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Materials Science, Vol. 20, No. 2, 2002

Rare earth complexes in sol-gel glasses*

RENATA REISFELD

Department of Inorganic and Analytical Chemistry, The Hebrew University,
91-904 Jerusalem, Israel, renata@vms.huji.ac.il

The origin of the spectra of rare earth ions arising from f — fand f — d transitions is discussed. The
parity-forbidden luminescence of lanthanide ions can be strongly intensified by excitation via molecules
characterized by high transition probabilities. Such behaviour opens a route for creation of a class of new
sophisticated materials. Luminescent materials based on heteroaromatic lanthanide cryptates are attrac-
tive as labels for advanced time-resolved fluoroimmunoassays and molecular markers, their potential use
is also conceivable in the field of luminescent displays, molecular photonics and highly luminescent
materials in hybrid organic/inorganic glasses. The recent findings of lanthanide complexes trapped in sol-
gel inorganic glasses based on silica and zirconia networks are discussed and the theoretical basis of their
spectroscopy is presented.

Key words. rare earths, electronic spectra

1. Electronic spectra of rare earth ions

Rare earth (RE) ions incorporated in a solid or liquid environment show distinct
spectral lines of absorption and emission due to the electronic transition within 4f"
shell configuration. Figure 1 shows an example partial energy diagram of a RE ion
— Eu’" — indicating splitting of the electronic levels due to spin-orbit interaction, which
are further split by the ligand field (the j splitting). Figure 2 shows a similar diagram
for Tb™".

Since the f orbital is strongly shielded from the outside ligands, the positions of the
spectral lines vary only slightly with the environment, however, their intensities are
strongly dependent on the host in which the rare earth is embedded [1-3].

The radiative intensities of the trivalent rare earth ions can be easily calculated by
the use of Judd—Ofelt theory from the experimentally measured absorption spectra and
theoretically calculated matrix element of the ion.

"The paper presented at the International Conference on Sol-Gel Materials, SGM 2001, Rokosowo,
Poland.



6 R. REISFELD

The following approach is applied for f — f transition: the total oscillator strength
P of a transition at frequency v is given by

2 2 2
P(aJ,bJ')— 8 mov |:(I’l +2)

= S, +nS 1
I+ om e ’"d} M)

The connection between integrated absorbance of an electric dipole with line-
strength S is:

3 2 2
Ik(/i) A=p 8t mo l(n +2)
3he(J+1)n 9

where k(A) is the absorption coefficient at the wavelength A, p is the RE ion concentra-
tion, A is the mean wavelength of the absorption band, J is the total angular momentum
of the initial level and n = n(4) is the bulk index of refraction at wavelength 4. The
factor (n> + 2)*/9 represents the local field correction for the ion in a dielectric me-
dium.
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Fig. 1. Partial energy diagram for Eu(III) ion

The spontaneous emission rate is

64n*v’ n(n2 +2
3hc? (2 +1) 9

2
Alag;bJ")= ) S, +nS,, (3)



Rare earth complexes in sol-gel glasses

4£7d
A
SDO
le
5D2
5D3
5D4
3
Tb"
J
4f° 0
1
2
3
4
5
2107 e’
Configuration Terms Levels Sublevels

Fig. 2. Partial energy diagram for Tb** ion

in the case of electric dipole emission Eq. (3) takes the form of:

64nv’ n(anrZ)Z
AlaJ; bJ") = ? S,L)J U [[(S LY >F (4
@b )=t 5 |¢ & SIS LTS

where Q is the Judd—Offelt parameter, # is the index of refraction of the matrix. The
integrated absorption cross-section is related to the oscillator strength by:

2

[o@)do = :;2 P (5)

where U is measured in inverse centimeters. For a Lorentzian line
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o(v)= 1+4(:—i00)2 (6)
(Av)?

where Av is the full width at the half maximum, v, is the frequency at the peak, and
0, 1s the peak cross-section. Then:

[ol)dv= gaoAu (7)
2¢? p )
O, =
" mclAv

Thus, for a given linewidth, the peak cross-section for stimulated emission is pro-
portional to the oscillator strength. Equation (8) also shows the importance of the line
width Av in the determination of the cross-section.

The peak induced emission cross-section is related to the radiative probability by
the equation:

/1p4
olp)=—L——aJ:bJ' 9
( p) 8ncn2A/1€ﬁ. ©)

where the effective line width A4 is used, since for glasses the absorption and emis-
sion bands are characteristically asymmetrical.
The cross-section may also be written as:
Ap?

o,AD = [o(D)dD = - AlaJ; bJ") (10)

The radiative lifetime of level J can be expressed in terms of the spontaneous
emission probabilities as:

o' =Y A(J.J) (11)

where the summation is over all terminal levels J'. The fluorescence-branching ratio
from level J to J'' is given by

B = m (12)
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In addition to the spectroscopic properties, the Judd—Ofelt intensity parameters can
also be used to estimate excited-state absorption and the probability of ion-ion interac-
tions that enter into energy-transfer and fluorescence-quenching phenomena.

2. Relaxation processes in trivalent Re

Relaxation processes in trivalent Re include ion-ion energy transfer which can give
rise to concentration quenching and non-exponential decay and relaxation by mul-
tiphonon emission which is usually essential to complete the overall scheme and can
affect the quantum efficiency.

For low concentration of rare earth dopant ions, nonradiative decay mechanism is a
multiphonon emission. The results of the theory of multiphonon emission in amor-
phous materials were recently summarized [4].

The ab initio calculation of the transition rate between two electronic states with
the emission of p phonons involves a very complicated sum over phonon modes and
intermediate states. Due to this complexity, these sums are extremely difficult to com-
pute; however, it is just this complexity which permits a very simple
phenomenological theory to be used. There are extremely large numbers of ways in
which p phonons can be emitted and the sums over phonon modes and intermediate
states are essentially a statistical average of matrix elements. In the phenomenological
approach, it is assumed that the ratio of the p-th and (p — 1)-th processes will be given
by a coupling constant characteristic of the matrix in which the ion is embedded but
not dependent on the rare-earth electronic states. For a given lattice at low temperature
the spontaneous relaxation rate is given by

W (0) = Be®** (13)

where B and « are characteristic of the host (& is negative). Thus, the graph of the
spontaneous rate vs. energy gap will be a straight line when this approach is valid.
Figure 3 presents an example of exponential behaviour of decay rate on the energy gap
between the emitting level and the next lower level to which the energy decays. Ex-
perimental data show that the approach is very good for a large variety of hosts. In this
way, all multiphonon rates can be inferred from a few measured rates.

The dominant emission process is the one which requires the least number of pho-
nons to be emitted. The minimum number of phonons required for a transition
between states separated by an energy gap AFE is given by

AE
/10)

max

p= (14)
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where fiw,,, is the maximum energy of optical phonons. With increased temperature,
stimulated emission of phonons by thermal phonons increases the relaxation rate W
according to

W(T)=W(O) (1+7 (hyy,)" (15)

where # is the average occupation number of phonons of energy #w,,,, .
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Fig. 3. An example of multiphonon decay for trivalent RE in a silicate glass

The non-radiative relaxation in the rare earth ions is related to their excited states
population and is governed by the energy difference between the emitting level and the
next lower level, separated by the number of phonons of the host [3, 4].

The presence of water or solvent molecules in the co-ordination sphere of the RE is
often responsible for quenching of the luminescence via multiphonon relaxation. Mac-
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rocyclic ligands such as cryptates shield the lantanide ion from the solvent preventing
the quenching effect. Luminescent properties of co-ordination compounds are widely
used in chemical, biological and technological applications [5, 6].

In contrast to the spectra arising from f — f transitions, in all the trivalent rare
earth ions having oscillator strength of ~107°, trivalent Ce*" ion forms an exception as
its spectrum arises from f — d transition.

6s

5d

4f

Free ion Crystal field

5d states

4f

Co-ordinate Q0 ——»

Fig. 4. Electronic levels (upper) and configurational diagram (lower) of Ce*"

Neutral cerium atom has a Is*2s*p®3s’p°d'%4s’p°d'*f*5s*p°6s” electronic configura-
tion. In liquids and solids, Ce ions can occur in a trivalent or a tetravalent state, i.e. by
losing its two 6s electrons and one or both of its 4f electrons. The trivalent state with a
single 4f electrons is optically active; the resulting electronic energy level solids struc-
ture is shown in Fig. 4. When cerium enters a liquid or a solid, the expansion of the
electron shells decreases the electrostatic interaction between the electrons resulting in
a reduction of the energy of the excited states from their free ion values. This nephe-
lauxetic shift increases with the degree of covalency of the cerium—anion bond. The
spin-orbit interaction splits the 2f ground into two J states separated by ~2200 cm ™.
The (2J + I)-fold degeneracy of these states is reduced by the ligand
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Fig. 5. Absorption spectrum of Ce®" in silica glass prepared by the sol-gel method,
the glasses with addition of AI** and B,0s are also indicated in the figure
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Fig. 6. Luminescent spectrum of Ce’" in sol-gel silica glass with addition of B,O;
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field. Because the 4f electron is shielded from the ligand field by the closed 5s and 5p
electron shells, the overall splitting of the 2F_,~ states is small, typically only a few hun-
dred cm™'. When the 4f electron is excited to the outer 5d state, however, it is
subjected to the effect of the ligands. Depending upon the site symmetry, the degener-
acy of the 5d state is partially or completely removed. The overall splitting of the 5d
manifold is typically of the order of 5000—10 000 cm .

Electric-dipole transitions between the 4f ground state and the 5d excited state of Ce®
are parity allowed and have large oscillator strengths. Contrary to a long-lived emission of
many 4f j levels of several lanthanides in glasses and crystals, corresponding to very low
(10°°) oscillator strengths Ce®" is the only trivalent lanthanide which in the UV spectrum
(Fig. 5) region shows high oscillator strength (0.01-0.1). Figure 6 shows an emission
spectrum of Ce’” in glass obtained by the sol-gel method [7].

3. Complexes of rare earths in sol-gel glasses

As described above, electronic transitions in trivalent rare earth ions within the
f shell are forbidden by the Laporte rule and the luminescence which is dependent on
the absorption of photons to the electronic levels of the same configuration is therefore
weak. In addition, there is the possibility of multiphonon relaxation assisted by water
or solvent vibration.

Therefore, much effort has been devoted to the study of complexes which contain
ligands that have high absorbance in the UV followed by efficient energy transfer to
excited f states of RE The required structure of such complex are for instance 3,3'-bi-
isoquinaline-2,2" dioxide (biq O,) and biq O,-cryptate protects also from quenching
the RE ions from water vibration [8, 10].

The dominant characteristics which determines the luminescence quantum yield of
these complexes are the energy gap law corresponding to the difference in energy
between the excited emitting state and the highest state of the ground **'L term, the
location and influence of ligand metal charge transfer (LMCT) states, and the competi-
tion with non-radiative decay processes. Inter- and intramolecular dynamics also affect
the luminescence properties of lanthanide(Ill) complexes [8]. These are severely re-
duced in solid samples, and, more recently, in experiments in which the luminescent
species have been incorporated into transparent sol-gel [8, 10].

In order to increase inertness and minimize solvent interaction, one can use a sys-
tem consisting of Eu(Ill) ions encapsulated not only in cryptand formed by 3,3'-
biisoquinaline-2,2'-dioxide and diaza-18-crown-6 groups, but also the cryptate can be
entrapped in rigid and porous silica matrix. The matrix can be prepared by the sol-gel
process, i.e. two reactions with tetraalkoxysilane or other precursors.

The non-radiative relaxation processes in the rare earth ions are related to their ex-
cited state population and are governed by the energy difference between the emitting
level and the next lower level, separated by the number of phonons of the host [3, 4].
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Silica xerogel doped with [Eu-cryptand]*” was prepared by the sol-gel method from
a hydrolyzed tetramethoxysilane solution containing [Eu-cryptand](CF;SO;),Br. UV-
visible optical absorption spectra, fluorescence excitation and emission spectra, fluo-
rescence lifetime as well as luminescence quantum yield were measured. Experiments
were carried out in aqueous solutions and in rigid silica xerogels at room temperature.
It is shown that the excitation is centred at the ligand, but the metal ion takes part in
the emission process. In other words, the antenna effect was observed in the Eu(III)
cryptate in the solution and xerogel. The cryptate entrapped in the xerogel showed
higher emission efficiency and longer lifetime than in solution [10].

Recently, several studies have been performed on trivalent rare-earth ions doped in
Si0, gel matrixes via the sol-gel process [11, 12]. Inorganic rare-earth salt chloride or
nitrate were used. Only a weak emission can be observed from rare-earth ions doped
in SiO, prepared at moderate temperature due to non-radiative relaxation originated
from the interaction with the hydroxyl ions of water residue [11, 12]. It has been
shown that organic complex of rare earth doped in SiO, gel had better fluorescence
properties with respect to comparable inorganic salts [9, 10]. The implication of this
finding is that rare-earth organic complexes doped in sol-gel hosts are good candidates
for phosphors, active waveguides, optical sensors and markers of biological molecules

[13].
0.5+
( )
(|
(o 3o
Eu
C
o
=
(@]
(7]
0
<C
0.0 T T T T T T T T T T T T T T T T
280 320 360 400 440 480

Wavelength, nm

Fig. 7. Absorption spectrum of Eu(DMB); complex in zirconia glass and zirconia glymo films
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Zirconia glasses have some advantages over silica glasses because of their high
stability and low phonon energies [14]; they were found to be excellent materials for
incorporation of CdS nanoparticles [15].

Preparation of zirconia and zirconia ormosils and their physical properties have
been described in details in [14].

Incorporation of RE ions into zirconia matrix allowed us to obtain better lumines-
cence than in silica matrix [12, 15], however, this luminescence could be greatly
increased when Eu’" was incorporated into complexes such as dibenzoylmethane
Eu(DBM); or into 3,3'biisoquinaline-2,2'dioxide cryptate [13].

The complex Eu(DBM); was prepared by Prof. M. Pietraszkiewicz and incorpo-
rated into films of zirconia and zirconia glymo in our laboratory. Figure 7 presents the
absorption spectra and in Fig. 8 the emission spectra of the complexes are shown.
When normalized to the absorption an increase of factor of five is observed in Eu’
luminescence in the glymo films as compared with zirconia glass. For preparation of
cryptate in zirconia films the following procedure was used [13].

