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green emitting photoluminescent devices.

The author wishes that results obtained in this study provide useful suggestion and
information for further development of the photoluminescent phosphor using the lanthanide
complexes, and that new lanthanide complex phosphors developed here are realized in practical use

in near future.
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General Introduction

The trivalent lanthanide ions have been known to give strong emissions under ultraviolet
irradiation. The sharp luminescence transitions of the lanthanide ions correnspond to the
absorption lines of the shielded 4f shell which is not entirely filled[1]. Consequently,
compounds containing the optically active lanthanide ions, e.g. Eu** and Tb*, have been used as
phosphors and laser materials, for a long time, because of their sharp and intense emissions based
on f-f electronic transitions. Among such trivalent lanthanides, Eu** ion provides five narrow
emission lines corresponding to a series of *D, - 7F, transitions, where i =0, 1, 2, 3 and 4, and the
strongest emission line assigned to the transition, °D, - ’F,, appears at about 610 nm[2-4]. In a
similar manner as Eu** ion, Tb** ion has four narrow emission lines corresponding to D " 7Fj
transitions, where j = 2, 3, 4 and 5, and the strongest line of °D, - ’F, at 545 nm is observed as the
green emission light with high purity[5].

On the other hand, the luminescence characteristics of the chelating lanthanide ions towards
a variety of chelating ligands have been investigated. A particular complex may fluoresce owing to
one of the following reasons: Emission may occur (1) from the excited ligand part of the molecule,
perturbed by the metal ion, (2) from the excited metal ion perturbed by the ligand, and (3) due to the
intramolecular energy transfer (IMET) process in the complexes, i.e. absorption of energy takes
place in conjugated double bonds of the organic ligands and is transferred to the bound central
metal ion (an indirect excitation of the metal ion) which in its turn may undergo a radiative transi-
tion, consequently giving rise to characteristic emission of the metal ion[6].

The lanthanide ions form stable crystalline complexes with heterocyclic ligands such as 2,2’-
bipyridine (bpy) or 1,10-phenanthroline (phen) as shown in Fig. 1, which possess an excellent
luminescence characteristics of them in the same mechanism as mentioned above[7-9]. However,
the phosphors[10,11] and laser devices[12] made for the purpose of practical uses up to date are
almost limited to inorganic solids. Therefore, the complexes or organic compounds containing

lanthanide ions have been excluded from such applications because of their poor thermal, moisture
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2,2'-Bipyridine ( bpy ) 1,10-Phenanthroline ( phen )

Figure 1. Ligands used in this study.

stability attributed to deactivation by multiphonon relaxation and mechanical strength, although
they also have good light-emitting characteristics for the uses of phosphors[13], laser devices[14,15]
and biomimetic materials[16]. The emitting devices which possess a good luminescent property,
however could be obtained when the lanthanide complexes are effectively incorporated into some
solid state matrices in mild conditions.

Although the composite materials of the lanthanide complex incorporated into polymer
matrices have been studied, in order to solve the above-mentioned problems[17], however, it is
difficult to apply to materials such as phosphors from the reasons why most of plastics are

considerably limited to be used as host matrices by their low photostability and poor thermal
stability.

On the other hand, the sol-gel method can provide glasses and ceramics from viscous gel
precurssors produced by polymerization of raw materials such as metal alkoxides under the much
more gentle conditions than that of the conventional high-temperature melting technique[18,19]

shown in following chemical reactions:

(1) Hydrolysis;
nSi(OCH,), + 4nH,0 — nSi(OH), + 4nC,H ,OH
(2) Polymerization (Polycondensation);

nSi(OH), — nSiO, + 2nH,0

Therefore, the sol-gel process has a great potential to provide unique inorganic light-emitting solid
materials doped with organic compounds, e.g. phosphors{20], solid-state tunable dye laser media

[21], and so on, which are typically incorporated into gel hosts via dissolution of the typically
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active organic compounds into the initial precursor sol.

Furthermore, silica unit combined with monomer as an oligomeric unit into three-
dimensional skeleton of silica, that is to say, organically modified silicate (ORMOSIL), has been
synthesized and their physical characteristics have been studied by many scientists[22-27].
Advantages of these materials are 1) the preparation temperature is relatively low (< 150°C), 2) the
density of resulting materials is high, 3) the obtained monolith is high transparency, 4) physical
properties such as refractive index can be made-to-order by changing the chemical composition of
gels, and 5) viscous liquids could be obtained, which allows bulk pieces to be molded or when

diluted with a suitable solvent to be cast into thin films and fiber.

The present work deals with the elucidation and development of luminescence
characteristics of trivalent europium and terbium complexes incorporated into silica-based glass
matrices.

In Chapter 1, [Ln(bpy),]Cl, and [Ln(phen),]Cl, (Ln = Eu and Tb) were prepared and their
luminescence properties were investigated. Consequently, silica-based composite materials,
SiOz:[Ln(bpy)z]3+ and SiOZ:[Ln(phen)z]3+ were prepared by sol-gel method, and their
luminescence characteristics as well as thermal stability were studied.

Chapter 2 described that the silica-based ORMOSIL materials incorporated with two
lanthanide complexes, [Eu(phen),]Cl, and [Tb(bpy),]Cl,, which possessed an excellent
luminescence intensity and heat-resistance property were prepared according to the sol-gel method.
Furthermore, the luminescence properties of these lanthanide complexes and their ORMOSIL
composite materials were investigated and their luminescence mechanisms were discussed.

In Chapter 3, the resulting composite materials described in Chapter 2 were able to transform
the incident UV lights to visible ones, the outputs of solar batteries were demonstrated
to be enhanced by simple surface coatings of them. The solar cell hybrid devices were fabricated by
coating the ORMOSIL composite materials on the surface of amorphous (a-Si) or single crystal
silicon (c-Si) solar cell panels, and their light transformation characteristics of sunlight to electric

power were studied.
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Chapter 1

Preparation and Luminescence Characteristics of the Europium and Terbium
Complexes incorporated into a Silica Matrix using a Sol-gel Method

1.1. Introduction

As mentioned in General Introduction, the photoactive lanthanide ions such as Eu** and Tb**
could form stable crystalline complexes with heterocyclic ligands, e.g. 2,2’-bipyridine (bpy) and
1,10-phenanthroline (phen), which exhibit efficient energy transfer from the coordinated ligands to
the chelated lathanide ions. The potential application feasibility of these compounds is based on
the fact that the organic portion of molecules can absorb ultraviolet radiation and they provide
sharp green line emissions with good efficiency via the subsequent intramolecular energy transfers.
However, these lanthanide complexes themselves could not be used as emitting devices due to the
poor stability of their luminescence in any conditions.

On the other hand, the silica glasses can be prepared via the sol-gel process at temperatures
lower than that of the conventional melting method. Thus, the sol-gel process may be a suitable
method for preparing a host matrix for photoactive compounds, such as organic metal complexes.
In Chapter 1, the silica-based composite materials incorporated with the lanthanide bpy and phen
complexes were prepared according to the sol-gel method and their luminescence property was

studied together with their thermal stability.

1.2. Experimental details



1.2.1. Sample Preparation.

The lanthanide phen complex was conventionally prepared by addition of 1,10-phenanthroline
(99.9%, Wako Chemical Co., Ltd) to the ethanol solution containing the lanthanide chloride
LnCl;-6H,0, which was obtained by chlorination of lanthanide oxides (Eu,O, or Tb,0,, 99.9 %,
Shin-Etsu Chemical Co., Ltd.) with NH,Cl (99.9 %, Kanto Chemical Co., Ltd.) and these sample
was especially used without further purification. After stirring overnight, the resulting white
precipitate was filtrated. A hydrous complex [Ln(phen),]Cl,-2H,0 was obtained from the solid by
washing with ether and drying in vacuo at room temperature. The bpy complex was prepared by
addition of 2,2'-bipyridyl (99.9 %, Wako Chemical) to the ethanol solution containing LnCl, in a
similar manner as the [Ln(phen),]Cl, complex.

The appropriate amount of each the lanthanide complex was dissolved in the mixed solution
of water, ethanol and tetraethoxysilane (TEOS, 99.9 %, Wako Chemical) with molar ratio of
11 : 7 : 1 by stirring thoroughly. In the case of our study, hydrochrolic acid or ammonia was not
added because the sol solutions prepared here were sufficiently polymerized to gels without any
catalyst. After aging at room temperature for 2 - 10 days, transparent gel solutions were formed
and dried at 50 °C for several days. The final composite materials SiO,:[Ln(phen),]** and
SiO,:[Ln(bpy),]** were obtained by heating at 100 - 600 "C for 5 h in air and grinding up to a

particle size less than 50 pum by sieving them.
1.2.2. Measurement details.

