diketonate complexes as materials for photonics and optics.

2. Materials and Methods

The synthesis of anisometric complexes was performed according to the technique developed
earlier by our group. CHN elemental microanalysis was performed on a EA-1110 apparatus by
CE Instruments. Europium elemental microanalysis was performed on a Bruker S8 TIGER X-ray
fluorescence spectrometer (Billerica, MA, USA). The thermal behavior of complexes was studied by
polarized optical microscopy (POM) on an Olympus BX51 microscope equipped with a LINKAM
high-precision heating system and by differential scanning calorimetry (DSC) (Olympus America,
Melville, NY, USA). DSC thermograms were recorded on a Mettler-Toledo DSC 1 Star module in the
heating-cooling mode at the 10 °C/min scan rate. Thin nanoscale films of complexes were prepared
from toluene solution (1 x 10~ mol/L) by spin coating on a WS-650 MZ-23NPP Laurell Spin Coater
(Laurell Technologies Corporation, North Wales, PA, USA). The transmittance spectrum at room
temperature was recorded on a Perkin-Elmer Lambda 35 spectrophotometer. The luminescence
spectra at room temperature were measured by a Varian Cary Eclipse spectrofluorometer. The
photoluminescence excitation spectra of the vitrified films were recorded at room temperature on
an experimental setup consisting of a MDR-2 excitation monochromator and a MDR-12 recording
monochromator. A DKSL-1000 xenon lamp was used as an excitation source. The light signal passing
through the MDR-12 monochromator was detected using a FEU-79 photomultiplier tube. The input
and the output slit widths of the MDR-2 monochromator were set to 10 nm. The excitation spectra
were recorded in the 230-430 nm range by varying the excitation light wavelength and monitoring the



Photonics 2019, 6, 110 30f10

photoluminescence intensity at 545 nm and 612 nm, respectively. To study the photostability of the
obtained film materials, the UVGL-58 Manual UV-lamp (365 nm) with the 6 W capacity was used.

The powders of anisometric complexes were synthesized according to the procedure described in
the previous papers [20,21]. A warm solution of LnCl; - 6H,O (0.1 mmol) in ethanol was slowly added
dropwise to a hot alcoholic solution containing 0.3 mmol of (3-diketone [22], 0.1 mmol of Phen, and
0.3 mmol of KOH. The formed light-yellow precipitate was filtered, purified in hot alcohol and dried
under vacuum. Then, the product was dissolved in toluene and the obtained solution was filtered
dried under vacuum.

Tris[1-(4-(4-propylcyclohexyl)phenyl)decane-1,3-dione](1,10-phenanthroline) terbium(I1I)
(Tb(CPDKj3_7)3phen). Yield: 71% (0,107 g). Melting point: 130 °C. Elemental analysis (%): calculated
for CgzH119N2O4Th: C, 72.17; H, 8.28; N, 1.93. Found: C, 71.68; H, 8.55; N, 1.95.

Tris[1-phenyl-3-(4-(4-propylcyclohexyl)phenyl)propane-1,3-dionato](1,10-phenanthroline)
europium(IIl) (Eu(CPDkj3 py,)3Phen). Yield: 59% (0.087 g). Melting point: 142 °C. Elemental analysis
(%): calculated for Cg4HggN,OgEu (%): C, 73.40; H, 6.53; N, 2.04; Eu,11.06. Found (%):C, 73.01; H, 6.88;
N, 2.12; Eu, 11.00.

Tris[1-(4-(4-propylcyclohexyl)phenyl)octane-1,3-dionato](1,10-phenanthroline) europium(IIl)
(Eu(CPDKj3.5)3Phen). Yield: 70% (0,105 g). Melting point: 110 °C. Elemental analysis (%): Calcd
forCg1 Hyg7EuN»Og: C, 71.61; H, 7.95; N, 2.06; Eu,11.20. Found: C, 71.16;H, 8.31; N, 2.02; Eu, 11.50.

The sensitive luminescent material was prepared from a powder of the Eu(CPDkj;_s5)3Phen,
Eu(CPDks.pp)sPhen or Tb(CPDkjs_7)sphen complexes by a melt-processing technique. Powders of
complexes were melted between two quartz plates with a size of 7 X 15 X 0.5 mm placed on the
stage of an Olympus BX-51 polarizing microscope. After heating up to the isotropic liquid transition
temperature, the sample was quickly cooled down to room temperature to obtain vitrified films with
3 um, 6.1 pm or 20 pm thickness, which were sandwiched between two quartz plates. To control
thickness, we used 3 um, 6.1 um and 20 um spacers, respectively.

3. Results and Discussion

The structure of anisometric -diketonate complexes of lanthanides(Ill) is demonstrated in
Figure 1.