350+
300 ( @ )
250: Eu complex in zirconia 3
| and glymo 00
- / “.\ ,,’/
> 200 £l
S 150~ Eu complex in zirconia
€ ]
100
50 Zirconia only
od T s KT

T T T T T T T T T T T T T T T T T 1
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 8. Excitation and emission spectra of Eu(DMB); complex in zirconia and zirconia glymo films

Two zirconia-doped films were prepared: one with Eu(Ill) cryptate, and a hybrid
material obtained by cross-condensation of zirconia tetrapropoxide and 3-glycido-
xypropyltrimethoxysilane (abbreviated as glymo). The hybrid matrix incorporating
silica and organic part was expected to bring two advantages: to bind water via oxi-
rane ring opening, and to provide organic hydrophobic environment advantageous to
repel the remaining water molecules from the proximity of the Eu(Ill) cryptate. The
expectation was to enhance the luminescence performance. The Eu’" ions were also
prepared in zirconia film for comparison.
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Absorption spectra of pure zirconia film and film doped with Eu,O; as well as
cryptate in glymo film are presented in Fig. 9. These films were transparent in the
range of 350—700 nm, the zirconia-doped with Eu,0; showed a broad and weak band
around 350 nm. The samples with Eu cryptate show an intense band at 269 nm belonging
to the charge transfer of Eu cryptate complex. It should be noted that the charge transfer of
Eu oxide is positioned in the same spectral range, however, its intensity is negligible com-
pared with the complex prepared with the same concentration of Eu.

Both Eu cryptate in zirconia and in zirconia-glymo contain a band with a maximum at
350 nm characteristic of the heterocyclic ligand absorbance. The intensity in both cases is
the same within the experimental error. Therefore, there is no evident influence of glymo
on electronic spectra of the cryptate unlike in Eu(DBM); complex.

In Figure 10, the excitation and emission spectra of the complex in zirconia—glymo
(upper) and zirconia thin films (lower) excited at 350 nm and 269 nm is presented. The
emission spectra consist of several bands at 590 nm ("Dy — 'F,), 617nm (°Dy — 'F>) (the
most intense), 647nm "Dy — 'F3) and 684 nm ("Dy — 'F).

The incorporation of the cryptate complexes into zirconia films results in dramatic
increase of the emission intensity as well as in the increase of the absorption intensity
of Eu. The former results form the shielding of OH vibrations responsible for the non-
radiative relaxation and lowering of the symmetry site in which Eu is situated. The
most dramatic effect must arise from energy transfer from the organic ligand to the
Eu’" as depicted in Fig. 11.

0.6
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, , . , . .
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Fig. 9. Absorption spectrum of Eu®" in zirconia films compared to absorption
of europium cryptate in zirconia and glymo



Rare earth complexes in sol-gel glasses

300
250+
200+
2
g 150
Qo ]
c
— 1004 ZrO,—-EuCp—glymo /
1 ZrO,—EuCp
501
ZI’OQ—EU203
0_
——FFFF77
350 400 450 500 550 600 650 700 750
Wavelength (nm)
Fig. 10. Emission spectrum of Eu in ZrO, cryptate complex of Eu®*
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Fig. 11. Diagram of the most probable states in the energy transfer process of the Eu cryptate
in sol-gel glass. The LMCT state close to the triplet (a) and the singlet (b) states of the ligand
are also presented. Solid and dashed arrows describe radiative and non-radiative process, respectively
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The phenomena of increase of transition probabilities are reflected by higher ab-
sorption of the complex. The energy-transfer rates between the ligands and the
lanthanide ion were calculated recently in a complex of Eu(bpy-bpy-bpy)’" [9].

The model took into account the molecular structure of the complex and the ligand
and the location of ligand with respect to metal states. The energy transfer rate be-
tween the ligand and the lanthanide ion were obtained with the model that includes the
multipolar and exchange coulands interaction. The very elegant treatment presented
there can be used in future for a general case of energy transfer between the cryptate
ligand and the lanthanide ion as shown in Fig. 11.
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Colloidal silica can be used for final general metallographic polishing. It is used to polish silicon sin-
gle crystals for electronic applications and, subsequently, polycrystalline silicon for solar cells, gallium
arsenide, indium phosphide, titanium, gadolinium, gallium garnet and sapphire. The silica dioxide is
dispersed in water with alkaline compound added to obtain the desired pH.

Key words: colloidal silica, metallographic polishing, silicon

1. Introduction

Colloidal silica [1-3] can be used to polish most metals, alloys, minerals, ceramics
and composites. It can also be used after one or two diamond polishing steps or after
using alumina slurry. Colloidal silica, also referred to as a sol, contains very fine parti-
cles (1-300 nm in diameter) that remain in suspension over a long period of time
(several years). In colloidal silica, the particles are amorphous rather than crystalline,
and they have a negative electrical charge. The particles are nearly insoluble in the
dispersing medium (distilled water). pH is the main factor influencing the stability of
colloidal silica and, in addition, pH is the electrochemical factor, which plays a sig-
nificant role in polishing semiconducting material slices.

The aim of the present work is to prepare colloidal nanosize silica dioxide used for
final polishing of silicon wafers and to investigate their physicochemical properties.

"The paper presented at the International Conference on Sol-Gel Materials, SGM 2001, Rokosowo,
Poland.
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2. Experimental

Following chemical agents were used for synthesis of colloidal silica [3]: powder
of silica dioxide or silica gel, potassium hydroxide (KOH) and distilled water. The
preparation technique of colloidal silica sol consists of the following stages: mixing
initial components, centrifuging the mixture obtained and control of parameters. Sta-
ble sol is centrifuged in order to remove large particles of silica dioxide and
technological impurities, which can have negative effect on the process of polishing
the silicon wafers. Centrifuge of the OC-6M type was used for purification at
2000—2500 rpms during a 15 minute time interval. Control of pH of the synthesized sols
was carried out in the laboratory by pH-meter — millivoltmeter pH-121. Areometers were
used to determine the density of colloidal silica. Rotary viscosimeter (PEOTECT RV 2.1)
was used to determine the viscosity of suspension. Observation of the shapes of the
silica particles was conducted by examining the samples with scanning electron mi-
croscopy (SEM, JSM-50 A (JEOL, Japan)).

3. Results and discussion

Amorphous silica particles in the colloidal silica dispersions are in closed spherical
shape. Figure 1 shows a SEM view of amorphous silica particles in sol. The differ-
ences in particle sizes, as it is visible in Fig. 1, are 300 nm and less.

- 0
-285 22233 5S0000 S00NA  —

Fig. 1. SEM picture of colloidal silica dioxide

The hydroxide of potassium and silica particles were added to water, so that the pH
of the synthesized colloidal silica was at least 10.5—11.0. Dependence of the colloidal
silica dioxide sedimentation stability on pH is described in [4] and is shown in Fig. 2.
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The colloidal silica dioxide flocculates between pH 4 and pH 8, approximately at
pH = 6. In our case, the particles of silica sols did not flocculate. Negative charge ac-
cumulated on the surface of the colloidal silica particles in the basic conditions and the
particles were repulsed from each other.

Stability, abs. u.

pH

Fig. 2. Effect of pH on sedimentation stability of colloidal silica

14 14
—— 1
] .\ 2
134 I\ 413
]
E
© o
o E
= -
= 1.2 412 2
8 B
o C
7] o)
s o
1.1 411
\.
1.0 T T 1.0

v v T v T v v
150 200 250 300 350 400
Surface area, m2/g

Fig. 3. Relation of viscosity and density of colloidal silica sol to specific surface area
of particles silica dioxide: 1 — viscosity of silica sols, 2 — density of colloidal silica

Even though the maximum sedimentation stability is reached at basic values of pH,
the stability begins to decrease when the pH level exceeds 11. Temperature also influ-
ences the sedimentation stability of colloidal silica dioxide. The colloidal silica
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dioxide congeals at the temperature below 6 °C. If the suspension is frozen, it becomes
less dense in the upper layer of a vessel and more dense at the bottom. The depend-
ence of the viscosity of the suspensions obtained on the specific surface of the
particles is shown in Fig. 3.

Density and viscosity of the colloidal silica dioxide particles decrease with the in-
crease of the specific surface of the SiO, particles. Thus, the viscosity of synthesized
suspensions increases with reduction of the specific surface of the silica dioxide parti-
cles and the increase in their size. It has been established that centrifugation of the
identical quantity of silica oxide dispersed in water (a suspension with higher specific
surface of the particles) leads to precipitation of the large part of the silica dioxide.

4. Conclusion

Amorphous silica particles in the colloidal silica dispersions are nearly spherical in
shape. The density and viscosity of the colloidal silica dioxide obtained decreases with
the increasing specific surface of SiO, particles. The hydroxide of potassium is added
to colloidal silica, so that pH of the synthesized sols is at least 10.5—11.0.

The synthesized colloidal nanosize silica dioxide can be used for final polishing of
silicon wafers.
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Measurements of the porous sol-gel and porous silica glass linear size dependencies on humidity of
the surrounding atmosphere were performed using the interferometric techniques. The secondary silica
gel existing in the voids of silica porous glasses is absent in the sol-gel glasses. The pore size distribu-
tions have two peaks for the sol-gel glass while there are several peaks with decreasing amplitudes in the
silica porous glass. The differences in the linear sizes moisture sensitivity are explained by the structure
of both types of porous materials. The capillary effects prevail in the last ones. The revealed peculiarities
of sol-gel glasses make it possible to develop threshold humidity sensors of a new type.

Key words: porous glasses, adsorption, desorption, humidity sensor

1. Introduction

Porous sol-gel glasses are promising materials for a broad spectrum of possible ap-
plications in electronics, sensor techniques, pharmacology, prosthetic appliances, etc.
The structure and chemical composition of porous sol-gel glasses are close to silica
porous glasses [1]. This allows us to investigate them by the techniques developed for
silica porous glasses [1-4]. One of these techniques is the carbon treatment. It is based
on thermal annealing (450-600 °C) of the porous material with carbon preliminary
impregnated into the pores [1, 3]. Reduction of silicon occurs inside the voids due to
different chemical activity of both elements and silicon clusters are created in the sil-
ica porous glass. These clusters make their contribution to luminescence. The position
of spectral maximum is related to the average size of the clusters. These sizes depend,

"The paper presented at the International Conference on Sol-Gel Materials, SGM 2001, Rokosowo,
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first of all, on the sizes of voids in the starting material. Thus, a certain correlation
exists between the pore-size distribution and the photoluminescence spectra. Compari-
son of photoluminescence spectra for silica porous glasses and sol-gel glasses shows
that they are practically indistinguishable before carbon treatment [1]. At the same
time the positions of light emission peaks differ after this treatment. In the present
work, the ambience humidity dependencies of the linear size relative change are com-
pared for porous silica glasses and porous sol-gel glasses.

2. Experimental section

Porous silica glasses were obtained from two-phase alkali borosilicate glasses by
alkali borate phase chemical etching. The corresponding technique is discussed in
references [5—7]. Porous sol-gel glasses were obtained as described previously [1]
from tetracthoxisilane water solution with the ratio of 1 to 4 molar percent. Hydro-
chloric acid (HC1) with concentration approximately in the range from 30 up to 70%
was used as a catalyst in this process. The mixture was stirred at room temperature for
about an hour and then was polymerized in polyethylene containers for 100 hours. The
obtained samples were dried up in a chamber where the temperature was slowly in-
cre213sed to 600 °C. Both types of the investigated glasses had initial sizes of 10x15x0.5
mm’.

The humidity dependence of the linear sizes was investigated using the set up based
on the Michelson interferometer. One of the interferometer shoulder mirrors was in direct
contact with the sample placed in a special gas chamber. The mixture of dry and wet air
passed through it. Using the special regulated gas valve system, the humidity of the at-
mosphere in the chamber could be changed in the range from 10 to 90%. In order to
maintain high accuracy of the measurements, the minimal possible rate of gas flow was
maintained and the temperature was kept constant. Each subsequent change of humidity
was made after complete stabilization of the sample parameters. These parameters were
controlled by the position of the fringe pattern movement with respect to the photodiode
slot. The 632.8 nm He-Ne laser was used as a light source. The accuracy of 0.001% was
achieved in the interferometric measurements of the standard samples with the length of
15 mm. The pore size distribution spectra were obtained by the capacitance method using
water vapour absorption-desorption [8, 9].

3. Results and discussion

Figure 1 shows pore size distribution spectra for both porous sol-gel and porous
silica glasses. It is necessary to mention that both spectra have similar shape but the
distribution is rather mono-disperse (only two fractions) in the first spectrum, while in
the second one, case there is a set of peaks with fading amplitude. The number of
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pores with larger sizes increases. The amount of fractions depends on the properties of
the initial glass and on the etching conditions. In the range of pore radii from 0 up to
60 nm four fractions are clearly seen in Fig. 1. However, there were only two peaks in
the samples studied in our previous paper [4]. Nevertheless, the void sizes correspond-
ing to these fractions were always larger than in the case of sol-gel glasses.

0%

reduced volume of pores, (1/V)dV/dr [nm™]

40 N
pore radii [nm]

Fig. 1. Size distribution of pores for the silica porous glass (A) and the sol-gel glasses (B)

Microporosity (the average pore size about 2 nm [10]) and almost complete ab-
sence of chemical pollution are typical of sol-gel glasses. This is due to the mechanism
of their fabrication [11]. The silica porous glasses chosen for comparison with sol-gel
specimens were also microporous and the residual silica gel, which was located on the
internal pore surface, was almost completely removed by additional chemical treat-
ment in KOH. It is known [6] that certain dissolution of the main framework of silica
glass happens as a result of such treatment besides of the secondary silica gel removal.
The average pore radius has increased after corresponding over-etch of the pore walls.
We want to stress that the traces of secondary silica gel remain after the chemical
treatment (as shown in Ref. [4]). Manufacturing of porous glass by the sol-gel tech-
nologies gives an opportunity to adjust the pore size and simultaneously excludes the
availability of such formation. This explains, in our opinion, different dependencies of
linear sizes on humidity for both materials, as shown in Figs. 2 and 3.