The resulting organolanthanidé complexes and silica gel-based composite materials
incorporated with them were identified on the basis of elemental analysis and IR absorption
spectrum measurements. Thermogravimetric analysis (TG) of the lanthanide complexes and
composite materials was performed up to 600 °C in air on a Rigaku thermal analysis apparatuses
(Rigaku Theroflex TG 8110 and DSC 8240). The excitation and emission spectra were recorded on

by a Hitachi-850 spectrofluorophotometer at room temperature. The sample was mounted in a
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front face holder and the measurements were carried out under UV-visible excitation light. The
relative emission intensity was calculated from the area of the emission spectrum recorded under
an optimum excitation condition by normalizing that of Y(P,V)O,:Eu or LaPO,:Ce,Tb phosphor as
100 %. Measurements of IR spectra for the composite materials were made by using the
conventional KBr pellet technique. Average error of the observational values in this work was less

than 3 %.

1.3. Results

1.3.1. Europium complexes and their composite materials.

Excitation and emission spectra of [Eu(bpy),]Cl,-2H,0 complex was shown in Figure 1.1,
together with the excitation spectrum of EuCl,. Although an original absorption band ('F - °L

transition) of Eu** ion was usually observed at around 394 nm , such absorption scarecely reflected

on the excitation spectrum of the [Eu(bpy),]CL-2H,0 complex and the broad and wide absorption
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Figure 1.1. Excitation and emission spectra of [Eu(bpy),]Cl3-2H,0 (solid line) and
EuCl; (dashed line).
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Figure 1.2. Temperature dependences of the relative emission intensity and weight
loss (TG curve) for [Eu(bpy),]Cl5-2H,0. Heating rate for TG, 5°Cmin-1.

curve was dominated by band at about 340 nm. This band is assignable to the efficient - T*
transition based on the conjugated double bond of bpy ligand. Consequently, the strong red
emission can be observed from the chelated Eu’* ion via the efficient energy transfer from the
surrounding bpy ligands. In the case of EuCl,, however, the emission intensity was considerably
weaker than that of [Eu(bpy),]Cl, complex itself because no such energy transfer takes place.
Figure 1.2 shows temperature dependences for the weight loss (TG) and relative emission
intensity of the original [Eu(bpy),]Cl,-2H,O complex. The initial weight loss in a region of -Aw,
started at 100 °C was 6.7 % and was assignable to the loss of solvated water. The second and third
ones in regions of -Aw, and -Aw, at 200 - 300 °C were ca. 30 %, respectively. These reductions
were caused by the elimination and/or decomposition of bpy ligands. At the temperature above 330
°C, [Eu(bpy),ICL,-2H,0 was completely decomposed to EuClO. The relative emission intensity of
[Eu(bpy),]1CL,-2H,0 kept a constant up to ca. 150 °C but it was drastically decreased by the heat
treatment above this temperature. This is due to the decomposition of [Eu(bpy),]Cl, itself by the
elimination and/or decomposition of ligands. On the other hand, the europium B-diketone com-
plexes such as [Eu(acac),]-nH,O also provide strong emission spectra, but they were decomposed

only by heating around 100 °C.
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Figure 1.3. Excitation and emission spectra of [Eu(phen),]Cl3-2H,0 (solid line) and
the complex after heat treatment at 600°C (dashed line).

Excitation and emission spectra of the [Eu(phen),]Cl,-2H,0 complex heated at 150 °C are
shown in Figure 1.3, together with the excitation spectrum of EuCl,. The excitation spectrum was
observed as a broad band peaking at ca. 330 nm and the strong emission spectrum consisted of
three main lines at 590 nm (°D, - ’F,), 615 nm (°D, - ’F,) and 700 nm (°D, - ’F,) based on Eu** ion.
As well as the case of [Eu(bpy),]Cl, complex, the absorption at 330 nm is due to the 7w - ©*
transition of phen ligand. This means that the energy transfer occurs from the phen ligand to Eu**
ion. For the complex heated at 350 °C, however, the broad band disappeared in the excitation
spectrum and the corresponding three emission lines were also weakened. This indicates that most
of the [Eu(phen),]C1,-2H,0 complex was completely decomposed and hence the emission intensity
was decreased.

Figure 1.4 shows temperature dependences of the weight loss and relative emission intensity
of original [Eu(phen),]Cl,-2H,O complex. The initial weight loss in a region of -Aw, of
(Eu(phen),]C1,-2H,0 at 100 °C was about 6.3 %. This is assignable to the vaporization of solvated
water from the complex. The large weight loss in a region of -Aw, as started at about 300 °C was

evaluated to ca. 60 % of which the value was attributed to the elimination and/or decomposition of

10



e 120
Z 100 40

e

£d 80 4-20
cO >
23 60 H1-40 2
RN -
5> 40 1-60 §
o9 @
27 20 1-80
o)

o 0 -100

O 100 200 300 400 500 600
Temperature / °C

Figure 1.4. Temperature dependences of the relative emission intensity and weight
loss (TG curve) for [Eu(phen),]Cl;-2H,0. Heating rate for TG, 5°Cmin-1.

phen ligand as well as [Eu(bpy),]C1,-2H,0. Above 350 °C, the complex was completely
decomposed. The relative emission intensity of [Eu(phen),]CL,-2H,0O complex was increased with
elevating the heat temperature up to 150 °C and a maximum value of ca. 80 % was obtained at this
temperature. This indicated that the material derived from [Eu(phen),]Cl,-2H,0 is also a good
phosphor with the comparable luminescent ability to Y(P,V)O,:Eu which is used as the lamp
phosphor. Furthermore, from the result that this maximum value was maintained up to about 300
°C, it was concluded that the material derived from [Eu(phen),]Cl, complex possesses a good
thermal stability. However, the emission intensity was decreased with elevating heat temperature
up to 350 °C, and finally the complex was decomposed completely and only the weak emission
spectrum similar to that of EuCl, was observed as mentioned above. This result is due to the
decomposition and/or elimination of phen ligands in the above temperature region as supported by
the TG data that [Eu(phen),]C1,-2H,O complex is completely decomposed at 350 °C.

A series of IR spectrum patterns observed on the [Eu(bpy),]Cl,-2H,0 complex and
SiO,:[Eu(bpy),]** composite materials are shown in Figure 1.5. For $iO,:[Eu(bpy),]** composite
materials, additional absorption peaks in regions of A (C=C and C=N stretch) and B (C-H out of

plane bend) were superimposed on the original pattern of SiO, and their intensity was enhanced
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with increasing the concentration of [Eu(bpy),]Cl,, although the 8102 matrix provided a simple
strong absorption band based on the Si-O stretch in a wavenumber region of C. This indicates that
the [Eu(bpy),ICl, complex is incorporated into the SiO, matrix without any decomposition or
serious modification according to the nominal concentration of complex. However, the uniform
and transparent material of SiOZ:[Eu(bpy)z]3+ was not obtained from the sol solution containing the
larger amount of [Eu(bpy),]Cl, than 10 mol%. This is due to the segregation of these lanthanide
complex in the silica matrix. When the concentration of the [Eu(phen),]Cl,-2H,O complex in the
silica matrix was below 3 mol%, the SiO,:[Eu(bpy),]** composite materials with good transparency
and uniformity were obtained with good reproducibility. The same results as the
[Eu(bpy),]CL,-:2H,O complex and its composite materials were also observed on the
[Eu(phen),]CL-2H,0 and its derivatives.

Excitation and emission spectra of the composite materials doped with 1 mol% of the
[Eu(bpy),]CL,-2H,0 complex [SiO?’:[Eu(bpy)Z]3+ (1 mol%)] as heated at 150, 450 and 600 °C are
shown in Figure 1.6. The emission profile measured was closely similar to that emission spectrum
of the original [Eu(bpy),]Cl,-2H,O complex itself: The red emission spectra were observed even
on the composite materials incorporated with a small amount of [Eu(bpy),]C1,-2H,0O, such as
SiO,:[Eu(bpy),}** (0.1 mol%), and were assigned to the [Eu(bpy)2]3+ complex cation incorporated
into the silica matrix (see Figs. 6a and 6b). Particularly, the fact that the absorption band based on
the m - * band also reflects to the excitation spectrum pattern indicates that the [Eu(bpy)2]3*
complex cations exist into the SiO, matrix and they maintain the original molecular composition
and structure. Furthermore, the strong red emission was still observed on the SiO,:[Eu(bpy),]**
composite material heated at the higher temperature than that at which the [Eu(bpy),]Cl,-2H,0
complex was almost decomposed (> 180 °C). This means that the thermal stability of
[Eu(bpy),]CL,-2H,0 is improved by the incorporation into the silica gel matrix. However, the
excitation spectrum based on the bpy ligand at ca. 310 - 330 nm disappeared by the heat treatment
at 600 °C. Consequently, the emission spectra of the composite materials were significantly
weakened compared with that of the sample heated up to 450 °C and only weak emission lines

ascribed to the free Eu’** ion derived via the decomposition of complex were observed (see Fig. 6¢).
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Figure 1.7. Excitation and emission spectra of SiO,:[Eu(phen)s]3+ (1 mol%) (solid
line) and SiO,:Eu3+ (dashed line) composite materials.