C3H7

R = Cy4Hg, CeH13
Analogue of Ln(DBM),Phen Analogue of Ln(bzac),Phen

(a) (b)
Figure 1. The scheme of the anisometric analogues of (a) Ln(DBM);Phen and (b) Ln(bzac);Phen

complexes (Ln = Eu, Tb).

The thermal behavior of powders of anisometric complexes was studied by polarized optical
microscopy (POM) and differential scanning calorimetry (DSC). The presence of alkyl and cyclohexane
substituents in the chemical structure of 3-diketonate ligands of anisometric 3-diketonate lanthanide(III)
complexes prevents them from crystallization and allows for considerable reduction of the melting
temperature to avoid decomposition at melting that is typical for their non-anisometric analogues
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(Table 1). The phase transitions determined by the POM method have been confirmed by the DSC
method, as illustrated in Figure 2 for the Eu(CPDKkj3_py,)3phen complex. According to the DSC heating
scan, the isotropic transition temperature was 142°C. The sample is vitrified upon cooling, as can be
concluded from the absence of the exothermic crystallization peaks in the DSC cooling scan. The
combination of such properties allows for fabricating vitrified luminescent films with high optical
quality from melts of powders of these substances (see Figure 3 insert). These films have almost no
crystalline effects, according to the polarized optical microscopy data [23]. The obtained vitrified films
were stable and remained transparent at room temperature over several months. It is important to note
that such films cannot be produced from non-anisometric analogues of 3-diketonate lanthanide(III)
complexes because of their strong aggregation propensity and high melting temperatures.
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Figure 2. Differential scanning calorimetry (DSC) thermogram of Eu(CPDkj3_p,)3Phen. POM = polarized
optical microscopy.
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Figure 3. A microscale film of Tb(CPDKkj; y)sPhen complexes between two quartz plates (a);
luminescence excitation spectra of Tb(CPDkj3_y)3;Phen complex films with 3, 6.1, and 20 um thickness
between quartz plates recorded at 545 nm wavelength and room temperature (b).

Table 1. Melting temperatures of anisometric Ln(II) complexes and their commercial analogues.

Complex MeltingPoint °C Quantum Yield %
Eu(DBM)3;Phen 185-187 decomposition [24] 4.9 [25]
Eu(bzac);Phen 192-194 decomposition [24] 18 [26]

Eu(CPDKjs_5)3Phen 110 [15] 30-32 [27]
Eu(CPDKkj3_pp)Phen 142 [19] 25-27 [27]

Tb(CPDk3.7)3Phen 130 [22] -
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The technology of fabrication of microscale vitrified films from powders of anisometric
B-diketonate lanthanide(Ill) complexes is very simple to implement because no solvents or solid
matrices for photostabilization of complexes are used, as opposed to traditional approaches to
fabrication of film materials based on lanthanide complexes. The following procedure was used to
fabricate our films: a small amount of a powder complex was placed between two quartz plates and an
isotropic melt was created by heating. Subsequent rapid cooling down to room temperature results in
the glass transition of the melt and formation of a solid and uniform film. This technology allows for
controlling the thickness of films by spacers, such as polystyrene microspheres with various diameter.

A peculiar feature of vitrified films is that their adsorption (excitation) band width can be
manipulated by varying the melt thickness. Due to strong adsorption capacity of films with the
thickness exceeding 3 pm in the 200—-380 nm range, it was possible to detect only the long wave edge
of the adsorption spectrum. Luminescence excitation spectra are more informative because they allow
for detecting changes (from various thicknesses of the films) in the entire spectral range (200-450 nm).
Figure 3b illustrates the influence of thicknesses of the Tb(CPDks_7)3Phen films on their excitation
spectra. The excitation spectra of a 3 um film (monitored at 545 nm) consist of a broad band with
the maximum at 356 nm corresponding to singlet-singlet transitions in ligands. The increase of the
film thickness to 6 pm broadens the excitation spectrum band to the violet visible range and shifts the
maximum of the spectrum. Further increase of the film thickness to 20 um creates a distinguished
shoulder of the spectrum in the 393 nm area. {3-dicarbonyl compounds are known to form associates in
concentrated solutions. For example, molecular associates of benzoylacetone in cyclohexane solution
(C =1 x 1072 M) are responsible for the long-wavelength band with the maximum at 400 nm in the
absorption and excitation spectra. Dimeric species in similar molecular systems were detected by
NMR spectroscopy. We consider that the features mentioned above indicate clearly that the thickness
of the Tb(CPDk3_7)3Phen films influences their local structure (the ratio between individual molecules
and aggregates) [28]. The presence of aggregated complexes in the films with various thicknesses is
the factor responsible for the long-wave “wing” of the excitation spectra of the films. Thus, variation
of the ratio between individual molecules and aggregates in the local structure of films (at the stage of
their fabrication) allows for manipulating the width of absorption and excitation bands and creating
optically transparent luminescent materials, which are capable of absorbing light in a broad range
including the visible violet light. The transmittance of the vitrified films reaches 95% in the wavelength
range of 450-1000 nm. Aggregated films demonstrate complete light absorption in the entire UV
range (Figure 4a). Thanks to all these properties, the films are not sensitive to sunlight or artificial
illumination (such as filament lamps, halogen, and luminescent lamps) in the visible spectral range,
which are intensive sources of optical disturbances. It is important to note that such films cannot be
fabricated from non-anisometric analogues of 3-diketonate lanthanide (III) complexes because of their
strong crystallization propensity and high melting temperatures.
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Figure 4. Cont.
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Figure 4. Transmittance(a) and luminescence spectra excited at 337 nm (b) of the 6.1 um thick
vitrified films at room temperature; (c) photostability of Eu(CPDKkj3.5)3Phen complex films fabricated by
melt-processing (6.1 pm thick) and spin-coating techniques.