The monotonous character of the humidity dependence of the linear sizes for po-
rous silica glass (presented in Fig. 2) in the whole humidity range corresponds to the
dominance of the stretching forces connected to swelling of the residual silica gel over
the capillary forces of compression. In the case of sol-gel glasses, the character of
specified dependencies is essentially different (Fig. 3). Absence of pronounced
changes in the specimen size due to in the humidity range from 10% up to 70% sug-
gests that there is no appreciable modification of the pore surface in this range. An
abrupt compression of the sample (reaching maximum at 80% humidity) can be ex-
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plained by the formation of water menisci in the necks of pores with minimum sizes.
When humidity is further increased, small voids are filled with water and the moisture
begins to be condensed on walls of the pores with greater sizes. It results in almost
complete disappearance of the capillary forces (the menisci in these pores is not
formed yet) and the size of the sample returns to its initial value. In the case of larger
values of humidity the water menisci are created in the fraction of voids with large
dimensions (fraction of the diameter 15—17 nm in Fig. 1). The decrease of the sample
length in this case is much smaller. This is due to, first, the large radius of the menis-
cus and, second, the smaller number of corresponding pores. After all the pores are
filled with water, the sample length again returns to its initial value.
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Fig. 2. Dependence of the linear sizes of porous glass during
adsorption (A) and desorption (D) on humidity
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Fig. 3. Dependence of the linear sizes of porous sol-gel glass
during adsorption (A) and desorption (D) on humidity
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Let us also note that the humidity dependence of the linear size change is more pro-
nounced for the sol-gel glasses in comparison with the similar dependence for the silica
porous glasses. We argue that this fact is due to the influence of capillary compression
forces only, while no substance similar to the secondary silica gel exists inside the sol-gel
glass. No etching was employed in the fabrication process of these glasses and pore for-
mation is the consequence of the glomerular macromolecule structure.

We want to emphasize that the ranges of practical insensitivity to environment
humidity for porous sol-gel glasses depend on the pore size distribution. Insensitivity
range is wide enough (in Fig. 3 it is about 70%). Adjustment of the specified distribu-
tion is possible during the fabrication of porous sol-gel glasses [11]. Thus, it appears
possible to create threshold humidity sensors that switch at given humidity and may be
used, for example, at the agricultural enterprises and in food industry.

4. Conclusion

Comparison of humidity dependencies of the linear sizes for silica porous glasses
and sol-gel glasses has shown that in the latter case the dependence is more pro-
nounced. At the same time there are wide enough areas of insensitivity to humidity.
The specified distinctions can be explained by different mechanism of pore formation
in both materials. This results in the trade off between residual silica gel swelling
(stretching forces) and capillary effects (compressive forces). Besides it, a lot of dan-
gling bonds are created during etching at the internal surface of silica porous glasses
that further act as absorption centers for water. The pore surface in sol-gel glasses is
more chemically steady. It is possible to regulate the sensitivity threshold in sol-gel
glasses and thus to fabricate sensors that switch at given humidity.
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Recent results concerning fabrication and optical features of the sol-gel materials are reviewed. The
nanoparticles of copper, copper oxides, sulfides and selenides have been produced by means of the modi-
fied silica-based sol-gel technique within two types of materials: amorphous silica films and monolithic
glasses. Features of the optical absorption are discussed in dependence on the chemical composition.
Optical properties are varied with element composition of the compounds, size of particles, their concen-
tration, etc. The quantum confinement and partial surface chemical modification of the nanoparticles are
considered as possible reasons for appearance of optical features of the copper multivalent compounds.
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1. Introduction

Glassy materials doped with transition metal ions, nanoparticles and clusters of dif-
ferent chemical composition including oxides, sulfides and selenides have been found
to be of great scientific and practical interest [1, 2]. Optical materials fabricated from
doped glasses and films are widely used in optics and optoelectronics as selective fil-
ters, passive laser elements, optoelectronic switches, etc. Silica matrices provide stable
samples for study of novel physical phenomena associated with low-dimensional em-

"The paper presented at the International Conference on Sol-Gel Materials, SGM 2001, Rokosowo,
Poland.



30 GURIN V.S. et al.

bedded objects (excitation and relaxation of rare earth ions [3] and quantum-confined
semiconductors [4], surface plasmon resonance in metals [5], light-induced transfor-
mations in nanoparticles [6], etc.).

Historically, the main method of doped glass fabrication consisted of melting com-
ponents (oxides, fluorides or another glass-forming base) with the addition of dopants
which underwent some chemical transformation resulting in final products responsible
for their optical properties. Also, there is a number of preparation methods for glassy
films that can be distinguished by the starting phase state of components — direct
evaporation-deposition, chemical vapour deposition or reactive sputtering with par-
ticipation of gaseous reactions and deposition from liquid solutions with dipping or
spin-coating. The last method is similar to the familiar sol-gel technique [7-9], the
main idea of which is the realization of complete sequence “sol — gel — solid” select-
ing chemical composition of precursors allowing these phase transformations. Organic
derivatives of silicon, titanium and other polyvalent elements favour well this idea due
to easy hydrolysis and polycondensation processes to form oxide structures. Doping in
this case can be done at different stages. The sol-gel technique is successfully applica-
ble also to fabrication of monolithic glasses. However, detailed methods of doping can
be slightly different as compared with those for the films.

In this paper, we consider from one viewpoint the two types of sol-gel derived materi-
als: thin films and monolithic glasses. The preparation technique was developed specially
for doping with copper compounds dispersed as nanoparticles within the stiff silica ma-
trix. The known advantages of the sol-gel-based methods are the lower temperature of
final heat treatment (comparing with fused technique), flexibility in composition and in-
termediate chemical treatments favour the complex composition of the materials. Similar
materials with transition metal compounds cannot be prepared with conventional molten
glass technology. Liquid state of the precursor sols provides the best condition for homo-
geneity, and subsequent gaseous phase reactions retain also this aspect. At the same time
new effects appear for some sample compositions,(as surface segregation [10]) that can
also be used for preparation of special materials.

2. Samples preparation and characterization

The first fabrication step of bulk monoliths (Fig. 1) is conventional for the sol-gel
technique and consists of preparation of precursor sol by mixing alcohol-aqueous
solution of tetracthoxisilane (TEOS) at the molar ratio TEOS/H,0O = 1/8. Different
acid catalysts — HCI, HNOs, H,SO, (with molar ratio acid/TEOS = 1/50) were studied
to promote hydrolysis of TEOS. Aerosil (SiO, powder with the grain size on the order
of 20 nm and surface area 150-400 m?/g) was added to sol before gelation to avoid
strong volume contraction under drying. A part of agglomerated aerosol was separated
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TEOS hydrolysis:
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(Ha, 600 °C)
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annealing in Hy (up Drying and heating in
to 1.200 °C) air (600 °C)
Cu in glass Cu,O-xerogel

Sulfidization
(H,S, 400 °C) followed

Annealing in air

(up t01200°C) by annealing in sealed
Cu,O in glass ampoule
(up to 1200 °C)
Cu,S in glass

Fig. 1. Fabrication scheme of the silica sol-gel glasses
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in sealed ampoule

(up to 1200 °C)
Cu,Se in glass
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by centrifugation. Such sols had density of 1.05 g/cm’ and could be stored at 3—5°C
without spontaneous gelation for 15-20 days. The gelation occurred when pH was
increased up to 6—7 with addition of ammonia solution. In order to fabricate mono-
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lithic glasses of definite shape, the sols were poured into polystyrene containers, and
gelation proceeded for 24 h. The gels were dried at 60 °C and heat-treated up to
600—1000 °C for 2 h to remove sorbed water and organic remnants of TEOS. The
temperature regime influences the properties of xerogels (porosity, amount of remnant
hydroxyl groups, etc.) and was used as one of the experimentally controllable factors
influencing final materials features. Such products, as xerogels resulted in finally an-
nealed pure silica glassy monoliths heated treatment up to 1200 °C in the air. The doping
was carried out via two routes: (1) mixing of metal salts (Cu(NOs),) with precursor
sols, (2) impregnation of porous xerogels (before the high-temperature annealing step)

GURIN V.S. et al.

in alcoholic Cu(NOs), solutions for 8 h.

Sulfidization
Heating in H,S (400 °C)

Film on substrate
Cu,S

TEOS hydrolysis:
TEOS + C,HsOH
+ H,0 + HCl1
Precursor sol

Sol doping
sol + Cu(NO3)2
Cu-doped sol

Deposition and heating
(£900°C)
Film on substrate
CuO

Copper reduction
Heating in H; (600 °C)

Film on substrate
Cu

Selenization
Heating in Se vapour
(300°C)

Film on substrate

Cu,Se

Fig. 2. Fabrication scheme of the silica sol-gel films
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Subsequent chemical transformations of copper compounds introduced by doping
were performed via different routes leading to formation of nanoparticles of metal,
oxide, sulfide or selenide (Fig. 1): (1) heating and annealing of the doped xerogels
(~ 1200 °C) in Hy, (2) heating and annealing of the xerogels (~ 1200 °C) in the air,
(3) heating in the air followed by H,S (400 °C) and annealing in a closed quartz am-
poule up to 1200 °C, (4) heating in H, (600 °C) followed by annealing in Se vapour in
a closed quartz ampoule up to 1200 °C. This final annealing step resulted in produc-
tion of transparent glassy samples (monoliths) of high optical quality and good
mechanical strength.

The fabrication of doped silica films (Fig. 2) proceeded with the simpler sequence
without the high-temperature annealing. The homogeneous sol-gel films were formed
by spin-coating process on polished silica substrates. The doped sols were prepared by
dissolving copper nitrate in sols yielding partially hydrolysed copper nitrate,
Cu,NO;3(OH);, characterized directly by XRD analysis [11]. The following four dif-
ferent types of processing for the films were developed: (1) heating in hydrogen
(600°C, 1 h) resulted in reduction of copper up to the metallic state, (2) heating in the
air up to 900 °C (this temperature retained amorphous character of the silica matrix) to
produce the films doped with copper oxide, (3) heating in the air (900 °C) with subse-
quent treatment in H,S atmosphere (400 °C, 1 h) to obtain copper sulfide nanoparticles
embedded into the silica matrix, (4) similar heating in the air (900 °C) and subsequent
processing in H, (600 °C, 1 h) followed by heating in selenium vapour (300 °C, 1 h).
The last step resulted in formation of copper selenide nanoparticles dispersed in silica
matrix. The thickness of films was in the range of 300—1000 nm and controlled by
amount of spin-coated sols deposited on substrates under constant rotation speed
(2000-5000 min™").

The above-described different preparation sequences were designed to form nano-
particles including a series of copper compounds (Cu,O, Cu,S, and Cu,Se) or metallic
copper. However, production of a broader range of other compounds is also possible.
The chemical composition of the above series of compounds with the variable stoi-
chiometry both in the case of films and monolithic glasses has been established using
several methods: XRD (mainly for films) [11-13], XPS (also for films [13] and some
glasses with higher concentration of dopants), RBS (both for films and glasses)
[14, 15]. Transmission electron microscopy (TEM) studies have revealed that the
materials are nanoparticles (in the range of 10-100 nm) embedded into amorphous
glassy matrix [14]. The size of nanoparticles depends on the concentration of the
dopants and particulars of the heat treatment of xerogels. Nanoparticles in the mono-
liths have usually relatively low concentrations (from 10'°-10" cm™), and the
aggregation degree of them is not large, so in the most cases they may be considered
as separate ones surrounded by glassy matrix rather than in contact with other parti-
cles. The concentration of particles in the films was 2-3 orders of magnitude larger
(due to the more relative amounts of dopants), possessing the sizes similar to those
observed for the monolithic glasses.
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3. Optical properties

Optical absorption spectra of the sol-gel silica films and glasses doped with differ-
ent copper compounds are summarized in Fig. 3. In spite of their similar general
chemical composition, their optical properties reveal remarkable differences. The opti-
cal properties depend on particulars of the preparation, the particles concentrations and
features of the matrices.
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Fig. 3. Absorption spectra of the sol-gel silica films (a)
and glasses (b) containing nanoparticles of different copper compounds
indicated by their chemical formulas

The spectra of Cu,O-doped films are similar to those of monolithic glasses and
show the sloping monotonous spectrum with a very weakly developed shoulder in the
short-wavelength range (4 < 350 nm). Such spectra are characteristic of indirect-gap
semiconductors and are consistent with properties of CuO or Cu,O. Size effects are
virtually absent. According to the XRD data [11], in such films the chemical form of
CuO is dominanting. Recent photoluminescence results [16] suggest that Cu” ions in
Cu,0 nanoparticles occurr in glasses. This difference in composition of films and
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glasses can be caused by differences in concentration of the dopants (much higher for
films than monoliths) and higher maximum temperature of heating during the prepara-
tion (900 and 1200 °C, respectively). The higher temperature, evidently, can lead to
decomposition of Cu(Il) oxide (4CuO — 2Cu,0 + O,).

A reductive heat treatment in hydrogen is known to lead to easy transformation of
copper oxides to metallic copper (Cu,O + H, —» xCu + H,0). However, the size and
concentration of particles affecting the optical response can be different for films and
glasses due to variations in matrix properties and initial chemical compositions. Usu-
ally, absorption features of small copper particles are described well (at least, in the
first approximation) using the Mie theory explaining maxima in absorption spectra as
a combination of a A-dependent dielectric function (&(A4, R) ~R ) occurring in the
total expression &= g+ig [17] and medium dielectric constant &. The typical spectra
of copper nanoparticles posses main maxima in the range of 500-600 nm (properly,
the plasmon resonance from the Mie theory) and additional features originate from the
complicated &(4) dependence on the band structure of metallic copper. The more pro-
nounced maxima observed for copper nanoparticles in glasses, as compared to the
films, as well as a small (several tens of nanometers) blue shift of the band position
can be the consequence of a more homogeneous size distribution of the particles in the
glasses with much lower concentrations and particle—particle interactions.