The SiO,:[Eu(phen),]** (1 mol%) composite materials also provided the excitation and
emission spectra somewhat different from the SiOz:[Eu(bpy)z]3+ composite materials (see Figure
1.7). The excitation spectrum pattern consisted of the broad decline curve with several shoulder
peaks and the shape was similar to that of the original [Eu(bpy),]Cl,-2H,0 complex rather than the
[Eu(phen),]Cl,-2H,O one. In addition, the relative emission intensity of SiOZ:[Eu(phen)2]3* was
greater than that of SiOZ:[Eu(bpy)zP*. This is due to the efficient 7 - ©t* transition from the phen
ligand to the chelated Eu** ion, indicating that the [Eu(phen),]Cl,-2H,O complex is incorporated
into the silica gel matrix with maintaining its original molecular structure which contributes to the
strong emission.

Heat treatment temperature dependences of the SiOZ:Eu3+ and the SiOz:[Eu(bpy)2]3+
composite materials with various concentration of complex are shown in Figure 1.8. The relative
emission intensities of the SiO,:[Eu(bpy),]** composite materials were higher than that of the

Si0,:Eu’* material. In the case of the composite materials doped with 0.1 and 1 mol% of
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16



[Eu(bpy),]Cl1,-2H,0, the relative intensity was maximized by the heat temperatures at the relative
high temperature of 400 - 460 °C. Therefore, the resulting SiO,:[Eu(bpy),}** composite materials
incorporated with ~ 1 mol% of [Eu(bpy),]Cl,-2H,O were concluded to possess a good thermal
stability. Particularly, since the lanthanide complex incorporated into the silica gel matrix was
effectively protected from the moisture by the surrounding SiO, units, their luminescence property
was very stable after the standing in air. The emission intensity of SiOZ:[Eu(bpy)zP“ was increased
with the amount of complex to incorporate, e.g. 6.5 and 7.5 % for the samples with x=3and 10
mol% (treatment temperature = 250 “C), the thermal stability became poor with increasing of the
concentration of [Eu(bpy),]JCL,-2H,O beyond x = 3 because the excess amount of
[Eu(bpy),]ClL,-2H,0 complex was segregated in the boundary of SiO, matrix grains.

Figure 1.9 shows the heat treatment temperature dependences of the emission intensity for
SiO,:[Eu(phen),]** composite materials. In the low temperature region, the emission intensity of
complexes was increased with elevating temperature for heat treatments as well as the original
[Eu(phen),]Cl,-2H,O complex and the SiO,:[Eu(phen),]** composite materials. This is also due to
the removal of solvated water from both the complex and silica matrix. The emission intensity for
each composite materials (1 mol%) was maximized at 250 - 300 °C, providing a relative intensity
value of about 15 %. It is noted that the specific intensity value per complex formula unit for the

Si0,:[Eu(bpy),]** is several times higher than that of the original [Eu(phen),]Cl;-2H,O complex.
1.3.2. Terbium complex and their composite materials.

Excitation and emission spectra of [Tb(bpy),]Cl,-2H,0 complex are shown in Figurel.10.
The excitation spectrum for [Tb(bpy),]Cl,-2H,O complex consisted of the broad curve with a shoulder
peak at ca. 340 nm as assigned to the 7 - * absorption of bpy ligands, and thus the strong green
emission of Tb** ion was observed via the energy transfer. The complex residue heated at 600 °C
only showed the simple excitation spectrum based on the unchelated Eu** ion, and hence the
corresponding five emission lines were considerably weakened.

Temperature dependences of the weight loss and emission intensity of the original

17
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Figure 1.11. Temperature dependences of the relative emission intensity and weight
loss (TG curve) for [Tb(bpy),]Cls-2H,0. Heating rate for TG, 5°Cmin-1.

[Tb(bpy),]CL,-2H,0 complex are shown in Figure 1.11. The first weight loss was observed at about
100 °C and the value was estimated to about 6.3 %. This is due to the vaporization of solvated
water. The weight loss values in second and third steps observed at 200 - 350 °C, -Aw, and -Aw,,
were approximately 30 % and attributed to the elimination and/or decomposition of bpy ligands in

a similar manner as the case of [Eu(bpy),]Cl,-2H,0. Above 350 °C, the [Tb(bpy),]Cl,-2H,0 com-
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0 (SiO, alone), (c) x =1, (d) x = 3, and (e) x = 10. Heat treatment: in air, 250°C, 5h.
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plex was completely decomposed because any weight loss was no longer observed even in the
higher temperature region.

On the other hand, an interesting behavior of emission intensity was observed on
[Tb(bpy),]Cl,-2H,O. The relative emission intensity of [Tb(bpy),]Cl,-2H,O was significantly in-
creased with temperature for the heat treatment up to 150 °C, and the relative intensity evaluated
against that of LaPO_:Ce,Tb as used as a standard phosphor attained the highest value of 112.7 %
(see Figure 1.11). This surprising enhancement of emission intensity may be due to the elimination
of solvated water which inhibits the energy transfer via the 1 - * transition of bpy ligand to the
lanthanide ion. Above 150 °C, however, the emission intensity was significantly depressed
because of the elimination and/or decomposition of bpy ligands. The elimination of one ligand in
[Tb(bpy),ICl, complex takes place at 300 °C and this destruction of the molecular structure is
responsible for the steep decrease in emission intensity.

A series of IR spectrum patterns observed on the [Tb(bpy),]C1,-2H,0 and SiO_:[Tb(bpy),}**
composite materials are shown in Figure 1.12. In analogy with the case of [Eu(bpy),]CL, complex,
the absorption peaks assign to the terbium bpy complex, C=N and C=C stretch in the region A and
C-H out of plane bending in the region B, were intensified with increase of the amount of complex,
apart from the Si-O stretch in a wavenumber region C. However, the uniform and transparent
material of SiO,:[Tb(bpy),}** was not obtained from the mixture containing the larger amount of
[Tb(bpy),]ICL,-2H,0 more than 10 mol%.

Excitation and emission spectra of the SiOZ:[Tb(bpy)2]3+ (1 mol%) composite material heated
at 150, 300 and 600 °C are shown in Figure 1.13, together with that of SiO,:Tb**. The shoulder
peaks at about 310 nm as observed on the excitation spectra of the SiO,:[Tb(bpy),]** composite
materials heated to 150 and 300 °C (see Figures 1.13a and 1.13b), assigned to the 1t - T* transition
of the bpy ligand. Therefore, it is concluded that the chelated Tb* ions, that is, the [Tb(bpy)z]Cl3
complex still exist in the silica matrix prepared via the sol-gel process and the same molecular
structure as the original [Tb(bpy),]Cl,-2H,O complex was maintained even after heat treatment up
to 300 °C. However, the composite material heated to 600 °C provided no shoulder band at about

310 nm on the excitation. This means that the [Tb(bpy),]** complex is also decomposed at 600 °C.
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The emission spectrum pattern of SiO:,_:[Tb(bpy)z]3+ composite materials consisted of four main
lines at 489 nm (°D, - ’F), 545 nm (°D, - 'F,), 586 nm (°D, - 'F,) and 622 nm (°D, - ’F,), and among
them the emission line at 545 nm was the strongest. The emission intensities of SiO,:[Tb(bpy),]*
composite materials were considerably greater than those of TbCl, and SiO,:Tb* (doped with TbCl).
However, the emission intensity for the composite material heated to 600 °C decreased to the same
level as that of SiO,:Tb** and there was no contribution to the energy transfer between the bpy
ligand and the Tb* ion. These results indicate that the energy transfer from the bpy ligand to the
chelated Tb* ion is essential to enhancement of the emission intensity of Tb* ion.

The relationships between the treatment temperature and emission intensity for
SiOZ:[Tb(bpy)z]3+ and SiOz:[Tb(phen)z]3+ composite materials are shown in Figure 1.14. In the
lower temperature region, the emission intensities of terbium complexes were increased with
temperature for the heat treatment by incorporating them to the silica matrix. This is due to the

dehydration from both the complexes and silica matrix, which contributes to depress the non-
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Figure 1.14. Temperature dependences of the relative emission intensities of
SiO,:[Tb(phen),J3+ (1 mol%) (O) and SiO,:[Tb(bpy),]3+ (x mol%) with various
concentration values x of [Tb(bpy),]3*: x = 1 (@), x = 3 (&), and x = 10 ([]). Heat
treatment: in air, 5 h.
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radiative process via water. The emission intensity for the composite material incorporated with |
mol% of the bpy complex, SiO,:[Tb(bpy),]* (1 mol%) was maximized at 300 °C, indicating that
the thermal stability of [Tb(bpy),]Cl,-2H,0 was improved by surrounding with SiO, units in a
similar manner as SiO,:[Eu(bpy),]**. Especially, the emission intensity of the SiO,:[Tb(bpy),I** (1
mol%)

composite material was maximized at 300 °C and provided the value of 44 %. It is concluded from
this value that the specific emission intensity value per [Tb(bpy),]Cl, formula unit is several
decade times higher than that of the original complex. In addition, the mechanical properties of
lanthanide complexes were improved by incorporation into the silica matrix. However, the

emission intensity was also decreased by the heat treatment above 300 °C.