Aggregated films are the most promising candidates for various applications. For example,
aggregated films of Tb(CPDkjs_y)sPhen and Eu(CPDks 5)3Phen complexes are characterized by
broad luminescence excitation bands in the 250-420 nm range, which correspond to (3-diketonate
ligand-centered singlet-singlet transitions [18]. The 365 nm UV excitation of Tb(CPDkj3_7)3Phen and
Eu(CPDkj3_5)3Phen films initiates monochromatic luminescence of Tb®* and Eu®* ions with 545 nm
and 612 nm maximums, respectively (Figure 4b). Absence of emission from the ligands (which is
expected to occur in the wavelength range of 450-670 nm) [19] suggests that the ligand-to-metal energy
transfer process is very efficient in the film.

It should be noted that intensive absorption of the films in the 390-405 nm wavelength range
allows for using them not only as UV light sources but also as purple LEDs.

Photostability of luminescent materials is a very important criterion for their application.
A significant problem, which hinders broad application of film materials based on p-diketonate
lanthanide complexes, is irreversible reduction of their luminescence intensity under UV radiation.
This process is particularly intensive in the presence of atmospheric oxygen. The influence of long-time
UV irradiation on the luminescence intensity of vitrified films based on anisometric (3-diketonate
lanthanide (III) complexes was studied. For reference, the photostability of films fabricated by
spin-coating was also characterized. The results for the films of Eu(CPDk3 5)3Phen complexes are
represented in Figure 4c. The UV source was the UVGL-58 Handheld UV Lamp with 365 nm wavelength
and 6 W power.

UV radiation does not change the luminescence intensity of the films fabricated from the complexes
by the melt-processing technique even after the 10-h exposure, whereas the intensity of films fabricated
by the spin-coating technique is reduced almost 5 times in the same exposure conditions. It may be
the effect of photooxidation of the films under UV radiation. Thus, the technology of fabrication of
film materials by melting between quartz glasses isolates a luminophore from atmospheric oxygen
and, therefore, increases photostability of films and prevents them from photooxidation. From the
application point of view, a photostable luminescent vitrified Eu(CPDk3 5)3Phen film is primarily
interesting for its capability to perform multiple functions at the same time. Firstly, it completely
absorbs the light energy in the entire UV range (200-385 nm) and is not destructed by the UV radiation,
so it can be used as a molecular UV filter. Secondly, this material can efficiently transform the light
energy in the 280-415 nm range into intensive monochromatic orange-red luminescence of Eu®*ions
(the absolute quantum yield of luminescence of Eu’* ions is ~30% [29]), so it can be an efficient
light-transforming material and the source of monochromatic orange-red light. Finally, this material
can reversibly change luminescence intensity and quenching time in the 298-348 K temperature range
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(Figure 5a), so it can become an efficient working element of multiple use luminescent thermometers.
This material possesses the following technological advantages over its close analogues: total resistance
to the UV radiation, high optical quality, total protection from the contact with atmospheric oxygen, and
the highest average absolute temperature sensitivity of the luminescence decay time (6.5 j1s-K~!) among
temperature-sensitive film materials based on nonmesogenic europium(Ill) 3-diketonate complexes,
which efficiently absorb light in the violet range of the visible spectrum. The value of the relative
temperature sensitivity of the luminescence decay time S;(") varies from —0.28%K~! at 298 K to
~1.6%K1 at 348 K with TRef = 537us. Its average value is -1.2%K1. Ttis important to note that
the average S value is one of the largest reported for the temperature-sensitive films based on the
europium(III) b-diketonate complexes, which are efficient absorbers of light in the violet region [30].