It should be emphasized that we have shown only some selected representative
spectra of the copper nanoparticles: they vary with changing properties of the xerogels
and dopant concentrations retaining similar general principal appearance with the
plasmon resonance maximum in the range of 500-700 nm. This feature can be used
for designing of cut-off filtres. Production of copper chalcogenides (sulfides and se-
lenides) nanoparticles embedded in the sol-gel films and glasses is the principal
purpose of the preparative part of this work; oxides and metallic particles appear
mainly as intermediate steps of the reaction sequence. Chalcogenides of different met-
als are the subject of studies of the size effects through observation of certain non-
trivial optical features [18]. Copper sulfide particles have been produced within fused
glasses [19, 20], and ultrathin nanostructured films have been fabricated by means of
the Langmuir—Blodgett technique [21, 22]. The sol-gel technology allows studies of
both copper sulfide and selenide within matrices of similar composition. The typical
absorption spectra of films with the chalcogenides (Fig. 3a) reveal the two principal
features: (i) the fundamental absorption band and (ii) the intense and rather broad (in
particular with the A-dependence presentation) absorption peak in the near IR range.
They both are composition-dependent. However, their positions may be associated to
the corresponding ranges of E, (both direct and indirect): 1.2-2.2 eV [23] including
the possible blue shift. This shift is observable only for copper compounds and has
been interpreted recently by us [24—26] as midband levels due to the partial change of
the copper valence state (accompanied also by partial or surface oxidation of nanopar-
ticles).
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In the case of monolithic glasses, the behaviour of sulfide and selenide nanoparti-
cles is different (Fig. 3b), and the IR-band is observable only in the selenide case. It
can be assumed that the main reason of this difference is variation of stoichiometry of
nanoparticles. The composition of Cu,S nanoparticles is close to CuS, however Cu,Se
is a very variable compound retaining the similar features of the absorption spectra.
The monolithic glasses with Cu,S were not analysed directly in order to establish for
the chemical composition, however, the spectrum is consistent with that given in
[19, 20] for Cu,S nanoparticles. Thus, as well as in the case of oxide nanoparticles, the
conditions of preparation of monolithic glasses favour the lowest valence state of cop-
per, Cu(l). Copper selenides are produced with a substantial excess of selenium
(partial Se pressure of about 1 atm sufficient due to the small size of samples in am-
poules). To control composition of the selenides, we used porosity of xerogels with
the same overall selenium amount. In the case of sulfides there was no possibility to
control the sulfur amount because of the higher volatility of sulfur, instead, copper
sulfide (CuS, dominantly) was pre-produced within porous xerogels prior to the an-
nealing step without providing any additional source of sulfur. Under these conditions
CuS decomposes during subsequent heat treatment up to 1200 °C. Cu,Se phases are
formed according to the Cu-Se phase diagram [27, 28].

4. Conclusions

Two types of nanostructured sol-gel derived optical materials: silica thin films on
solid substrates and monolithic silica glasses containing copper, copper oxide and
chalcogenide nanoparticles have been developed. Absorption spectra reveal various
features of nanoparticles of Cu, Cu,O, Cu,S, and Cu,Se. The exact chemical composi-
tion of those nanoparticles depends on the type of material, details of the preparation
procedure and can be controlled within certain experimental limits.
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The neodymium-doped yttrium aluminum garnet (Nd:YAG) nanocrystalline powders were prepared
by sol-gel method. The synthesis of semitransparent polycrystalline ceramics is described. Their structure
and morphology were studied by means of XRD and TEM methods. It was found that with increasing
thermal heating the sizes of Nd:YAG grains increase. Optical properties of Nd*":YAG nanocrystalline
powders and ceramics are reported. The evident influence of the grain size on the luminescence of Nd**
ions has been observed.

Key words: YAG, nanocrystalline ceramics, N&** emission

1. Introduction

Since discovery of the stimulated optical radiation in Nd*":YAG [1] this crystal
found the most common application in quantum electronics. In recent years, the rare-
earth ions-doped yttrium-aluminum garnet (YAG) single crystals have been the most
widely used solid-state laser materials [2]. In the practical application as luminescence
activator Nd** plays a more important role than do Ho’", Tm*" and Er’* ions. The Ce’",
Tb*" and Eu*"-doped YAG particles are also the subject of intense studies in view of
their stability at the conditions of high irradiance as efficient host material of full-color
phosphors [3, 4]. Crystal structure of Y;AlsO;; is of characteristic cubic symmetry
with lattice parameter a = 12.004 A. The first attempts to construct the solid-state laser
based on polycrystalline ceramics have been reported by de With et al. [5], Mudler et
al. [6] and Sekita et al. [7]. The first reports on Nd**-doped transparent ceramics fabri-
cated by hydroxide co-precipitation process, solid-state reaction among oxides

"The paper presented at the International Conference on Sol-Gel Materials, SGM 2001, Rokosowo,
Poland.
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powders and vacuum sintering, adequate for optical applications and able to emit a
laser beam were notified by Greskovich et al. [8], Vrolijk et al. [9] and Ikesue et al.
[10—12]. This technique generally requires heat treatment at high temperatures above
1600 °C and in a special case of mechanical mixing [13]. The ceramics were com-
posed of the grains of few tens microns. The highly transparent crystalline ceramics
obtained by isostatically pressed method [8, 12] were characterized by excellent opti-
cal properties sufficient for laser operation. In recent years, there have been reported
new low-temperature synthesis methods of fabrication of nanosized YAG crystallites
by different wet chemical processes, i.e., a nitrate process [14], homogeneous precipi-
tation [15-17] and alkoxide-acetate process [18]. In the case of homogeneous
precipitation and alkoxide method (sol-gel method) there was reported a direct crystal-
lization at YAG below 1000 °C [14]. In this work, we present the results of
preparation and characterization of Nd**-doped Y3Al;0;, obtained by a modified sol-
gel technology similar to that developed by Vaqueiro and Lopez-Quintela [15].

2. Experimental

Stoichiometric amounts of yttrium chloride (99.99%), aluminum nitrates (99%)
were dissolved in aqueous citric acid solution to give a molar ratio appropriately of
3:5:16. Neodymium chloride (99.99%) was added in the precursor solution to give
a Y:Nd atomic ratio of 100:5 and ultrasonically stirred for 2h at about 80 °C. The ob-
tained solution was gelated at 80 °C for several hours and dried at 110 °C during the
period of 3 days. Samples of the crushed gel were heat-treated at different tempera-
tures in the air in an electric oven. In order to form crystalline Nd:YAG powders, the
obtained gels were heated at 800 °C (sample A) and 1000 °C (sample B) for 16 h.
Then, ceramic disks were fabricated from the sample A which was pressed at about
200 MPa in the air and in vacuum and sintered at 750 °C (samples C and D, respec-
tively) and at 1400 °C (sample E) in the air for 16 h.

The microstructure of samples prepared was evaluated by transmission spectros-
copy (TEM — Philips CM20 SuperTwin Microscopy operating at 200 kV and
providing 0.25 nm resolution) and X-ray diffraction (XRD — Stoe Powder Sensitive
Detector; filtered CuKa, radiation). Absorption spectra were measured at room tem-
perature with a Cary 5 spectrophotometer. Emission spectra were measured at room
temperature using Jobin-Yvon TRW 1000 spectrophotometer and a photomultiplier
(Hamamatsu R406). All recorded spectra were corrected according to its characteris-
tics. Emission lifetimes were measured by means of Tektronics TDS 380 oscilloscope.
As excitation source we used the 532 nm line of doubled Nd:YAG laser.
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3. Results and discussion

All the samples studied were light-blue. The structural analysis of samples as
a function of the heating temperature is shown in Fig. 1. A lack of broad peaks indicates
the high crystallization and ordering state of crystallites. Sharp peaks in the all recorded
XRD patterns could be ascribed to cubic Y3AlsO4, [19] and are the narrowest for the sam-
ple E (the largest crystallites). The average sizes of nanocrystallites were determined from
the broadening of diffraction lines of X-ray patterns according to Scherrer’s formula [20]
and were estimated to be 25 nm for the samples A, C, D, and 98 nm and above 150 nm for
the samples B and E, respectively. The evaluated values are confirmed also with transmis-
sion electron micrograph (TEM) presented below.
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Fig. 1. XRD patterns of Nd:YAG heated at different temperatures:
A —powder 800 °C, B — powder 1000 °C, C — pellet 750 °C,
D — pellet 750 °C and E — pellet 1400 °C

The microstructures of Nd:YAG nanocrystallites are shown in Fig. 2. In TEM im-
ages of powders (Fig. 2a) dispersed grains of Y3;AlsO;,:Nd*" (sample A) and the
aggregates composed of this grains (Fig. 2b) for powder heat-treated at the higher
temperature (sample B) are visible. The TEM images of powdered pellets (samples C
and E, respectively, Figs. 2c, d) indicated that with increasing temperature of thermal
treatment the size of grains increased by gradual aggregation and bonding of the
smaller grains. One can note an increase of crystallite size with heating temperature
from about 25 nm for sample A to 138 nm for sample E. These results are in agree-
ment to the XRD data.
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The absorption spectra of Nd:YAG nanocrystallites were recorded at room tem-
perature. A comparison of the absorption spectra for the specimen pressed in air
(sample C) and in vacuum (sample D) is shown in Fig. 3. The respective absorption
transitions were determined and marked in the figure. One can note that for the same
concentration of Nd** ions (1%) we have observed more distinct absorption bands for
sample D compared to the sample C. High background in the blue region of spectra
follows from rather poor low transparency of both samples.

Fig. 2. TEM images of Nd:YAG nanocrystallites: A — powder 800 °C, B — powder 1000 °C
C — pellet 750 °C pressed in air and E — pellet 1400 °C
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The emission spectra of Nd*":YAG nanocrystallites measured at room temperature
are shown in Fig. 4a. The spectra consist of two characteristic bands attributed to the
*F 30 — 419/2 (810910 nm) and *F 30 —> Iy 1 (1040-1070 nm) transitions. The positions of
all emission lines are almost identical to those reported for Nd:YAG crystal.

absorbance (arbitrary units)

300 400 500 600 700 800 200 1000
wavelength (nm)
Fig. 3. Absorption spectra of Nd:Y AG nanocrystalline ceramics obtained at two
different temperatures of thermal treatment — the sample C (pellet 750 °C
pressed at air), and the sample D (pellet 750 °C pressed in vacuum)
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Fig. 4. Emission spectra of Nd:YAG nanocrystalline ceramics prepared at different
temperatures of thermal treatment (a) and decay curves of Nd:YAG nanocrystallites
emission at 884 nm measured at 300K after 532 nm pulse excitation (b)
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It is interesting to note that in the range of 800—830 nm there was observed the
band attributed to the *Fs;, — *Io), transition. It is extremely intense for the samples
heated at lower temperature for which the crystallites sizes are the smallest. It was the
strongest for the pellet pressed in air. With increasing crystallite sizes this band be-
came much weaker (see B and E). Moreover, it is interesting to note that with
increasing sintering temperature the intensity of the laser transition *F3, — *I;,,, in-
creases compared to the second *F5,, — *Io, band. This increase is most probably due
to the increase of the nanocrystallite size. However, its nature needs further investiga-
tions. A comparison of the emission bands of the two pellets, the first pressed in air
(C) and the second pressed in vacuum (D) points to strong enhancement of the
*Fs/, — *Io), band intensity compared to the *Fs/» — *I,1/» band.

Table. The decay times observed after excitation by 532 nm line
of a pulse line Nd:YAG laser measured at 300 K (decay times were approximated
to the shortest and the longest component of each decay curve)

Sample Size of grains/nm Tohort/ LS Tiong/ S
C 25 20 120
D 25 20 137
B 98 20 152
E 138 30 128

We measured the dependence of the lifetimes of band attributed to the *Fsn — op
transition on the size of Nd:YAG grains. The examples of emission decays measured
at 884 nm are shown in Fig. 4b. The observed decay curves are distinctively non-
exponential and are typical of heavily Nd-doped samples [22]. Such non-exponential
curves could be approximated by many decays. Therefore, it is more reliable to find
the shortest and the longest component. In our opinion, the first component is due to
the concentration quenching of Nd** ions, and second to the isolated Nd** ion. Both
the decay time components were evaluated from the decay profiles and are shown in
the table. One can note that only the longest component evaluated for the sample B
increases compared to the samples C and D to be 101 ps, 138 us and 152 us, respec-
tively. We can explain this effect by removing OH groups from the closest
surrounding of Nd** ions. The longest component of decay time estimated for the
sample E is shorten more than those for the samples D and B. In our opinion, this fact
is due to the aggregation process associated with grain increase.

4. Conclusions

The purpose of present paper was to report the modified synthesis of Nd:YAG na-
nocrystallites obtained by sol-gel method. Their morphology was investigated by
XRD and TEM methods. It was found that with increasing temperature of thermal
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treatment the size of Nd:YAG grains increased. The semitransparent ceramics com-
posed from the Nd:YAG grains were prepared. Their absorption and emission
properties were investigated. It was found that with increasing temperature of thermal
treatment the intensity of *F3, — “I;y, transition increased compared as to the ‘Fsp — YIop
band. It was shown that the decay time of the luminescence was dependent on the size
of the crystallites grains. Moreover, we have observed the emission originating from
the 4F5/2 state in small-size grains.
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Sol-gel films of SiO,~Ti0O,-doped with Eu** or Er’* ions were prepared by spin coating with a variety
of molar concentration ratios of tetracthoxysilane (TEOS) and titanium isopropoxide (TPOT). The ratios
of SiO,~TiO, were 90/10, 85/15, 80/20, 75/25 and the concentrations of Eu and Er ions varied from 107
to 5-10% mol %. Silicatitania films annealed from 150 up to 900 °C decreased their thickness from 300
to 150 nm and increased the refractive index from 1.49 to 1.62. The multilayer (68 layers) silica—titania
thin films with thickness of about 1.2—1.6 um have been developed in order to make highly doped with
Eu®" or Er*’ planar waveguides on silicon substrates. Luminescence spectra, lifetimes as well as FTIR
and micro-Raman spectra have been measured. The influence of active ion concentrations and annealing
temperature on the luminescence properties and the structure of thin films were investigated.

Key words: sol-gel method, Eu, Er, thin films

1. Introduction

In recent years, great interest has been attracted by the development of integrated
optics, which is the technology of integrating various optical devices and components
for the generation, focusing, splitting, combining, isolation, polarization, coupling,
switching, modulating and detection of light, all on a single substrate. The sol-gel
process offers a versatile method for depositing amorphous films, based on the hy-
drolysis and polycondensation of precursors such as metal alkoxides.
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Trivalent rare earth ions such as Eu*'- or Er3+—d0ped into Si0,—Ti0, matrices are
interesting and promising materials for active planar waveguides due to their advan-
tages such as low temperature of processing, high homogeneity and possibility of
producing materials with controlled refractive indexes. Optical amplification is also an
important application (e.g. at the wavelength of 1.55 um in channel waveguides doped
with Er’” and 980 nm pumps) which involves matrices inside in which concentrations
of OH groups should remain extremely low. High refractive index variations between
the guide and the cladding are necessary to induce maximum confinement and thus to
increase doping efficiency. This field was, until recently, limited to pure inorganic
materials or semiconductors. Hybrid materials, because of their versatility, fit both
requirements [1].