1.4. Discussion

The heat-resistance temperature of [Ln(bpy),]C1,-2H,0 complexes incorporated into the silica
matrix strongly depended on the amount of complexes as incorporated and the temperature for the
composite materials incorporated with 1 mol% of [Ln(bpy),]Cl, was evaluated to be about 300 °C
for Ln = Tb and 450 °C for Ln = Eu. This indicated that the segregation of the complexes in the
silica matrix tends to lower the temperature to start the decomposition of them. The silica matrix
formed via the sol-gel route is porous, but the radius of pores is much smaller than the near-UV or
visible radiation wavelength (1.5 - 10 nm)[27]. In addition, since the cage in the silica matrix
containing lanthanide complex is probably even smaller than 1.5 nm, the matrix is consequently
transparent[28]. As stated above, lanthanide complexes, [Ln(bpy),]Cl,-2H,O and
[Ln(phen),]CL,-2H,0, are perhaps completely trapped in the rigid cages or bottleneck pores[29]
separated with channels of the diameter smaller than the effective ones of ethanol or water[30]. In
the case of SiOZ:[Ln(bpy)zP" (1 mol%), there exists individually each [Ln(bpy),]CL,-2H,0 complex
in such cage of silica gel matrix for the incorporation with the complex below 1 mol% and hence
the heat-resistance temperature increases to ca. 300 °C for SiOZ:[Tb(bpy)z]3+ and ca. 450 °C for

SiO,:[Eu(bpy),]’*. However, the [Ln(bpy),]CL,-2H,0 complex was segregated in the rigid cage
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with increasing its amount for the incorporation, and the heat-resistant temperature was gradually
decreased.

The relative emission intensity of SiOZ:[Tb(phen)2]3* (1 mol%) composite material was
maximized at 300 °C, but the value was only 7 % (see Figure 1.14) and much lower than that of
SiO,:[Tb(bpy),]’* (1 mol%). This may be caused that the excited level of phen ligand was lower
than that of bpy ligand and, in the course of the energy transfer from the phen ligand to Tb** ion, the
energy for excitation may return to the phen ligand. Therefore, it is apparent that the
[Tb(phen),]C1,-2H,0O complex and SiOz:[Tb(phen)z]3+ composite materials cannot emitted

effectively rather than [Tb(bpy),]Cl,-2H,O complex and its composite materials.

1.5. Conclusion

A series of silica-based composite materials incorporated with lanthanide bipyridyl (bpy) and
phenanthroline (phen) complexes, SiOZ:[Ln(bpy)z]:‘+ and SiOZ:[Ln(phen)2]3* (Ln = Eu, Tb), were
prepared by sol-gel method and their luminescence properties were studied before and after heat
treatments up to 600°C. For the SiO,:[Ln(bpy),]** and SiOZ:[Ln(phen)z]f‘* composites heated at
appropriate temperatures, the energy transfer from the bpy or phen ligands to Ln* ions smoothly
took place as well as that for the original complexes and consequently the strong red or green
emissions based on Eu** and Tb** ions were observed.

Emission outputs from the lanthanide complexes incorporated into silica gel matrice were
intensified by optimizing the concentration of complexes and heating at individual temperature for
heat treatment and the maxima of relative emission intensity (vs. Y(P,V)O,:Eu and LaPO,:Ce,Tb
phosphors as practical used) were ca. 15 % and 45 % for SiO,:[Eu(phen),I* and SiO,:[Tb(bpy),}**
composite materials. Furthermore, thermal stability of [Ln(bpy),]** complexes was effectively im-

proved compared with the original lanthanide complexes by incorporation into SiO, matrix.
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Chapter 2

Luminescence Properties of Lanthanide Complexes into Sol-gel Derived

Organic-inorganic Hybrid Materials

2.1. Introduction

In the previous Chapter, the luminescence characteristics of the europium and terbium
complexes before and after incorporation into silica gel matrices by sol-gel method were studied.
Although the composite materials with [Eu(phen),]Cl,-2H,O and [Tb(bpy),]Cl,-2H,0 prosvide the
red and green emissions with high colorimetric purity and furthermore the thermal stability and
mechanical strength of the complexes were improved by silica gel matrix, their relative emission
intensities were low compared with those of the original complex themselves because of the
dilution of the complex concentration with the silica gel matrix. There exists a concentration
limitation for incorporating the complexes (< several wt%), if the gel solutions containing large
amounts of the complexes completely take place, the resulting composites become brittle and the
transparency is lowered because of formation of crashes and segregation of the complexes.

On the other hand, silica-based hybrid matrices with three-dimensional skeleton structures of
silica as silica units partially combine with oligomefic organosilane monomer unit, that is,
organically modified silicates (ORMOSIL), have been prepared and their physical characteristics
have been studied particularly on the optical one[31-35]. ORMOSIL has many advantages which
are absent in silica and plastics for processing and physical properties as described in General
Introduction.

In this Chapter, the ORMOSIL matrices containing methyl, phenyl, or propylmethacrylate
groups as an organic component are incorporated with the lanthanide complexes,

[Eu(phen),]Cl,-2H,0 and [Tb(bpy),IC1,-2H,0 by the sol-gel method and their luminescence
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properties are characterized on the basis of the measurements for luminescent spectra, thermal and

hydration stability.

2.2, Experimental Section

Organic lanthanide complexes, [Tb(bpy),]Cl,-2H,0 and [Eu(phen),]Cl,-2H,0, were prepared
according to the procedure described in Chapter 1. Appropriate amount of respective lanthanide
complexes dissolved in N,N-Dimethylformamide (DMF, 99.9%, Wako Pure Chemical) was added
in a mixed solution of water, ethanol (99.9%, Wako Pure Chemical), Tetraethoxysilane (TEOS,
99.9%, Wako Pure Chemical), and an organosiloxane such as diethoxydiethylsilane (DEDMS, 99.9%,
Shin-Etsu Chemical Co., Inc.), diethoxydiphenylsilane (DEDPS, 99.7%, Shin-Etsu Chemical) or
3-(trimethoxysilyl)propyl methacrylate (TMSPM, 99.9%, Aldrich Chemical Co., Ltd.) with molar
ratio of 11 : 7 : 3 : 1 by reflux thoroughly for 1 h. Dilute hydrochloric acid (0.005 M) was added
tosol solution as a catalyst. The gel solutions obtained were cured at 50 °C over 10 days. The
solidified ORMOSIL composite materials were then heated at 100 ~ 350 °C for 5 h in air. The
excitation and emission spectra, IR spectra and relative emission intensities for these ORMOSIL

composite materials were measured by the method in detail described in the previous Chapter.

2.3. Results

2.3.1. General results

TMSPM, DEDMS and DEDPS were used as the oligomers because the organosilicates de-
rived from them have the similar backbone structures, -Si-O-, to that of the silica matrix obtained
from TEOS by the sol-gel method, and the plasticity owing to the intramolecular organic groups
were improved compared with that of the conventional silica one. The inorganic and organic
network modifiers used in this Chapter are shown in Figure 2.1. The organic network former,

TMSPM (see Figure 2.1(b)), are usually connected to the silicon by Si-C bond, and the part of
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(a) Inorganic network former

(b) Organic network former
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Figure 2.1. Network former and modifier units in ORMOSIL matrices.

Figure 2.2. Photograph of the SiO,/SPM:[Tb(bpy),]3+ and SiO,/SPM:[Eu(phen),]3*
composite materials incorporated with 10 mol% of (a) [Tb(bpy),]Cl; and
(b) [Eu(phen),]Cl; after aging and drying at 50°C for more than two weeks.
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-Si(OH), derived from -Si(OCH,), in the molecular can condensate with TEOS and a propyl
methacrylate groups in TMSPM can polymerize with one another. On the other hand, the organic
network modifiers, DEDMS and DEDPS (see Figure 2.1(c)), have the parts of Si-methyl and
Si-phenyl which cannot polymerize with other groups. Only the -Si(OH), unit derived from
-Si(OC,H,), in DEDMS or DEDPS can condensate with TEOS[18]. In this Chapter, the author
defines ORMOSIL matrix derived from DEDMS and TEOS as SiOZ/Si(CH3)20, from DEDPS and
TEOS as Si0,/Si(CH,),0, and from TMSPM and TEOS as SiO,/SPM.