A luminescent material made of a vitrified Tb(CPDKj3_7)3Phen 6.1 um thick film also offers
interesting properties for broad application in various areas. This film is an efficient absorber of the
light energy in the broad 280—405 nm range, which is then converted into the monochromatic green
luminescence of Tb>* ions. In the 143-253 K temperature range, this material can reversibly change the
luminescence quenching time (Figure 5b), so it can also become an efficient working element of multiple
use luminescent thermometers [29]. A temperature sensitive material made of the Tb(CPDK3_7)3Phen
film is easy to produce, insensitive to oxygen, characterized by high optical quality, and resistant
to destructive effects of UV radiation. It is an efficient absorber of violet light and possesses high
temperature sensitivity to a luminescence quenching time (3.3 us-K™!). The relative temperature
sensitivity of the average luminescence decay time S is —0.4% K" at 253 K and —1.4%K™! at 143 K
with Tger = 373 ps. Its mean value is —0.9%K~!. To the best of our knowledge, there are no reports
describing the temperature-sensitive luminescent films (operating below room temperature) based on
terbium(Ill) 3-diketonate complexes with the similar characteristics.

900
Heating b
800 ! Heatin
a— 600+ @ 9
i Cooling 500 Mpyre—
0 (7)) 1 Cooling

348K

§ 1 % 3 1 5 & VI AL A TR T B
Number of cycles Number of cycles
@) (b)

Figure 5. Reversible changes in the luminescence decay time (monitored at 612 nm) for the
Eu(CPDKj_5)3Phen film (a) and in the luminescence decay time (monitored at 545 nm) for the
Tb(CPDK3_7)3Phen (b) under the excitation by the 337 nm pulsed nitrogen laser with the 0.17 mW
average output power in consecutive heating-cooling cycles. Standard deviations are shown as
error bars.

The temperature sensitivity of luminescence properties of the fabricated film materials was studied
by measuring their lifetimes. As opposed to the luminescence intensity, the luminescence lifetime
parameter does not depend on measurement conditions and the degradation coefficient value, so
it can be used for more reliable and accurate determination of temperature. Thermally sensitive
luminescent properties of the Tb(CPDkj_y)s;Phen films were studied in the 143-253 K temperature
range (Figure 6a) because no significant changes of the luminescence lifetime were observed in the
upper range of 253-284 K, while cooling below 143 K led to irreversible changes in the local structure of
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films. Thermally sensitive luminescent properties of the Eu(CPDk3 5)3Phen films were studied in the
253-348 K temperature range (Figure 6b) because the luminescence lifetime was thermally irresponsive
at temperatures below 253 K, while the 353 K temperature turned out to be the softening threshold of
the Eu(CPDKkj3_5)3Phen films.
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Figure 6. Temperature dependence of the luminescence lifetime of the Tb (CPDkj3_;)3Phen films (a)
and the Eu(CPDkj3_s5)3Phen (b) complexes.

Temperature (K)

We previously demonstrated [29] that the major quenching route of luminescence of Tb3* ions in
the Tb(CPDK3_y)3Phen film is the energy back transfer from the °Dy level of the Tb3* ion to the T1 state
of the ligands and the subsequent non-radiative relaxation. The paper [30] shows that the low-lying
ligand-to-metal charge transfer (LMCT) states are responsible for the strong luminescence quenching
from the Dy level in the Eu(CPDKj_s)3Phen film at high temperatures.

At room temperature, the vitrified Tb(CPDKj3_7)3Phen film demonstrates substantial increase
of the luminescence intensity of the Tb>* ions under UV laser radiation (Figure 7) that is untypical
for classical -diketonate complexes [18]. In the context of potential applications, it is interesting
that the modified luminescence brightness of the films is sustainable for several months, while the
films return to their initial state after thermal processing. Experiments confirmed that it is possible
to perform multiple switching of the luminescence brightness. The films with such characteristics
provide potential solutions for creating brand-new molecular photonics devices, such as multiple use
luminescent UV sensors, which can “remember” their modified state for several months.

550

A (nm) A (nm)

Figure 7. Laser control and temperature switching of luminescence intensity in photostable transparent
film based on the terbium(III) 3-diketonate complex.
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4. Conclusions

In this paper, we proposed a simple method for creating microscale luminescent film materials with
controlled optical properties based on anisometric compounds of Tb(III) and Eu(IIl) for applications
in optics and photonics. The presence of long alkyl substituents in the structure of ligands prevents
them from destruction by melting, reduces melting and glass transition temperatures, and minimizes
conditions that favor formation of crystalline defects. The anisometric complexes synthesized within
the framework of this research are capable of transforming UV radiation into visible light. Thus, this
research resulted in fabrication of highly photostable and uniform transparent films with possible
application as reusable sensors and light converters.
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