These new optical materials are SiO,—TiO, thin films containing rare earth ions
prepared by the sol-gel technique [2]. The influence of titanium concentration on the
refractive index and optical properties of SiO,—TiO, thin films were presented previ-
ously [3]. The fabrication of nanoparticles by the sol-gel process opens up interesting
possibilities for designing new devices for optical imaging and telecommunication
applications. The compactness and performance of integrated lasers and amplifiers are
mainly linked to the rare earth doping level. SiO,—TiO, system offers the possibility of
producing materials with controlled refractive indexes varying from 1.46 (of pure
silica) to 2.2 (pure amorphous TiO;). SiO,—TiO, thin films doped with rare earth and
dyes are intensely investigated as planar waveguides because of their homogeneity
and the possibility of tuning the refractive indexes and the wavelength [3]. Sol-gel
chemistry, combined with the spin-coating technique, is a good method for production
of rare earth-doped planar waveguides [4].

In this paper, we present preparation and optical properties of sol-gel derived
Si0,~Ti0;: Eu as well as SiO,—TiO;:Er thin films.

2. Experimental

Preparation of the sol-gel thin films involves two main starting precursors: tetra-
ethylorthosilicate (Si(OC,Hs)4, TEOS, 98%, Merck) and tetraisopropylorthotitanate
(Ti(OCsHy)s, TPOT, 97%, Fluka). Spin-on-glass method on Si substrates was em-
ployed to produce films. The film preparation was performed in a clean room of the
class 100. Because TEOS and TPOT have very different hydrolysis rates, TEOS was
first pre-hydrolyzed before adding TPOT in order to obtain clear solutions (hydro-
lyzates). The velocities of spin coating were 1000, 2000 or 3000 ¢/min. Molar ratios of
TEOS-TPOT were 90/10, 85/15, 80/20 and 75/25. Eu and Er were doped by addition
of Eu(CH;COOH);/(TEOS+TPOT) and Er(CH;COOH);/(TEOS+TPOT) with differ-
ent concentrations varying from 5-10* to 4-10~° mol/dm’. The films were fabricated
on single-crystal silicon wafers (111) using a photoresist spinner. These films were
spun at 1500-2500 rpm for 30 sec after deposition, then annealed at 50 °C for 48 hrs
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and then sintered at temperatures between 150 °C and 900 °C for different times in
a clean room of class 100.

The thickness and refractive indexes were measured using a spectroellipsometer.
The thermogravimetric analysis (DTG or TGA) and vibrational spectroscopic (FTIR
and micro-Raman) methods were performed in order to investigate the chemical reac-
tions and structural transition during the thermal treatment process. The DSC nad TG
spectra were measured using Shimadzu DSC-50 (Japan). IR spectra were recorded
using Shimadzu 5000 with a FTIR adapter. The samples were checked by means of
X-ray diffractometer D 5000 (Siemens).

The photoluminescence spectra were studied on a monochromator Jobin Yvon HR
460, and a multichannel CCD detector from Instruments SA (model Spectraview 2D).
This set-up has resolution of 0.2 nm/point with a slit 0.02 mm in the visible range.
Triax 320 was used for infrared measurements. The luminescent spectra were also
measured using a Spex 1250M monochromator with a high-resolution grating. Hg-Xe
lamp (500 W, Oriel), nitrogen, argon, and Ti-sapphire lasers were used as excitation
sources for the different wavelengths. The decay profiles were analyzed by a PM
Hamamatsu R928 and Nicolet 490 scope with a time constant of the order of 7 ns.

3. Results and discussion

The refractive index of the sol-gel silica—titania thin films changes from 1.49 to
1.60 depending on the Ti concentration. Refractive indexes and thickness of 90SiO,
—10T10,, 85S10,—15T10, and 80Si0,—20Ti0, thin films obtained at different anneal-
ing temperatures are presented in the table. The results of heating of the (100 — x)SiO,
—xTiO, films in the temperature range from 150 °C to 1000 °C indicate that while film
thickness decreases (up to 800 °C), their index increases reaching constant values after
heating at 800 °C for 10-25 min.

Table. Thickness (d) and refractive index (n) of (100 — x)SiO,—xTiO,
thin films at different annealing temperatures (7)

90Si0,—-10TiO, 85Si0,~15Ti0, 80Si0,—20Ti0,

T/°C D/nm n T/°C D/nm n T/°C D/nm n

150 209.90 1.49 150 184.12 1.50 150 192.14 1.53
300 201.70 1.50 300 167.36 1.53 300 155.96 1.57
500 184.50 1.50 500 152.47 1.54 500 152.01 1.57
700 157.26 1.51 700 131.65 1.56 700 142.16 1.58
800 159.95 1,52 800 124.68 1.56 800 129.12 1.60
900 135.05 1,53 900 123.07 1.56 900 126.96 1.60

Some reaction parameters such as molar ratios of (TEOS + TPOT) to H,O, pH, re-
fluxing temperature and reaction times were investigated during preparation of the
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solutions in order to minimize the final content of residual hydroxyl groups and the
phase separation between silica and titania. Furthermore, the use of acetylaceton
(ACT) as an inhibitor for hydrolysis reaction of TPOT has already been shown to be
of great value in improving the sol-gel processing. The stability of the initial sol-gel
solution of the two metal alkoxides of silicon and titania enables preparation of homo-
geneous mixtures.

The FTIR spectra of 80Si0,/20TiO, thin films obtained at different temperatures
have been already presented [4]. In the spectra of films sintered at <750 °C the O-H
stretching feature is observed near 3450 cm', where both H,O (~3350 cm™), SiOH
(~3680 cm ™) components are present. The Si—O—Si vibrational modes ascribed to the
transverse optical rocking, symmetric stretching and asymmetric stretching are ob-
served at ~460 cm ', 800 cm ' and 1085 cm™'. An intense shoulder is also observed at
about 1250 cm'. It is related to the longitudinal optical component of the high-
frequency vibration of SiO,. All spectra exhibit a band centred near 920-940 cm '. On
the other hand, in the micro-Raman spectra of the TiO, films (heated at 800 °C) sev-
eral stretching vibrations of Si-OH and Si—O-Ti*" linkages with characteristic bands
at 633, 510, 388, 130 cm ' are present. The vibrations are similar to those observed for
the anatase modification. When the molar ratio (x) of the (100 —x) SiO,—xTiO, film
was raised, the bands (at 1600 and 1340 cm ') characteristic of the Si-O-Si bonds
could be observed.

In short, three kinds of physicochemical processes may occur when temperature is
increased during thermal densification of gel films. First, residual water and residual
organic groups are released, emptying the pores in the films. Second, the porous skele-
ton collapses, causing film shrinkage accompanied by structural relaxation, which can
be described by the viscous sintering kinetic theory. Finally, crystallisation or phase
separation may occur at high enough temperatures, depending on the chemical compo-
sition and dynamic conditions. According to the FTIR spectra, the C—H vibration were
not found near 3000 cm ' even before sintering, showing that most organics were imme-
diately removed during spinning, before thermal densification occured.

The film shrinkage continues up to 900 °C. Densification at 1000 °C does not lead
to continuous shrinkage due to oxidation of the silicon substrate. The refractive index
also reaches a constant value, corresponding to each temperature. In addition, the re-
sults of TGA and DTG analyses of the gel films show that in the temperature range
from 600 °C to 1000 °C the weight loss is negligible. This can be used to optimize
annealing conditions in order to relax residual stresses of the Si0,—TiO, gel films.

The sol-gel thin films SiO,-TiO,:Eu at different annealing temperatures demon-
strate characteristic “Do— F, transitions of Eu’" in luminescent spectra. The spectra
recorded at two different annealing temperatures (500 °C and 700 °C) are shown in
Fig. 1. The luminescence decay profiles of the thin film SiO,~TiO,[75/25] :Eu (1-102
mol/dm®) annealed at 400 °C during 15 min are shown in Fig. 2.
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Fig. 1. The luminescence spectra Fig. 2. The emission decay profiles of the
of Si0,~TiO,: Eu (5-102 mol/dm®) thin film SiO,~TiO,: Eu (1-102 mol/dm®), 400 °C

The luminescence spectra of SiO,—TiO, :Er samples were measured with an argon
laser as an excitation source. For the emission spectra in the visible range, an interfer-
ence filter (490 nm) was used to select the wavelength of excitation A = 488 nm or
514.5 nm. For the emission spectra in the near IR range, all the lines of the argon laser
were used (no filter).

We have measured the “I;3,—'T;s transition of Er'" in the infrared region. The
thermal processing decreased the presence of OH and transformed the structure of
TiO, from anatase into rutile. The luminescence spectrum of the SiO,—TiO,:Er
10 mol/dm® annealed at 1000 °C using an argon laser as an excitation source is
shown in Fig. 3a. A similar spectrum was observed using a sapphire laser (Fig. 3b).
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Fig. 3. Luminescence spectrum of: a) SiO,—Ti0,:1% Er with 514 nm excitation,
b) Si0,-Ti0;: 1% Er with 830 nm excitation
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4. Conclusions

The sol-gel derived SiO,~TiO, thin films doped with Eu’" and Er’* were prepared.
Their optical properties were studied as a function of active ion concentration and
different anealing temperatures. The characteristic emission transitions of Eu®" and
Er'" ions were observed. The refractive index of SiO,~TiO, thin films can be tailored
in a wide range by controlling the relative quantity of the starting precursors. Thin
films of (100 —x)SiO,—xTiO, doped with Eu’" and Er’* ions were spin coated on Si
substrates. The effect of thermal treatment was investigated by means of vibrational
spectroscopic measurements. We have found that the film thickness decreases whereas
the refractive index increases continuously with increasing temperature of annealing.
The experimental results demonstrate that for consecutive spin coating depositions
each spun layer should be annealed at 750 °C to release residual stresses. The lumi-
nescence measurements indicate that the SiO,—TiO, films doped with Eu®" and Er’" are
promising materials for planar waveguides [5, 6].
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Role of fluorine ions in the formation
of silica gel structure and gel glass
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Fluorine containing silica gels can be used as precursors of anhydrous glasses for fibre optics. The
silica gels were prepared by the sol-gel process including the following stages: hydrolysis of tetracthylor-
thosilicate (TEOS) in a four-component system Si(OC,Hs)-C,HsOH-H,0-HCI, addition of fumed silica
(aerosil) into the sol, sono-activation, centrifugal separation, neutralization by the ammonia solution,
gelation, washing the gels in distilled water, drying and fluorination of the xerogels by the procedure of
heating in the freon/oxygen atmosphere or impregnation in F-containing solutions. Fluorinated gels were
consolidated into transparent silica glass in the atmospheres of air or helium gas at temperatures of 1200—
1300 °C. SEM and AFM analysis and BET surface area investigations were used for characterization of
the xerogels and glasses morphology. The optical properties of pure and fluorine-containing silica glasses
were studied by VIS-and IR-spectroscopes.

1. Introduction

Fluorine has recently become a popular dopant for lowering of the refractive index
of pure silica glasses for optical fibres [1]. Also, the F-doped, graded-index (GI) fibres
with low OH content may be proper candidates for operation at 0.85 and 1.3 pum, since
they display basically low losses at 1.3 um, what differs them from other fibres-
including boron oxide [2]. Utilization of the sol-gel process for synthesis of fluorine-
doped silica glass is preferable because of its low sintering temperature and high effi-
ciency [3]. Incorporation of fluorine into a xerogel reduces bubble formation upon
consolidation by sintering and eliminates glass bloating during fibre drawing at high
temperatures (2000—2200 °C). The fluorine doping is a very complicated process [3].
As shown for the gas phase doping, F content depends on the specific surface area of
the starting dry gels and the conditions of the treatment. The defluorination by libera-
tion of SiF, at high temperatures results in lowering of the dopant content in silica
glasses and forming of the refractive index gradient in silica-glass rod-like pre-forms.
The method of the liquid-phase doping by addition of the fluorinated silicon alkoxide
(Si(OC,H;s)F) into the sol solutions results in rising of the F content in the silica
glasses [1].

The method of the liquid-phase doping by using F-containing compounds (NH,4F) was
previously described [4]. However, maximum values of the fluorine contents were limited

"The paper presented at the International Conference on Sol-Gel Materials, SGM 2001, Rokosowo,
Poland.
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to 0.2% (by weight). The mechanism of the F-doping into gel pre-forms by using NH4F as
a fluorine source and structural behaviour of the dopant ions in the silica gels and glasses
has been also described [5]. Silica xerogels made by a modified sol-gel process were used
for the liquid phase F-doping with organic solutions of NH4F and HF [6].

This paper describes the fabrication technique yielding fluorine-doped silica gels
and glasses in the modified sol-gel process and the effect of F ions on structural prop-
erties and morphology of the xerogels. Optical properties of sintered pure and
fluorinated silica glasses are also discussed .

2. Experimental

The F-doped xerogels and glasses were prepared by the sol-gel process [6] with the
doping technique. The flowchart of the modified sol-gel process is shown in Fig. 1 and it
displays the following stages: the TEOS hydrolysis in the system Si(OC,Hs),—C,HsOH
—H,0-HCI with mole ratio 1:2:16:0.01 by vigorous mixing in fluoroplastic reactor in the
air, addition of fumed silica with a specific surface 200 cm?*/g (acrosil T30, Wacker-
Chemie GmbH, Germany) into the sol as a tiller, ultrasonic dispertion with vigorous stir-
ring and centrifugal separation from agglomerates and dust particles. Then, the sol-
colloidal system was neutralized (up to pH = 6.5) with the help of an ammonia solution
and cast into fluoroplastic moulds to yield solid gels shaped as disks and rods. The wet
gels were formed during 20—30 min in sealed containers; then the containers were opened
and the gels were washed with distilled water.