Figure 2.2 shows a typical photograph of Si0./Si(CH,),0 composite materials doped with 10
mol% of the lanthanide complexes (SiOz/Si(CH3)20:[Tb(bpy)z]“ (10 mol%) and
SiO2/Si(CH3)ZO:[Eu(phen)z]-‘* (10 mol%)) irradiated by a blacklight (UV excitation) from upper
direction. Both the samples produced were transparent and free from cracks, and the strong red and
green emissions were observed on the sample bulks, respectively. Although the matrices might
somewhat become brittle, this was dependent upon the amount of oligomeric organosilicate
component and the flexibility is improved by increase the contents. Therefore, the lanthanide
complex should be incorporated into the ORMOSIL matrix compared with the TEOS only.

Typical IR spectra of lanthanide complex, [Tb(bpy),]Cl,, and its composite materials,
SiO/SPM:[Tb(bpy),]** (1 - 20 mol%), heated at 150 °C for 5 h in air are shown in Figure 2.3. The
composite materials provided typical absorption peaks in the regions of A (C=C and C=N stretch)
and B (C-H out of plane bend) of which the intensities were enhanced with increasing the
concentration of [Tb(bpy),]CL-2H,0, apart from a strong absorption band based on the Si-O stretch
in a wavenumber region of C, although they were superimposed on the original pattern of ORMOSIL.
In addition, for the ORMOSIL:[Tb(bpy),]** composite materials containing the excess amount of
the complex (>10 mol%), the original absorption band of the [Tb(bpy),]Cl, complex as observed in
the wave number region of C became significant and dominated the original absorption band based
on the Si-O stretching of the ORMOSIL matrix. This indicates that the [Tb(bpy)z]C13-2H20
complex is incorporated into the ORMOSIL matrix without any decomposition or serious
modification. The absorption peak at 1670 cm, especially suggested in Figure 2.4, was assigned

to the C=C stretching mode for propylmethacrylate groups of TMSPM, indicating that the acrylate
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Figure 2.3. Typical IR spectra of (a) lanthanide complex ([Tb(bpy),]Cls) itself and (b-e)
lanthanide complex doped ORMOSIL composite materials, SiO,/SPM:[Tb(bpy),]3+ (x
mol%), with variousconcentrations of [Tb(bpy),]3+: (b), x = 1; (¢), x = 3; (d), x = 10; (e), x
= 20. The composite materials were treated at 150°C for 5 h in air.
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Figure 2.4. IR spectra of SiO,/SPM:[Tb(bpy),]3+ (10 mol%): (a) after heat treatment at
150°C for 5h and (b) without any heat treatment.
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groups still remained in the ORMOSIL matrice without polymerization. However, such absorption
signal almost disappeared by heating at the temperature above 150 °C. IR data for ORMOSIL

matrices incorporated with [Eu(phen),]Cl, were the same result as described above.

2.3.2. Europium complex composite materials

Excitation and emission spectra of SiOZ/SPM:[Eu(phen)ZP* (10 mol%) as heated at 50, 150
and 300 °C are shown in Figure 2.5. The emission profile measured was closely similar to the
emission spectrum of the original [Eu(phen),]JCl,-2H,0 complex itself[16]: The red emissions
were observed even on the composite materials incorporated with large amount of
[Eu(phen),]C1,-2H,0 and were assigned to the [Eu(phen)2]3* complex cation (see Figure 2.5a and
2.5b). On the other hand, two absorption bands existed in excitation spectrum profile, one at ca.
280 nm and another ca. 300 nm which were caused by the SiO,/SPM matrix and the lanthanide
complex, respectively. The excitation band as ascribed to ORMOSIL matrix was decreased with
elevating the temperature for heat treatment. Therefore, the heat-resistance temperature of the
ORMOSIL matrix was lower than that of the SiO, gel matrix prepared by sol-gel method.
Particularly, the fact that the absorption band at around 310 - 340 nm based on the w - t* band of
phen ligands also reflects to the excitation spectrum pattern indicates that the [Eu(phen),]** com-
plex cations exist in the SiO,/SPM matrix and they maintain the original molecular composition
and structure. However, the excitation spectrum based on the phen ligand at ca. 310 - 340 nm
decreased by the heat treatment at 300 °C. Consequently, the emission spectra of the ORMOSIL
composite materials were significantly weakened compared with that of the sample heated up to
450 °C and only weak emission lines ascribed to the free Eu** ion derived via decomposition of the
complex was observed (see Figure 2.5c).

Heat treatment temperature dependencies of the relative emission intensity for
Si0,/SPM:[Eu(phen),]** composite materials with various concentrations of the europium
complex are shown in Figure 2.6. The relative emission intensity of the SiO_/SPM:[Eu(phen),]**

composite materials were higher than that of the SiOZ:[Eu(phen)z]3+ with the corresponding
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Figure 2.5. Excitation and emission spectra of the SiO,/SPM:[Eu(phen),]3+ (10 mol%)
composite materials heated at various temperatures for 5 h in air : (a), 50°C; (b), 150°C;
(c), 300°C.
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incorporation amounts of complexes. In the low temperature region below 150°C, the emission
intensity of ORMOSIL composite materials was increased with elevating temperature for heat
treatments. This would be due to the removal of solvated water from both the complexes and silica
matrix, and consequently the condensation among the remaining silanol groups took place much
more. As shown in Figure 2.7, the emission intensity for each composite materials at 150 °C was
maximized by incorporation with 10 mol% of [Eu(phen)z]Cl3, providing a relative intensity value
of about 80 %. It is noted that the specific intensity value per complex formula unit for the
SiOZ/SPM:[Eu(phen)z]3+ is several times higher than that of the original [Eu(phen),]Cl,-2H,0
complex and SiO,:[Eu(phen),}**. Particularly, since the lanthanide complex incorporated into the
ORMOSIL matrix was effectively protected from the moisture by the surrounding ORMOSIL units
shown in Figure 2.1(b) and (c), their luminescence property was very stable after the standing in
air, and we will represent this evidence later. In this case, the relative intensity was maximized by
the heat temperatures at the relative high temperature of 150 °C. Therefore, the resulting
SiOZ:[Eu(phen)2]3+ composite materials incorporated with ~ 20 mol% of [Eu(phen),]Cl1,-2H,0O was
concluded to possess a good thermal stability comparatively, but a heat-resistance temperature of
the ORMOSIL composite materials was decreased than that of the original [Eu(phen),]C1,-2H,0

complex.

2.3.3. Terbium complex composite materials

Excitation and emission spectra of the SiO,/SPM:[Tb(bpy),]** (10 mol%) composite material
heated at 50, 150 and 300 °C are shown in Figure 2.8. The peak at about 310 nm as observed on the
excitation spectra of the SiOZ/Si(CGHS)ZO:[Tb(bpy)2]3+ composite materials heated to 50 and 150 °C
(see Figure 2.8a and 2.8b), assigned to the 7 - T* transition of the bpy ligand, and peak at 270 nm on
the excitation spectra assigned to the absorption of excitation energy to the ORMOSIL matrix.
Therefore, it is concluded that the chelated Tb** ions, that is, the [Tb(bpy),]Cl, complex still exist in

the ORMOSIL matrix prepared via the sol-gel process and the same molecular structure as the
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Figure 2.8. Excitation and emission spectra of the SiO,/SPM:[Tb(bpy),]**+ (1 mol%)
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original [Tb(bpy),]Cl,-2H,O complex was maintained even after heat treatment up to ca. 150 °C.
However, the composite material heated to 300 °C provided a small band at about 310 nm on the
excitation compared with the data heated to 50 and 150 °C. This means that the Tb(bpy),* complex
cation and/or ORMOSIL matrix are gradually decomposed over 150 °C. The emission spectrum
pattern of Si0,/Si(CH,),0:[Tb(bpy),]** composite materials consisted of four main lines at 489 nm
(°D, - 'Fy), 545 nm (°D, - ’F,), 586 nm (°D, - 'F,) and 622 nm (°D, - ’F,), and among them the
emission lines at 545 nm was the strongest. The emission intensity of SiO,/SPM:[Tb(bpy),]** com-
posite materials was extremely greater than those of SiO:[Tb(bpy),]** . However, the
emission intensity for the composite material heated to 300°C was decreased and there was no
contribution to the energy transfer between the bpy ligand and the Tb** ion.