The resulting gels were dried slowly at 30—60 °C for 7-14 days in the air. The drying
step should not induce cracking or warping of large gels. This was ensured by employing
special containers: thorough and unidimensional removal of solvents and water was pro-
vided (no mechanical stresses were accumulated). After drying the xerogels were doped
with fluorine by the gas-phase or liquid-phase dopings. The mixture of freon
(C,C15F;)/oxygen was used for the gas-phase doping. Dried xerogels were placed in
pure silica glass tubes in a horizontal furnace and the temperature was increased up to
1000 °C with the rate of 250°/h. The mixture of freon/oxygen gases was flowed into the
tube at room temperature with the rate of 0.2 dm’/min. During heating in oxygen the
organic compounds were burned out at about 500 °C and fluorine was incorporated
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into the porous gel structure, replacing the OH groups. The modified liquid-phase
doping procedure does not require high temperatures for the fluorination and the proc-
ess of introducing OF the F ions into xerogels takes place at the room temperature.
The pre-sintered xerogels (600 °C, in the air) were impregnated in organic solutions
containing the F ions. Such organic solvents as acetone, ethanol and isopropanol were
employed due to their low surface tension.

F-containing water solutions used for the gels impregnation resulted in cracking
the monolithic gels into fragments. The impregnation of the disk samples in the
F-containing solutions was performed in vacuum (5-10 Torr). The modified gels were
dried at 30—60 °C for 10-14 h. The consolidation into the transparent silica glasses
was carried out at 1200-1300 °C in the air atmosphere. Using F-containing organic
solutions for the doping allows us to obtain transparent silica glasses without cracks or
warping. The specific surface areas and related pore volumes of the drying gels (xe-
rogels) were measured by the BET method using argon adsorption at the liquid
nitrogen temperature. The pore size distribution was calculated from the benzol ad-
sorption-desorption isotherms [7].

Samples of the xerogels dried at 60 °C have been heated in the air from room tem-
perature up to several final temperatures varying from 60 °C to 1200 °C (60 °C; 600 °C;
800 °C; 1000 °C; 1100 °C; 1200 °C). The samples were exposed for 2 h to each tem-
perature.

The SEM and AFM analyses were used for characterization of the xerogels and
sintered glasses morphology during the course of the samples heating. Optical absorp-
tion spectra were measured using the glass samples 2-4 mm thick by means of
a spectrophotometer SPECORD IR-75 (in the IR-region) and BECKMAN-5270 in the
visible and UV-regions.

The hydroxyl content in dense glass samples has been calculated from the IR ab-
sorption spectra using the relationship [8]:

1000, T
[OH] [ppm]=——1log—*
;e

where: ¢ — sample thickness (mm), 7, — transmission at 2.6 um, 7}, — transmission at
2.72 um.

The refractive index (R/) of the fluorinated glass was measured using spatial filter-
ing technique employing pure silica glasses as a standard. The Rl-profiles in rods,
prepared by the method of gas-phase doping, were measured using special equipment
(P102 York Technology Ltd.). The effective fluorine and chlorine concentrations in
silica gel glass were measured by the method of micro-X-ray diffraction spectral
analysis (MXRSA) (CAMEBAX, France).
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3. Results and discussion

3.1. Porosity and morphology of gels

The porosity parameters and specific surface area (S) for the xerogel and glass
samples heated at a temperature range 60—1200 °C in air are given in the table.

Table. Porosity parameters and specific surface area (S) for the xerogel and glass samples

Sample Tzzzz:z;s COf S/(m?*/g) | Pore volume/(cm?/g) | Maximum dpor/NM Remarks
1 60 226 0.528 2.5,13.0 bimodal
2 600 224 0.718 2.5,6.0,12.0 trimodal
2F° 600 197 0.254 3.0,5.0,25.0
3 800 250 0.825 2.5,6.0,20.0
4 1000 233 0.605 3.0,6.0,23.0
5 1100 6.2 0.013 3.0,5.0,23.0
6 1200 0.0 0.0 nonporous silica glass

“The sample fluorinated at 600 °C by the liquid-phase doping technique.

From the consideration of the table we can state that pore volume increases until
heating up to 800 °C and when the temperature rises up to 1100 °C the process of pore
collapse is began, resulting in 1.6% of porosity. At the temperature of 1200 °C the
pores are eliminated and the density becomes equivalent to fused silica.

There is a little change in the pore distribution of the hybrid silica gels until heat-
ing to the interval 800—1100 °C. Densification primarily is due to only the number of
pore decreasing.

During heating of xerogels up to 600 °C the densification process of silicate skele-
ton takes place, the liquid is removed from the interconnected pore network, the
organics are burned and NH,4CI is sublimated. The pore volume increases as a result of
the surface area and pore size rising.

Polycondensation reactions continue to occur within the xerogel network and re-
moving of intermicellous liquids increases the surface area (up to 800 °C). Then the
removal of hydrogen-bonded water (Si—~OH...H,O) and surface silanol (Si,—OH)
groups (partially) from the pore network results in chemically stable and mechanically
durable xerogels [9].

The pore distribution for undoped (1) and liquid-phase fluorinated (2) silica xe-
rogels fired at 600 °C are shown in Fig. 2. It is seen that soaking of silica xerogels in
the solution of F-containing chemicals (NH4F + acetone) followed by heating at 600
°C in air, results in the loss of specific surface area and increasing of a pore size. The
pore-size distribution of fluorinated gels also has a trimodal character: the network
contains micropores (3.0 nm), mezo- and macropores (5.0-25.0 nm). The pore size
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can be large by chemical attack of silica network with fluorine ions in solution and
also in vapour phase until heating and dissociation of ammonium fluoride [10]:

NH,F — NH;+HF
Si,OH +HF —> Si,F + H,0

SIYOH + NH3 — SlgNHz + H2

or directly:

Si,0H + NH,F — Si,F + NH;1+ H,01

The fluorinated gels have been densified in air in the temperature as low as
1150-1180 °C.
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Fig. 2. Pore size distributions in undoped (1) and fluorinated (2)
silica xerogels fired at 600 °C

Figure 3 shows SEM fracture surfaces of xerogel samples, heated at 60 °C (A);
600 °C (B) and 100 °C. The photos A and B display that the xerogel structure is
formed from globular-chain units. The pore network contains the pores of transition
character. The structure of sample 5 (the table) has a globular topology with a small
volume of macropores (pre-glass). The authors [11] suggest that the formation the
layered structure in hybrid gels may be possible and results from the polymerization of
alkoxide-derived fractal particles in hybrid sol-gel systems.
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Sample 6 (sintered silica gel glass) after chemical
etching in 40% HF (Fig. 4) shows the globular struc-
ture, formed from units having the dimensions of
about 100 nm probably from the reorganization of
globular-chain agglomerates.

The Atomic Force Microscopy (AFM) analysis
at 600 °C-heated samples shows that the structure of
fired xerogels has a rigid character with the units
dimensions of about 10-20 nm and corresponds with
SEM morphology.

The fracture surface of the fluorinated silica gel
glass, sintered in helium gas after the process of
vapour-phase  doping  (from the  mixture
freon/oxigen) has been observed using an AFM mi-
croscope. A homogeneous structure formed from
units sized of about 5-10 nm can be seen. The
roughness and the globule dimensions of fluorinated
gel-glass structure are decreased and the transpar-
ence of F-containing glass rises, compared with the
undoped gel glass.
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Fig. 3. SEM photos showing the frac- Fig. 4. SEM photo of etching surface
ture surfaces of xerogels heated at of silica gel glass (40% HF, 30 min),
60 °C (a), 600 °C (b) and 1100 °C (c¢) magnitude x500

3.2. Optical characteristics of undoped and fluorinated silica gel glasses

A major problem in producing silica gel-glass optics is removal of surface hy-
droxyl groups and hydrogen-bonded pore water, which gives rise to atomic vibration
energy absorption in almost the entire range from ultraviolet to infrared radiation
(160—4500 nm) and decreases the optical applications of silica gel monoliths [9].

Some fluorine-containing compounds (HF, NH,F, NH,HF,, CF,C,, C,F3Cl; etc.) can
react with surface hydroxyl groups and gel silica network at elevated temperature, replac-
ing OH ions and forming the fluorine-containing volatile substances (SiF, SiFs).
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Fig. 5. AFM topology of silica gel (600 °C) fracture surface

The IR spectrum of gel glass samples is shown in Fig. 7. The sample thickness was
4.0 £ 0.1 mm. The undoped silica gel glass, prepared by the vitrification at the tem-
perature of 1200 °C in air without any special dehydroxylation contains the hydroxyls
between 2000 to 2500 ppm (curve 1).

Fig. 6. AFM micrographs of fluorinated silica gel glass.
Scale images: a) 10x10 um, b) 1.7x1.7 pm
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By liquid-phase doping procedure it is probably not possible to eliminate com-
pletely the OH groups from the silica porous network surface and a significant part of
hydroxyl ions remains in the volume of glass after consolidation. The &, for samples 2
and 3 (Fig. 7) corresponds to the residual OH content of 30—-80 ppm.

The process of gas-phase fluorine doping reduces hydroxyl level in the dense silica
glass to below 3—5 ppm (curve 4 in Fig. 7). The contents of fluorine determined by the
MXRSA for sample 4 is 0.4-0.45% by weight. Such glasses have about 90% trans-
mission at 3671 cm™ (hydroxyl group absorption) region. The gas-phase doped
sample contains also the chlorine contamination of 0.17% by weight.

At the temperature higher than 600 °C the F-containing compounds (obtained in
the process of thermo-destruction of freon/oxygen mixture) attack the gel network and
the reaction of OH™ groups substitution takes place:

Si;OH +F — Si;F + OH"

During the densification process in the He gas atmosphere (1000-1300 °C) both
hydroxyl and fluorine ions remain in the adjacent sites on the surface of the pore struc-
ture and the condensation reaction takes place with the elimination of HF [5]:

=SiOH +F-Si= — =Si—-0-Si= + HFT

The F-containing substances volatilized during the process of xerogel consolida-
tion in helium gas can result in forcing the gradient of refractive index in glass body.

The refractive index of the sintered in air silica glass measured 7% = 1.4570 and was
decreased by sintering in helium gas after the fluorination in freon/oxygen atmosphere
(nj, = 1.4532). A special technique of double gas fluorination was employed for the

preparation of silica glass with minimum refraction index value 7 = 1.4507 and the

hydroxyl level to below 1 ppm.

By the method of gas-phase fluorination the rod pre-forms for optical fibre draw-
ing were prepared. Typical size of the glass rods was 22 mm in diameter and 130 mm
long. A pre-form has a gradient refractive index profile owing to fluorine removing
from the external layers of porous rod during the consolidation process in helium. The
refractive index difference An between external and internal parts of pre-form equals
0.00042.

4. Conclusions

Silica glasses doped with fluorine were prepared by the sol-gel method using gas-
phase and liquid-phase doping.

The process of gas-phase fluorination with using of freon/oxygen mixture results
in preparing of silica gel glass with the concentration of OH™ groups of 1-5 ppm. Lig-
uid-phase doping procedure is probably not able to eliminate the hydroxyls completely
and the residual OH content is 30—-80 ppm.
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The study of morphology and porosity parameters by the SEM, AFM and BET
methods has shown the effect of fluorine ions on pore structure and specific surface
area of xerogels. Fluorinated gels are of low pore volume and decreased specific sur-
face area. Effective fluorine concentrations are between 0.2 and 0.45% by weight.

The refractive index np of the air-sintered silica gel glass is 1.4570 and for the

fluorinated samples it decreased to n;, = 1.4507.

By the method of gas-phase fluorination the rod pre-forms for optical fibre draw-
ing were prepared with typical size of 22 mm in diameter and 130 mm long. A pre-
form has a gradient refractive index profile because of partially fluorine removing and
the difference consists An = 0.00042.
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Enzyme electrodes constructed on the basis
of oxygen electrode
with oxidases immobilised by sol-gel technique
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The results of immobilisation of enzymes in silica gel on oxygen electrode are reported. As the
model, enzyme glucose oxidase was used. The influence of the composition of the casting solution (gel
precursor, pH of the enzyme solution, sol to buffer ratio) on the electrode response was investigated.
Also, the addition of y-aminopropyltriethoxysilane to the casting solution was checked. The best elec-
trode with stable signal was obtained, when the formed gel was not very rigid (buffer, pH 6 or 7 and high
buffer to sol ratio). For the optimal composition of the casting solution, some properties of the glucose
electrode were investigated (stability, pH profile and influence of temperature). The method of sol-gel
entrappment was also used to obtain the electrodes sensitive for disaccharides by co-immobilisation of
invertase, lactase and maltase with glucose oxidase. In addition, preliminary results for other oxidases
immobilised by this method are presented.

Key words: enzyme electrode, glucose electrode, polyphenol biosensor, sol-gel technique, enzyme immo-
bilisation

1. Introduction

The method of sol-gel entrapment of biomolecules is a very promising technique
of immobilisation for biosensors construction, because of its simplicity, low tempera-
ture of the process, large amount and low leakage of entrapped material. Since 1990,
when Braun et al. [1] reported for the first time entrapment of proteins in silica gel, the
sol-gel process has become an attractive way of immobilisation of biological material
in biosensor construction and has been reviewed few times [2—4].

"The paper presented at the International Conference on Sol-Gel Materials, SGM 2001, Rokosowo,
Poland.
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Sol-gel technique provides a simple method to obtain glass materials by hydrolysis
(acidic or basic) and condensation of metal alkoxides. Typically, the gels are obtained
from tetramethoxysilane [5] or tetraethoxysilane [6—8]. After hydrolysis (typically
acid catalysed) the gel is obtained by changing the pH. Other precursors and gels are
also used like alumina [9] or vanadia [10]. For the purpose of the immobilisation of
biomolecules, the conditions of precursor hydrolysis and condensation like pH and
organic solvent content have to be controlled to avoid denaturation of proteins. When
the sol-gel technique is used to construct the optical biosensors, the conditions of the
process must allow obtaining transparent gels. The properties of silica gels can be
modified by hydrolysis and condensation of organosilicon derivatives like 3-ami-
nopropyltriethoxysilane, 3-glycidoxypropyltrimethoxysilane, 2-(3,4-epoxycyclohexyl)
-ethyltrimethoxysilane [11, 12] or others. The resulting gel has better structure, poros-
ity and regular distribution of immobilised biomaterial as compared with conventional
one [12]. The use of organosilicon derivatives allows also incorporating ionogenic or
redox-active groups into the gel structure [3]. Very promising composite materials for
biosensor construction can be obtained by mixing silica sol with redox polymers [13],
colloidal gold or graphite powder [3]. Such composites have good electrical properties
[3] and can be used for screen-printing approach [14].

The sol-gel technique has been applied in construction of biosensors of different types:
conductometric [5], amperometric [6, 8—14], spectrophotometric [6, 8] and fluorometric
[7]. A simple enzyme electrode can be obtained by immobilisation of oxidase on the sur-
face of oxygen electrode. The oxygen concentration depletion is proportional to the
concentration of oxidase substrate. Local changes of oxygen concentration caused by
enzymatic reaction are measured by oxygen electrode. Only once sol-gel process was
used by Tatsu et al. to immobilise glucose oxidase on the tip of Clark oxygen electrode
and the resulting biosensor was used in flow injection analyser [15].

In this work, the preliminary results of immobilisation of selected enzymes in sil-
ica gel obtained by sol-gel process on an oxygen electrode are reported. The aim of
this work was to optimise the conditions of immobilisation of the model enzyme (glu-
cose oxidase) in silica hydro gel on the oxygen electrode, to evaluate some of the
properties of the obtained glucose electrode and to check the applicability of the sol-
gel process to immobilisation of other enzymes.

2. Experimental
2.1. Reagents

As gel precursors tetramethoxysilane (TMOS) (99+%, Aldrich Chemie GmbH,
Germany) or tetracthoxysilane (TEOS) (99+%, Aldrich Chemie GmbH, Germany)
were used. To some gels 3-aminopropyltriethoxysilane (APTES) (Merck, Germany)
was added. As the model enzyme glucose oxidase (GOD) from Aspergillus niger (so-
lution, 5370 U/ml, Serva) was used. Other enzymes used in experiments were: catalase
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from bovine liver (solution, 155 000 U/ml, Serva), invertase from bakers yeast (solid,
500 U/mg, Sigma), B-galactosidase (lactase) from Escherichia coli (solid, 388 U/mg,
Sigma), B-galactosidase (lactase) from Aspergillus oryzae (solid, 3.8 U/mg, Sigma), o.-
glucosidase (maltase) from bakers yeast (solid, 3.5 U/mg, Sigma), B-glucosidase from
almonds (solid, 6.6 U/mg, Sigma), mutarotase from porcine kidney (suspension,
25000 U/ml, Sigma), ascorbate oxidase from cucurbita species (solid, 146 U/mg,
Sigma), phenolase from potato (solid, 570 U/mg, Sigma), laccase from Rhus vernicif-
era (solid, 180 U/mg, Sigma), tyrosinase from mushroom (solid, 3 000 U/mg, Sigma),
alcohol oxidase from Candida boidinii (solid, 0.4 U/mg, Sigma), galactose oxidase
from Dactylium dendroides (solid, 16 U/mg, Sigma), choline oxidase from Alcali-
genes species (solid, 14 U/mg, Sigma), cholinesterase, butyryl (pseudocholinesterase)
from horse serum (solid, 8.7 U/mg, Sigma). The enzymes were used with no further
purification; if solid they were dissolved in 0.05 M phosphate buffer, pH 6. All other
reagents were of analytical grade. Double-distilled water was used throughout. At pH
5.5 and lower 0.05 M acetate buffers were used, for higher pH 0.05 M phosphate ones
were used.

2.2. Apparatus

The measurements of dissolved oxygen were done using galvanic silver-zinc oxy-
gen electrode CTN-920.S (MES-EKO, Wroctaw, Poland). This electrode consists of
silver cathode and zinc anode and is covered by Teflon® membrane. The operating
principle of this electrode is the same as the Clark one [16]. The electrode was con-
nected with microcomputer oxygen meter CO-551 (Elmetron, Zabrze, Poland). The
oxygen meter measures the current caused by reduction of oxygen on silver cathode
after diffusion through the membrane. The results of measurements are expressed as
the percentage of oxygen concentration in saturated solution from air at given condi-
tions (pressure and temperature).

The temperature was maintained by the thermostat Ul (MLW, Medingen, Ger-
many). The constant stirring rate of the solution was maintained by magnetic stirrer
BMM 21 (DHN Wigo, Piastow, Poland).

2.3. Immobilisation of the enzymes and electrode preparation

The stock solutions of sol were prepared as follows: SOL [ — 4.5 ml TEOS, 1.4 ml
H,0 and 0.1 ml 0.1 M HCI [6]; SOL II — 5 ml of TMOS, 1.0 ml H,O and 0.05 ml
0.1 M HCI [5] were stirred vigorously at room temperature until the transparent ho-
mogeneous solution was obtained (SOL I — 3 h, SOL II — 15 min) and stored in
refrigerator. SOL [ was stable for 1 week, SOL II — for 6 weeks.

The casting solution was prepared by mixing 200 pl of the sol solution with en-
zyme solution and buffer of pH ranging from 5 to 9 (the total volume of enzyme and
buffer ranging from 200 to 800 ul). 20 pl of this mixture was dropped immediately
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after mixing on the surface of oxygen electrode covered with nylon mesh. The mesh
was fixed on the electrode by rubber O-ring and was used as a mechanical holder of
gel layer [15] because of the poor adhesion to the Teflon® membrane of oxygen elec-
trode. To some casting solutions APTES was added to check if the introduction of
amine groups would change the properties of the resulting enzyme electrode. The
compositions of casting solutions and gelation times are given in Table 1. The re-
ported gelation time is the time from mixing sol with buffer containing dissolved
enzyme to the moment at which bulk gelation occurs. When the gel was formed, the
resulted enzyme electrode was dipped in 100 ml of phosphate buffer, pH 7, at 25 °C.

Table 1. Dependence of gelling time on composition

pH . Volume of added Gelling
Sol of the buffer Sol:buffer ratio APTES time/min

5 3
6 4
7 1:1 none 1
8 0.5

9 0.25
TMOS 5 70
6 30
7 1:4 none 1.5
8 8
9 7

6 1:1 2.5 ul > (0.1
5 9
6 17
7 1:1 none 4
8 1.5
9 1
1: 1.5 2.5
7 1:2 none 3
1:3 3

TEOS > 30
6 40
7 1:4 none 4
8 1.5
9 2
2.5 ul 1

) Sul 0.5

6 Il 10 pl 0.5
20 pl 0.5

7 1:1 S5l 0.5
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2.4. Measurement procedure
The measurement procedure was similar to that reported earlier [17]. The response

of the electrode was measured using oxygen meter and expressed as per cent of oxy-
gen concentration at saturation from air [18].

100 -
80 -
N I SG70
O e |
X
40 |
20 -
L SG74
0
1 i 1 " 1 " 1 i 1 i 1 i 1 " J
0 500 1000 1500 2000 2500 3000 3500
time [sec]
Fig. 1. Examples of response of glucose electrodes: SG70 — 200 ul ZOL I+ 180 pl buffer,
pH 7 + 20 ul GOD, SG74 — 200 pl ZOL I + 750 ul buffer, pH 7 + 50 ul GOD
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Fig. 2. Examples of the calibration curves of glucose electrode: SG70 — 200 ul ZOL I + 180 pl buffer,
pH 7 + 20 ul GOD, SG74 — 200 ul ZOL I+ 750 pl buffer, pH 7 + 50 ul GOD
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The measurements were done in phosphate buffer, pH 7, at 25 °C in stirred solu-
tion (stirring rate 500 rpm). When the electrode response become stable, 0.1 ml of
0.1 M substrate solution (if not stated otherwise) was added.

The solutions of saccharides in water (glucose, galactose, lactose, maltose, saccha-
rose, cellobiose) were made one day before use to allow the mutarotation. All other
substrate solutions were made freshly every day. Subsequent addition of substrate was
made when the response was time independent. A typical response of glucose elec-
trode is given in Fig. 1. As the result, the calibration curves were obtained (the
dependence of decrease of O, percentage against concentration of substrate) and the
slopes of their linear part (sensitivity) were calculated [19]. The examples of calibra-
tion curve are given in Fig. 2.

3. Results

3.1. Glucose electrode

As a model enzyme glucose oxidase was used because of its high activity, selectiv-
ity, stability and very well known properties. This enzyme catalyses the reaction:

B-D-glucose+ O, b, gluconicacid + H,0, (D)

The depletion of oxygen concentration is thus the measure of glucose concentra-
tion.

In preliminary investigations, the response of glucose electrode and its sensitivity
was measured for gels prepared from different precursors, with different pH of the
buffer and different sol to buffer ratio. For some compositions of the casting solution,
also the influence of APTES addition was tested. The details of tested compositions
are given in Table 1. The casting solutions with gelation times longer than 30 min and
shorter than 0.25 min cannot be used to prepare the glucose electrode because of tech-
nical problems. For very long gelation times the sol, when dropped onto the tip of the
electrode, was drying before the gel was formed and the resulting layer was cracking.
For very short times, it is impossible to take the desired volume from the casting solu-
tion and drop it on the electrode because the gel is formed in the pipette. When TMOS
was used as a precursor, some precipitation of silica could be observed for sol to
buffer ratio 1:4 before gelation, when sol and buffer were mixed together. The less pH
of the buffer, the more silica was precipitated.

For some tested compositions of the casting solution the response of the electrode
is not stable but varies about some value (“noisy” response) — for example the line
SG70 in Fig. 1. The electrodes with noisy response are not suitable to measure the
glucose content in solution. Probably, such unstable response is caused by the poor
adhesion of gel layer to Teflon® membrane. The adhesion could be improved by addi-
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tion of surfactant to the casting solution [20]. Thus, to some casting solutions, surfac-
tant Triton X-100 was added but no improvement of the electrode response was
observed.

The typical calibration curves for glucose were linear with some deviations from line-
arity for higher concentrations of glucose (Fig. 2) caused by the lack of oxygen in
diffusion layer near the electrode surface. The reciprocal plots (not shown) of the data
indicate that the response of electrode is controlled by diffusion of substrates to electrode
surface [21]. In Table 2, analytical properties of glucose electrodes are summarised.

Table 2. Analytical parameters of glucose electrodes with stable response

Buffer Sol:buffer Volume of Linear range Sensitivity
Sol pH ratio added /mol/dm® | /% of Oy/(mol-dm®) "
APTES
7 0-0.0011 79220 0.999
TMOS 8 1:4 none 0-0.0007 64520 0.997
9 0-0.0009 102960 0.999
5 11 hone 0-0.0008 88330 0.998
6 0-0.0011 86190 0.999
1: 1.5 0-0.001 95080 0.999
7 1:2 none 0-0.001 86020 0.997
1:3 0-0.001 87000 0.999
TEOS 5 0-0.001 92760 0.999
6 0-0.001 90880 0.999
7 1: 4 none 0-0.001 92260 0.999
8 0-0.0009 99840 0.999
9 0-0.001 100110 0.999
6 11 2.5ul 0-0.0009 103500 0.997
5ul 0-0.001 86440 0.999

A typical response time of the electrodes (time interval from addition of substrate
until the signal become stable) varies from 3 to 5 min with some tendency to be lower
for higher water content in gel.

The results of investigations of the influence of the composition of the casting so-
lution on gelling time and glucose electrode response indicate that TEOS is better gel
precursor than TMOS, because for the latter the response of the electrodes is noisy and
there are some problems with gel formation (precipitation of silica for high buffer to
sol ratio). For TEOS better electrodes with higher sensitivity are obtained with high
buffer to sol ratio (Table 2, Fig. 3) especially for basic pH. A lower response of elec-
trodes with low sol to buffer ratio is probably caused by greater diffusional resistance
of the gel, which is denser in this case [21]. The addition of APTES caused the short-
ening of the gelation time but does not improve the properties of the electrodes. In
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contrary, when the high amount of APTES is added, the response of the electrode
becomes unstable.

120000

o
o
o
o
o
1

sensitivity [% O,/mol dm'3]

sol-buffer ratio 1: 4

sol-buffer ratio 1: 1

pH ®

Fig. 3. The glucose electrode sensitivity for different compositions
of casting solution (sol precursor TEOS)

For further experiments with glucose oxidase the gels of following composition
were chosen: SG60 — buffer pH 6, sol to buffer ratio 1:1, SG61 — buffer pH 6, sol to
buffer ratio 1:1 + 5 ul APTES added, SG74 buffer pH 7, sol to buffer ratio 1:4. For
these gels, the dependence of electrode response on pH (Fig. 4) and temperature
(Fig. 5) was investigated. For all gels tested, the response of the electrode shows the
maximum at pH = 7, with sharp loss of the sensitivity for greater values. Similar re-
sults were obtained by other authors [23]. With increasing temperature the measured
signal of the electrode (decrease of oxygen concentration) is growing up to about
35 °C; for the temperatures higher than 30 °C, the calibration curves become non-
linear and because of that the maximum response is obtained for different tempera-
tures for low and high glucose concentration (Fig. 5). The glucose oxidase is known as
a very stable enzyme [24], but the results obtained indicate that in silica environment
its stability is poor. Also, the stability of the electrodes was tested. For this purpose,
they were stored for 10 days in 50 ml of buffer, pH 7, in refrigerator (4 °C). After this
storage, the response of electrodes decreases (for SG60 only 7.7% of the initial sensi-
tivity) and unstable. Similar results for GOD immobilised in silica gel were obtained
by other authors [23]. In storage buffer, the traces of GOD activity could be found.
The results indicate that there is leakage of enzyme from the gel. Also the gel by itself
is not stable and some cracking could be observed.

Glucose oxidase was co-immobilised with catalase to broaden the calibration range
of the electrode. The upper limit of glucose concentration that can be assayed by glu-
cose electrode is limited by the solubility of oxygen in solution. By addition of
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catalase the upper limit could be extended twice, because half of the consumed oxygen
(Eq. (1)) is in a half recovered in reaction:

sensitivity [% O,/mol dm™]

decrease % O,

1
H202 catalase HZO +EOZ

140000 1
—o—S8G60
120000 4 PP LN . -o- SG6l
Lt . - 2~ SG74
100000 4
80000 4
kS
60000 4 . AN S
N oL ,/ \\\ A
a--——0 \\\_D-___—D_"_,a \\\\\
40000 4 N
X
o
A
20000 4
pH
0 T T T T T
4 5 6 7 8
Fig. 4. The dependence of glucose electrode sensitivity
on pH (description of legend key in text)
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Fig. 5. The dependence of glucose electrode response on temperature for 0.2 ml
and 0.8 ml of added 0.1 M glucose solution (description of legend key in text)
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To casting solutions SG60 and SG74 catalase was added and the ratio of activities,
catalase to GOD was 14.4:1. As the result, the linear parts of the calibration curves
were extended to 0.0017 mol/dm’® for SG60 and 0.0013 mol/dm® for SG74. The sensi-
tivity decreased by the factor of 0.5 for SG60 and 0.6 for SG74.