The relationships between the treatment temperature and emission intensities for
SiO,/SPM:[Tb(bpy),]** composite materials were shown in Figure 2.9. In the lower temperature
region below 150°C, the emission intensity of terbium complexes was increased with temperature

for the heat treatment by incorporating them to the SiO,/SPM matrix. This is due to the dehydra-
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Figure 2.9. Temperature dependencies of the relative emission intensities for

SiO,./SPM:[Tb(bpy),]3+ (x mol%) with various concentrations of [Tb(bpy),]3+:(@®), x = 1;
(W), x = 3; (A), x= 10 and (@), x = 20. Heat treatments: in air, 5 h.
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tion from both the complexes and ORMOSIL matrix, which contributes to depress the possibility
of excitation energy loss via the multiphonon non-radiative process by water molecules. This
effect could be explained by the fact that the multiphonon relaxation is due to the hydrated water
molecules. The emission intensity of SiO,/SPM:[Tb(bpy),]** (1 mol%) was almost constant up to
150°C because the ORMOSIL matrix had been completely polymerized without the heat treatment
and the [Tb(bpy),]Cl,-2H,0 complex was incorporated as fully dispersed in the ORMOSIL matrix.
The ORMOSIL:[Tb(bpy),]** composite materials (ORMOSIL = SiO,/Si(C H;),0, SiO,/Si(CH,),0,
SiO,/SPM) incorporated with the larger amount of the complex than 10 mol% provided the maxi-
mum values at the heat temperature of 150 °C as shown in Figure 2.10, indicating that the
[Tb(bpy)z]Cl3-2H20 was effectively dispersed and incorporated into cage of ORMOSIL matrix in a
similar manner as ORMOSIL:[Eu(phen),]** (ORMOSIL = SiO,/SPM, SiO,/Si(C;H,),0). Particu-
larly, it was noted that the relative emission intensity value (103 %) of the SiOZ/SPM:[Tb(bpy)Z]3+

(10 mol%) composite material is comparable to that of the conventional phosphor, LaPO,:Ce,Tb,
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as practically used for the lamp illumination. The behavior that the emission intensity is increased
by the heat treatment at the appropriate temperature is same as those of the original
[Tb(bpy),]Cl,-2H,0 complex and the SiOz:[Tb(bpy)z]3+ composite materials of single matrix and is
due to the dehydration of complexes. In addition, the mechanical strength of lanthanide complexes
were improved by incorporation into the ORMOSIL matrices which are flexible. However, the
thermal stability of those matrices is lower than that of the silica matrix derived from TEOS only,

and then the emission intensity was gradually decreased by the heat treatment above 150 °C.

2.3.4. Stability against moisture

Relationships between the relative emission intensities of the ORMOSIL composite
materials or lanthanide complexes themselves and the standing time in air are shown in Figure
2.11. From this result, the lanthanide complexes were found to be effectively surrounded by

ORMOSIL matrices so that they were shielded from the moisture in air, although the emission
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Figure 2.11. Relative emission intensities vs. standing time for: (@),
SiO,/SPM:[Tb(bpy),]3+ (10 mol%);(l), SiO./SPM:[Eu(phen),]3+ (10 mol%); (O),
[Tb(bpy),]Cl; itself and (LJ), [Eu(phen),]Cl; itself. The standing was in air.
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intensities of free lanthanide complexes were considerably decreased in several days. Therefore,
one can concluded that the ORMOSIL composite materials incorporated with the lanthanide com-
plexes possess the good stability enough to use practically as high-performance light-emitting

materials with strong emission intensity and good transparency.

2.3.5. Lifetimes and Quantum yields

Luminescence quantum yields and luminescence lifetimes for europium and terbium
complexes and their ORMOSIL composites after heat treatment at 150 “C are summarized in Table
2.1 and 2.2, respectively.

Radiative and non-radiative rate constants are derived from the equation as follows:

O =kt
I/t=k+k*
where k and k* are the radiative and non-radiative rate constants, respectively. In these Tables, the
radiative constant k is almost the same value of the order of 10? and its value can be ascribed to the

electric-dipole allowed, while k* value was 10° s™.

Table 2.1. Luminescence properties of Eu3* complexes and their composite
materials

Sample da /9 ®/us  ke/103s"1 K9/ 103571 16/ %
[Eu(bpy)IClg 2218 3703 0599 2102 18.1
[Eu(phen),]Clg 56.33 703.2  0.801 1.881 80.0
SIO,/SPM:[Eu(phen) 5)3+ 57.78 7163  0.807 0,593 82.5
Si0/Si(CgHg)o0:[Eu(phen)o]3+ 55 30 694.7  0.796 0.643 80.5
SiO/Si(CH3)o0:[Eu(phen)ol3* 3761 569.0  0.631 1.126 49.8
SiOg:[EU(phen)2]3+ 13.53 237.0 0.571 3.648 14.8

:Luminescence quantum yield. BLuminescence lifetime. CRadiative rate constant.
Non-radiative rate constant. © Relative emission intensity vs. Y(P,V)O 4'Eu
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Table 2.2. Luminescence properties of Th3+ complexes and their composite
materials

Sample ®/% ®/us ke/103s1 K'd/103s 110/ %
[Tb(bpy)oICl3 69.80 795.7 0.852 0.405 118.6
[Tb(phen),]Cls 2133 4182 0510 1.881 15.1
Si0L/SPM:[Tb(bpy) 513+ 6778 8163  0.855 0373  103.0
Si0o/Si(CgHg)O:[T b(bpy)2]3+ 61.30 782.8 0.783 0.494 93.0
Si0L/Si(CH3),0:[Tb(bpy)o13* 5661 7548  0.750 0.575 85.0
SiOp:[Tb(bpy)}3+ 3147 3837  0.821 1785  44.3

8_uminescence quantum yieid. bLuminescence lifetime. CRadiative rate constant,
dNon-rt-ldiative rate constant. © Relative emission intensity vs. LaPO 4:Ce,Tb

2.4. Discussion

In the preparation process, as the ORMOSIL materials were prepared without refuxing the
sol solution containing 0.005M HCI as a catalyst, took place the phase separation to inorganic and
organic rich one. This would be due to the difference of the hydrolysis rate between TEOS and
organosilane. However, no phase separation and cracking were observed on the resulting matrix
with refluxing for 1 h. This is due that the condensation between the silanol groups in TEOS and
organosilane precursors completely proceeds by refluxing.

The ORMOSIL composite materials incorporated with tha lanthanide matrices have been
only succeeded in preparing in the homogeneous form as the photograph presented in Figire 2.2 as
DMEF solution of lanthanide complexes are added in the ORMOSIL sol solution. In the case of
ethanol solutions or aqueous solutions of the lanthanide complex, any homogeneous product is not
obtained because of the precipitation of the complex. This is caused by the fact that the vaporizing
rate of the solvent for lanthanide complex is almost equal to the condensation rate of silanol in the
ORMOSIL matrices since the boiling point of DMF is higher than those of EtOH and water.
Furthermore, DMF is an aprotic solvent and has an affinity for organic compounds by its large

polarity. Therefore, it is considered the lanthanide complexes are effectively dispersed and
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embedded in the ORMOSIL matrices before precipitating the complex.

The lanthanide complexes which are properly incorporated into the sol-gel derived ORMOSIL
host materials are encapsulated by a 'cage' in those matrices. Especially, by heat treatments at the
lower temperature (<150 °C), rigid cages are expected to be formed in the flexible
three-dimensional network composed by copolymerization among silica and propylmethacrylate
units which are strongly cross-linked and in which the complexes can be embedded[36]. Such
silica-acrylate, silica-methyl and silica-phenyl cages around the [Eu(phen),]Cl, and [Tb(bpy),]Cl,
are only constructed under the presence of acid and reflux conditions for the preparation process.
Therefore, the previous result that the larger amount of lanthanide complexes cannot be well
incorporated in the silica matrix is ascribed to the rigid framework of silica which provide no such
flexible cage.

On the other hand, although the condensation reactions among the silanol groups have been
reported to be accelerated by addition of a basic catalyst, the complexes are scarcely incorporated
into the ORMOSIL matrices. Furthermore, the preliminary studies on the incorporation of the
lanthanide complexes into titania-silicate gels provide some results that the interactions of these
complexes into the titania-silicate matrix as expected to form do not occur but preferentially take
pkace into titania particles because only titania component has condensated[37]. These results
indicate that the initial stage for the cage construction takes place around the lanthanide complexes
as templates at the sol formation step of the sol-gel process. The interactions between complexes
and ORMOSIL matrix probably exist even in the 'sol phase' (solution) before prolonged
condensation proceed, as shown by the unsuccessful incorporation under basic conditions.
However, at this stage the incorporation of the complexes is not completed. The final stage of the
cage construction is during the drying process of the matrix, , resulting in complete encapsulation
of the lanthanide complexes,[38-40].

Heat-resistance temperature of lanthanide complexes incorporated into the ORMOSIL
matrices were evaluated to be about 150°C for SiOZ/SPM:[Tb(bpy)Z]3+ and 150 - 200 °C for
SiOZ/SPM:[Eu(phen)2]3+ and did not depend on the amount of complexes even though much more

amount of complexes than the case of the silica gel composite materials derived from TEOS only
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incorporated into the ORMOSIL matrices. The ORMOSIL matrix formed via the sol-gel route are
flexible compared with the silica gel prepared by the same way, and furthermore the radius of such
pore is much smaller than that of sol-gel silica matrix. In addition, since the cage in the ORMOSIL
matrix containing lanthanide complex is probably even less than 1.5 nm and thelanthanide
complexes are effectively dispersed in the ORMOSIL matrices, the composite materials are
consequently transparent [39,39]. As stated above, lanthanide complexes, [Tb(bpy),]CL-2H,0 and
[Eu(phen)z]Cl3-2HzO, are perhaps completely introduced in the larger cages formed by the organic
group such as CH,, C.H,, and propylmethacrylate in ORMOSIL, and effectively stabilized from
the moisture in air.

The behavior that the red and green emissions are intensified by heat treatments are due to the
elimination of the solvated water which plays a role as a inhibitor for the energy transfer from the
excited ligands to the lanthanide ions in the matrix, and also such elimination enhances the further
polymerization among the organosilane and TEOS residues by which the complexes are fully in-
corporated and homogeneously dispersed in these matrix. These results are supported by the IR
spectrum data shown in Figure 2.3 and described in Chapter 1. The reason why the relative
emission intensity of the composite materials containing the excess amount of the complexes, e.g.
SiO,/SPM:[Tb(bpy),]** (20 mol%) and SiO,/SPM:[Eu(phen),]** (20 mol%), was decreased rather
than the composite one incorporated with the smaller amount (10 mol%) of lanthanide complexes
might be due to a concentration quenching. The lanthanide complexes tend to segregated in the
cracks and grain boundaries induced in the ORMOSIL matrix with increasing the amount of the
complexes. Therefore, it is concluded that the amount up to 10 mol% of the lanthanide complexes
can be a stably incorporated into the ORMOSIL matrices.

For the resulting the luminescence characteristics of lanthanide complexes and their
composite materials, the enhancement of the emission intensity is owing to a decrease in the k*
value (see Tables 1 and 2). However, the lanthanide complexes, for example, [Eu(bpy),]Cl, and
[Tb(phen),]Cl,,exhibited the lower emission intensity where the k* values were larger. The excited
‘Eu’™ ion is non-radiatively deactivated by transfering the excited energy from Ln* to ligands and

the decrease of asymmetry of Eu** ion in the complex. The magnitude of k* will, therefore, be
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strongly dependent on the energy level between ligand and *D transition level of the lanthanide ion,
and the symmetry of the complexes. As its number of water molecules decreases around lanthanide
ion chelated organic ligands, the value of k* decreases and the luminescence quantum yield
becomes larger. It is shown that the energy transfer is very effective and the lifetimes of the excited
(°D,) europium is long enough to provide good luminescence intensity. The lifetime of the phen
complex is longer than that observed in bpy complex, which is cited as a strong luminescent
system. In particular, the °D-’F, transition in the [Eu(phen),]Cl, complex and its ORMOSIL com-
posites is approximately five times more intense than the SD-’F, transition of them, and the D -F,
transition also is considerable intensified. The luminescence spectrum of the complex suggests that
the Eu* site symmetry is preserved. It is similar to the spectra obtained from the inorganic solid
compounds using a conventional lump phosphor.

The analogous terbium(III) complexes have also been synthesized and characterized. The
strong emission intensity for [Tb(bpy),]Cl, and its ORMOSIL composite materials would be most
likely due to a large energy gap between the bpy triplet level and the °D, level of Tb** ion. On the
other hand, the emission intensity of [Tb(phen),]Cl, was considerably weakened rather than that of
[Tb(bpy),]Cl,. This would be due to the reversible energy transfer from Tb* ion to phen ligand
because the energy gap between them is smaller than that of [Tb(bpy),]Cl, complex.

2.5. Conclusion

Lanthanide complexes such as [Tb(bpy),]Cl, and [Eu(phen),]Cl, incorporated into the or-
ganically modified silicates (ORMOSIL) were prepared and their luminescence characteristics were
investigated. The resulting products of these ORMOSIL composite materials were so clear, and
could be increased in the incorporation amount of lanthanide complex up to 20 mol%.

The emission intensities for the ORMOSIL composite materials incorporated with 10mol%
of [Tb(bpy),]Cl, and [Eu(phen),]Cl, after heat treatment at 150°C for 5 h in air were 100 and 80 %
compared with that of the conventional lamp phosphors used as a standard, respectively.

In addition, the relative emission intensities of these composite materials incorporated with
10 mol% of the lanthanide complexes which were left in air were not changed more than 100 days.

This is caused that the lanthanide complexes are effectively dispersed and surrounded by the

ORMOSIL matrices and water molecules decreased around the complexes by heat treatment.
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Chapter 3

Photovoltaic Cell Characteristics of Hybrid Silicon Devices with

Lanthanide Complex Phosphor Coating Film

3.1. Introduction

In Chapter 2, the luminescence properties of organic lanthanide complexes, [Eu(phen),]Cl,
and [Tb(bpy),]Cl,, incorporated into ORMOSIL[41-45], were investigated. Their relative
emission intensities were nearly found equal to conventional lamp phosphors.

Recently, the maximal outputs of the photovoltaic cells (PVC) have been attempted to be
enhanced by their surface improvements [46-49] or using other semiconductors[50-53]. On the
other hand, silicon solar cells are among the most promising materials for the energy conversion of
sunlight to electric power, but, in the case of Si PVC, the light transformation efficiency in UV
region is significantly lower than that in visible one. The spectroscopic sensitivity curve of
amorphous silicon (a-Si) and single crystal silicon (c-Si) solar panels provides an absorption edge
in the shorter wavelength region at about 300 nm, and furthermore, the light intensity in this region
is much lowered by the additional absorption of the resin film coated practically for protection.
Consequently, the sunlight fractions at the shorter wavelength are completely wasted in such PVC
system. However, if the UV lights are converted to the visible ones which are sensitive for Si PVC
by efficient photoluminescent materials, one can expect a considerable enhancement in the PVC
conversion efficiency. Indeed, [Tb(bpy),]Cl, provides strong line emissions, and the main line of
them peaks at 545 nm, which is very close to the peak of spectroscopic curve of a-Si (550 nm), and
the strong emission line peaking at 620 nm is observed on [Eu(phen),]Cl,, which closely meets the

peak of spectroscopic curve of c-Si (700 nm)[54].
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In the present Chapter, the silica-based ORMOSIL composite matrices, which have been
demonstrated and characterized as suitable host materials for organic compounds, e.g. dyes and
lanthanide complexes, were prepared by sol-gel method and incorporated with [Eu(phen,]Cl, and
[Tb(bpy),]Cl,. Furthermore, the hybrid solar cell devices are fabricated by coating with the
resulting ORMOSIL composite materials on the surface of c- and a-Si solar cell panels, and their

conversion characteristics of sunlight to electric power were studied.

3.2. Experimental Details

The lanthanide complex and ORMOSIL matrices, which was defined in this study as
SiO,/SPM, used here have been prepared according to the procedure described in Chapter 2. The
viscous gel solutions of ORMOSIL composite materials derived from TEOS and 3-(trimethoxysilyl)-
propylmethacrylate containing various amounts of [Tb(bpy),]Cl, or [Eu(phen),]Cl, were coated on
the surface of the commercially available a-Si PVC (TDK Co., Ltd.) which consisted of p-i-n
structure of amorphous Si or ¢-Si PVC (SOLARTECH Co., Ltd.) panels which consisted of p-n

structure of single crystal Si covered with polyester laminate film and dried at 50 °C for more than
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Figure 3.1. Apparatus for the measurement for V-1 chacteristics Si PVC.
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38 h in air, respectively. The excitation and emission spectra of the resulting lanthanide complexes
incorporated into SiO,/SPM matrix (SiOZ/SPM:[Tb(bpy)2]3* and SiOZ/SPM:[Eu(phen)2]3*) were
measured by the method described in Chapter 2. Measurements for the V-I characteristics of the a-
and c-Si PVC hybrid devices were carried out on a solar simulator with xenon lamp (100 mWecm2)
at room temperature and the UV lights below 300 nm were cut by a glass filter as illustrated in
Figure 3.1. The enhancement in electric outputs of a- and c-Si PVC hybrid devices was evaluated in

comparison with those of the non--coated a- and c-Si PVC.

3.3. Results and discussion

3.3.1. Characteristics of c-Si PVC with europium complex ORMOSIL coating film

Excitation and emission spectra of the ORMOSIL composite material containing 3 mol% of

[Eu(phen),]Cl, as dried at 50 °C are shown in Figure 3.2, together with the spectroscopic
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Figure 3.2. Typical excitation and emission spectra of ORMOSIL (SiO,/SPM)
composite materials doped with [Eu(phen),]Cl; (solid line). The dotted and dashed lines

represent the usual sunlight spectrum and the spectroscopic sensitivity curve of c-Si
solar cell, respectively.
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Figure 3.3. V-1 characteristics of a c-Si PVC devices obtained under the same condition
of modulated sunlight irradiation with the surface before and after coating with the
SiO,/SPM:[Eu(phen),]3+ composite film (thickness = ca. 1.0 mm). The illuminated area

was about 2.5 x 5.2 cm2.
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Figure 3.4. Complex concentration dependence of the relative conversion
efficiency for the hybrid c-Si PVC devices with SiO,/SPM:[Eu(phen), 3+
composite film.
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sensitivity curve of the commercial c-Si PVC and spectrum of sunlight (AM-1.5). The lanthanide
complex composite material used strongly absorbs the light in the region from 310 to 340 nm and
emits it at 620 nm. It is found that enhancement of outputs by this wavelength shifting using
europium complex is possible in the relative long wavelength sensitivity of the PVC.

The ORMOSIL doped with [Eu(phen),]CL, of 1 ~ 4 mol% was dripped onto the surface of the
¢-Si PVC resulting in an ~ 0.3 mm thick film after drying at temperature of 50 °C. According to this
method of ¢-Si PVC coating, the outputs of the PVC were increased. The resulting V-I
characteristics of the c-Si PVC hybrid devices coated with the ORMOSIL composite material film
were shown in Figure 3.3, together with those of uncoated c-Si ones. The enhanced outputs for the
coated c-Si PVC were obtained.

The concentration dependence of the europium complex on the relative conversion efficiency
under the same irradiation condition is shown in Figure 3.4. The maximal outputs increase gave a
value of 10% at [Eu(phen),]Cl, concentration of 3 mol% in ORMOSIL matrix. However, the
outputs was decreased with increasing the amount of [Eu(phen),]Cl,, and finally, the value of the

outputs were lower than 100% at coating ORMOSIL composites doped over the amount of 5mol%.

3.3.2. Characteristics of a-Si PVC with terbium complex ORMOSIL coating film

Excitation and emission spectra of the ORMOSIL composite material containing 2 mol% as
dried at 50 °C are shown in Figure 3.5 for [Tb(bpy),]Cl,, together with the absorption curve of the
commercial a-Si PVC and spectrum of sunlight (AM-1.5). In this case, the excitation (absorption)
spectrum of lanthanide complex gave a strong band peaking at ca. 310 nm, which was as
attributed to the ® - * transition of bpy ligands, followed by the intense line emissions in the
visible region via the energy transfer from the ligands to Tb*" ions. However, the absorption
spectrum pattern of SiO,/SPM:[Tb(bpy),]** was kept at the background level in the visible region
sensive for the a-Si PVC. These results indicate that the SiO,/SPM:[Tb(bpy),}** composite material
is suitable as a modulator to enhance the electric outputs of a-Si PVC because the sunlight fraction

in the higher energy region as unsensitive for PVC is effectively converted to the useful visible
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Figure 3.5. Typical excitation and emission spectra of ORMOSIL (SiO,/SPM)
composite material doped with [Tb(bpy),]Cl; (solid line). The dotted and dashed lines
represent the usual sunlight spectrum and the spectroscopic sensitivity curve of a-Si
solar cell.
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Figure 3.6. V-| characteristics of an a-Si PVC devices obtained under the same
condition of modulated sunlight irradiation with the the surface before and after coating
with the SiO,/SPM:[Tb(bpy),]3+ composite film (thickness = ca. 0.1 mm). The illuminated

area was about 4.0 x 6.5 cm2.
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Figure 3.7. [Tb(bpy),]Cl; complex concentration dependence of the relative conversion
efficiency for the a-Si PVC with the surface coating film of SiO,/SPM:[Tb(bpy),]3+
composite material.

lights by the terbium complex.

The V-I characteristics of the a-Si PVC hybrid devices coated with the Si0,/SPM composite
material film were measured, together with those of uncoated a-Si ones (see Figure 3.6). From the
results, the relative conversion efficiency was increased to ca. 8 % by such coating. In addition, the
concentration dependence of the terbium complex on the relative conversion efficiency under the
same irradiation condition is shown in Figure 3.7. The efficiency was maximized at the dopant

concentration of 2 mol%, of which the hybrid device provided the further enhancement around 8%.

3.3.3. The reflectivities of ORMOSIL composites coated PVC and non-coated PVC

The reflectivity measured on the hybrid a-Si PVC was approximately ca. 7% higher than that
of non-coated PVC in the region from 330 to 800 nm (see Figure 3.8). In practice, the preliminary
experiments demonstrated that the maximal output might be enhanced to be 20 % higher than that

of the respective uncoated Si PVC by optimizing the chemical
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Figure 3.8. The reflectivity on the surface of ORMOSIL and Si PVC.

composition between the silica and organosilane. Also, the luminescence characteristics of
ORMOSIL composite materials are strongly dependent on the coating conditions, the surface
conditions, film thickness and subsequent heat treatment conditions. It is expected that the outputs
for respective Si PVC enhance by coating ORMOSIL composite film after controlling the above

factors.

3.5. Conclusion

Maximal outputs of amorphous silicon (a-Si) and single crystal silicon (c-Si) photovoltaic
cells (PVC) coated by the organically modified silicate (ORMOSIL) composite film containing a
terbium bipyridine complex were increased to be 8% for a-Si hybrid PVC device and 10 % for
c-Si hybrid PVC device higher than those of the non-coated Si PVC. These are owing to the effec-
tive optical modulation from UV to visible light by the lanthanide complex incorporated into the

ORMOSIL matrix.
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Summary

In this work of this thesis, luminescence characteristics of the europium (III) and terbium
(III) complexes doped into silica-based glass matrices have been studied and discussed for the
purpose to develop new red or green emitting photoluminescent devices.

The results deduced from this work are summarized as follows:

Chapter 1. The relative emission intensities of lanthanide complexes, e.g. [Ln(bpy),]CL,-2H,0
and [Ln(phen),]C1,-2H,O (Ln = Eu and Tb), were considerably increased by heat treatments and
maximized at the suitable temperatures. Particularly, [Eu(phen),]Cl,-2H,0 and [Tb(bpy),]Cl,-2H,0
gave the strong red and green emission with the relative emission intensities of 18 ~ 120 % versus
the Y(P,V)O,:Eu and LaPO,:Ce,Tb standards phosphor as practically used by the heat
treatment at 150 °C. However, the emission intensities of the resulting materials derived from the
complexes were gradually decreased due to the moisture in air.

The lanthanide complexes were succeeded in incorporating into the SiO, matrix prepared by
sol-gel method without any decomposition and serious change of them. Consequently, the thermal
stability of these lanthanide complexes was effectively improved by incorporation into the silica
matrix.

The emission spectra of lanthanide complexes were intensified by incorporating them into
silica matrix, and their specific emission intensities per complex formula unit effectively increase
compared with those of the original lanthanide complexes. The composite materials prepared un-
der the optimized conditions provided the strong red or green emissions with the relative intensity
value of 17 % for SiO,:[Eu(bpy),]** (1 mol%), 15 % for SiO,:[Eu(phen),}** (3 mol%), and 44 % for
SiO,:[Tb(bpy),I’* (10 mol%), respectively. Therefore, the relative intensities of the composite ma-
terials are expected to be intensified much more if the lanthanide complexes are highly dispersed in

the matrices.
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Chapter 2. The much larger amount of lanthanide complexes than into the above-mentioned
silica matrix were incorporated into an ORMOSIL matrix than into a silica matrix by sol-gel
process without any decomposition. Furthermore, the samples obtained were transparent and free
from usual cracking problem, and the strong green and red luminescences were observed on the
sample monoliths irradiated by UV light.

A systematic study on the luminescence properties of the lanthanide complexes, [Eu(phen),]CI,
and [Tb(bpy),]Cl,, incorporated into some ORMOSIL matrices via the sol-gel process
demonstrated that the resulting ORMOSIL composite materials prepared provide the strong green
and red emission, of which their relative emission intensities were improved to be approximately
equal to those of the conventional lamp phosphors such as Y(P,V)O,:Eu and LaPO,:Ce,Tb

by optimization of the preparation conditions.

Chapter 3. The maximal outputs of the commercial amorphous (a-Si) and single crystalline
silicon (c-Si) photovoltaic cells (PVC) were effectively enhanced by simple coating of the
ORMOSIL composite materials incorporated with the terbium and europium complexes which can
convert the UV light to the visible ones as photoemissions.

The conversion efficiencies for each PVC were strongly dependent on the coating film
conditions of SiO,/SPM:[Tb(bpy),]** (2 mol%) and SiO,/SPM:[Eu(phen),]** (3 mol%). By
optimizing these conditions, the relative efficiency value around 8% and 10% could be obtained,
respectively. However, the reflectivity measured on the surface of coated a-Si PVC was ca. 7%
higher than that of the non-coated PVC in the region from 330 to 800 nm. Therefore, it is expected
to increase those outputs if the reflectivity is lowered by coating a low reflective film such as silica

prepared by the sol-gel method.
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