3.2. Electrodes for disaccharides

By co-immobilisation of GOD with suitable hydrolases (and mutarotase option-
ally) the electrodes sensitive for disaccharides (maltose, lactose, saccharose and
cellobiose) could be obtained. The hydrolase hydrolysis disaccharide to glucose and
other monosaccharide in reactions:

maltase

maltose + H,O————— 2 glucose 3)
lactose + H,O —22_; galactose + glucose 4)
saccharose + H,0 —2"< _ fryctose + glucose 35
cellobiose + H,0 —F-gleosidse s 5 olycose 6)
100 -
. —o— invertase
90 - N - #- invertase+mutarotase

—— maltase
80 4

- 4- maltase+mutarotase

~
o
N
e,

—o— lactase from E. coli

. - ®- Jactase from E. coli+mutarotase

o
o
N

—0— beta-glucosidase

- #- beta-glucosidase+mutarotase

decrease % O,
o [}
o o

w
o

20 1

0 0,001 0,002 0,003 0,004 05

0,0
¢ [mol/dm®]

Fig. 6. Examples of calibration curves for disaccharides with casting solution
composition SG74 (details about added activities of enzymes in Table 3) at pH 7

Glucose produced in reactions (3)—(6) is then consumed by GOD. Because GOD
oxidases only 3-D-glucose and during hydrolysis of some disaccharides (e.g., saccha-
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rose, maltose) a-D-glucose is produced, mutarotase is added [18]. Mutarotase in-
creases the rate of reaction of mutarotation of glucose:

o-D - glucose—24¢ 53D - glucose (7)
and thus, the response of the electrode for disaccharide is increasing.

For hydrolases (not for all) only casting solutions SG60 and SG74 were tested (not
for all enzymes, Table 3), because the addition of APTES (SG61) does not change the
properties of electrode significantly. Typically, the slopes of the calibration curves
were less for sol to buffer ratio 1:1 or in the case of maltase, there was no response.
The reason is that the gel is denser and denaturation of the enzymes during the gelling
process occurs by high concentration of ethanol, which is produced during hydrolysis
of TEOS. Some results (calibration curves) for different disaccharides are presented in
Fig. 6 and some analytical parameters are collected in Table 3.

invertase

P /-' y = 0.0000273x + 0.00147
094 = . R”=0.999
, ° y
08 - / lactase from E. coli
’ 7 y= 0.000?328)( +0.00608 + invertase
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0,7 1 K4 o lactase from E. coli
/ B-glucosidase .
06 4 ; v =0.0000363x + 0.0147  ° beta-glucosidase
’ . R2=0.998 & maltase
Fd
0,5 1 / maltase
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Fig. 7. The double reciprocal plots for electrodes with disaccharide
hydrolases without added mutarotase (data from Fig. 6)

Except of maltase, the improvement of the electrode response by addition of mu-
tarotase could be seen especially for invertase and lactase from Escherichia coli. For
lactase from Aspergillus oryzae this effect was not observed but for this enzyme the
calibration was made at pH very different from its optimum pH, which is 4.5 and due
to that its activity was low. Also, some results reported for electrodes with B-gala-
ctosidase applied in flow injection analysis indicate that the addition of mutarotase did
not improve the characteristics of the electrode [25]. The calibration curves for disac-
charides are not linear. The double reciprocal plot of the data (Fig. 7) indicates that the
electrode response is controlled by the kinetics of the enzymatic reaction [21]. From
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these plots, the apparent Michaelis constants for enzymes could be calculated using
Lineweaver—Burk equation [22]. They are 18.6, 5.39, 2.47 and 16.6 mM for invertase,
lactase from Escherichia coli, B-glucosidase and maltase, respectively.

Table 3. Analytical parameters of electrodes for disaccharides at pH 7

.. - - Sensitivity Linear range
E A
Composition nzyme ctivity/U Substrate % of Oy/mol-dr™ | /mol/dm’ r
SG60 invertase 50 50346 0-0.0005 | 0.999
invertase + mutarotase | 50+ 12.5 61676 0-0.001 0.999
- saccharose
SG74 invertase 50 36074 0-0.0008 | 0.999
invertase + mutarotase | 50+ 12.5 107308 0-0.0009 | 0.999
maltase 4
SG60 maltase + mutarotase 44125 1o response
maltose
SG74 maltase 4 3017 0-0.007 | 0.998
maltase + mutarotase 4+12.5 2369 0-0.005 0.987
s izzzzz EZE E wi’_ 1B5 | 27907 0-0.0008 | 0.999
ot 135+15 45381 0-0.001 | 0.999
+ mutarotase
s e tomd ome | % fctose™ 283 | 0-00008 | 0999
COEIE T 194125 21981 0-0.0008 | 0.999
+ mutarotase
s E'gi“zgijase 2.64 lobiose™ 21686 0-0.0008 | 0.998
gucosidase 264+ 125 OO 25687 0-0.0008 | 0.995
+ mutarotase

“In each case the activity of added GOD was 5.4 U per electrode.
Activity of enzyme immobilised on electrode.
“"For this saccharides the compositions SG60 was not tested.

The sensitivities of the tested electrodes sensitive for disaccharides except that for
saccharose are too low to find the practical application for assay of disacharides. But
the improvement of their properties could be achieved by increasing the amount of
added hydrolase and assay at optimal pH.

3.3. Electrodes with other oxidases

The enzymes tested were: galactose oxidase, ascorbate oxidase, alcohol oxidase,
three types of polyphenolase (laccase, tyrosinase from mushroom and phenolase from
potato) and choline oxidase. Choline oxidase was also co-immobilised with pseudo-
cholinesterase (Fig. 10) to assay choline esters due to the course of reactions:

pseudocholinesterase

butyrylcholine >choline + butiric acid ®)

choline + 2 O, —shlineoxidsse y hotaine +2 H,0, )
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Fig. 9. Calibration curves of electrode with tyrosinase for different
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Fig. 10. Calibration curves of electrodes with choline oxidase
without and with added pseudocholinesterase at pH 7

Such an electrode is very promising for indirect monitoring of pesticides, which
inhibit catalytic properties of esterase [26]. For all enzymes except alcohol oxidase,
the compositions of casting solutions tested were SG60 and SG74. Some examples of
the calibration curves are shown in Figs. 8—10, and analytical parameters of calibration
curves are collected in Table 4.

For all enzymes, the measured electrode signal was greater for sol to buffer ratio
1:4. The electrode with galactose oxidase was tested also for lactose because this en-
zyme can oxidise not only free galactose, but also galactosides but with lower rate. For
some enzymes, the precipitation of the protein could be observed during formation of
gel with sol to buffer ratio 1:1 causing a very low electrode signal or even none. It is
especially characteristic of choline oxidase and esterase. The ratio of sensitivities for
sol SG74 and SG60 is 51.5 and 96.8 for choline oxidase and co-immobilised choline
oxidase and esterase, respectively (Fig. 10). The reason is that in sol SG60 the concen-
tration of ethanol is much higher as compared with SG74. It could be also seen that for
the same enzyme the response for the substrate with greater molecule is much lower
for the denser gel (compare the results with tyrosinase for catechol and (+)catechine,
Fig. 9). For sol composition SG60, the ratio of sensitivities for (+)catechine and cate-
chol is 0.34 and for SG74 0.74. It is caused by greater diffusional resistivity of denser
gel.

For all oxidases tested, the calibration curves are not linear and their linear ranges
are sometimes very narrow. The reason of such non-linearity is that the response of the
electrode is controlled by the kinetics of enzyme reaction not by the diffusion of the
substrate and oxygen [21]. For some enzymes, there is also another reason of non-



linearity. Polyphenolases, especially tyrosinase, and ascorbate oxidase belong to the
group of the enzymes that undergo suicide inactivation by the substrates [27, 28]. The
higher is the concentration of the substrate and the longer is the time of enzyme con-
tact with it the lower is the activity of the enzyme. This effect is especially significant
for tyrosinase and ortodiphenols. It causes that during prolonged time of measure-
ments and for higher concentrations of substrate, the measured signal of the enzyme
electrode with immobilised tyrosinase begun to increase instead decrease after addi-
tion of substrate [29, 30]. This was observed for all polyphenolases tested and for

Enzyme electrodes constructed on the basis of oxygen electrode

ascorbate oxidase at pH 5.5.

Table 4. Analytical parameters of some electrodes with immobilised oxidases

Composition Enzyme Ac/tlt;ilty Substrate | pH Ll/lrl;zlr/;?;g ¢ % osfegji\gl't}zim’3 r
SG60 galactose 7 0-0.0012 5615 0.997
Ga'lactose 25 lactose 6 0-0.005 1144 0.953
SG74 oxidase galactose 7 0-0.004 16745 0.994
lactose 6 0-0.006 791 0.998
SG74 alc'ohol 02 ethanol 7 0-0.0016 11880 0.985
oxidase ethanol 7 0-0.0004 42810 0.976
SG60 7 0-0.0014 38363 0.999
ascorbate 4 sodium 5,5 0-0.0006 63568 0.999
oxidase ascorbate 7 0-0.0007 99356 0.998
SG74 5,5 0-0.0007 100051 0.999
SG60 . . . 7 0-0.002 9530 0.994
choline oxidase 2 choline
SG74 7 | 0-0.000175 490562 0.999
SG60 choline oxidase butyryl 7 0-0.003 3704 0.998
SG74 * pseudo- 276 |choline 7 | 0-0.00025 358494 0.999
cholinesterase chloride
1.6 |catechol 7 0-0.0003 69275 0.996
SG60 catechol 7 0-0.0004 78457 0.999
4 dopamine 7 0-0.0002 93830 0.997
tyrosinase (+)catechine | 7 0-0.0002 26373 0.996
catechol 7 0-0.0007 101755 0.999
SG74 4 dopamine 7 0-0.0002 126361 0.999
(+)catechine | 7 0-0.0003 75739 0.997
SG74 phenolase 4 catechol 7 0-0.0004 39218 0.989
SG74 laccase 4 catechol 7 0-0.002 15674 0.979

*Activity of enzyme immobilised on electrode.

To diminish the effect of suicide inactivation the activity of immobilised tyrosinase
must be very high. For sol composition SG60 the effect of inactivation by catechol
was observed at concentration 0.5 mM when 1.6 U of tyrosinase is immobilised and at
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0.9 mM for 4U. Also the sensitivity of the electrode is in first case lower and linear
range is narrower.

The presented results for oxidases are only preliminary and are continued espe-
cially for tyrosinase.

4. Conclusions

e The technique of immobilisation by sol-gel transition on the tip of oxygen elec-
trode can be applied to different enzymes to obtain enzyme electrodes.

e The ratio of water to sol during gel formation must be high to avoid the denatu-
ration of the enzyme by ethanol during immobilisation, to diminish the diffusional
resistance of the gel layer and thus, to obtain electrodes with high sensitivity.

o The addition of APTES does not improve significantly the properties of the elec-
trodes.

e The glucose oxidase entrapped in silica hydrogel is rather unstable and some
leakage of the enzyme during storage is observed. The stability could be improved
either by crosslinking the protein with for example glutaraldehyde or covering the gel
with outer membrane.

e The calibration curves are not linear. The non-linearity is caused by different
reasons depending on the enzyme type and immobilised amount of the enzyme.

The investigations of enzyme electrodes with enzymes immobilised by sol-gel tech-
nique will be continued especially for tyrosinase. The aim of the further work is to
optimise the composition of the casting solution for this particular enzyme to improve
stability and avoid inactivation by the substrate, to check the operation parameters of the
resulted electrode, influence of pH and temperature and selectivity spectrum.
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'S.S. GERASHCHENKO, 'O.V. MILOSLAVSKAYA, '"YU.N. KHARCHENKO,
'V.I. KUTKO, 'N.M. NESTERENKO, “L. MACALIK, *K. HERMANOWICZ,
M. MACZKA, **J. HANUZA

'B. Verkin Institute for Low Temperature Physics & Engineering NAScU, 61164,
47 Lenin Ave., Kharkiv, Ukraine

2 Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
2 Okolna St., 50-950 Wroctaw, Poland

*Department of Bioorganic Chemistry, Faculty of Engineering and Economics,
University of Economics, 53-345 Wroctaw, 118/120 Komandorska str., Poland,

Using spectroscopic and visual optical methods the shift of the critical temperature (7, = 42 K) of the
first-order phase transition of the Jahn-Teller type to the low-temperature side at doping the
CsDy(MoOy), crystal with Bi*" (concentration up to x ~ 0.08) was revealed. Effect of the doping is com-
pared to the effect of uniaxial pressure. Using the result of the Zeeman effect we have calculated the
critical value H, of external magnetic field at which the spontaneous change of the sizes of crystal is
suppressed under magnetic field and the high-temperature phase may be induced at 7= 0 K. It is sup-
posed that doping with Bi** leads to decrease of the critical magnetic field value for doped CsDy(MoO,),

Key words: bi-doping, Jahn—Teller effect, uniaxial pressure

1. Introduction

CsBi(M00y), and CsDy(Mo0Qy,), crystallise in the D23 , crystal structure with two

molecules in the unit cell [1, 2]. Both crystals undergo different successions of phase
transitions which take place at 325 and 125 K for CsBi(MoQy,), and 50 and 42 K for
CsDy(MoQy); [3—6]. The crystal structures below phase transition temperatures are
not known. It was shown earlier that the doping of CsDy(MoQ,), with various rare
earth ions (Gd, Eu and others) shifted significantly the critical temperature (7},
=42 K) of the first-order Jahn—Teller type phase transition to the low-temperature side
[4, 7, 8]. When Dy’" ions concentration became less than critical [8, 9], the low-
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temperature phase was quite different from that found for CsDy(MoQy,),. The investi-
gations of phase transitions of Jahn—Teller type in CsDy(MoQ,), and in the mixed
crystals CsDy,_, Bi,(M0Qy), with bismuth ions substituting dysprosium ones are of
principal interest because bismuth is not a rare earth element and its ion radius is es-
sentially different from that of dysprosium. Shift of the first-order type phase
transition temperature to the low-temperature side was also observed under the exter-
nal magnetic field: when magnetic field was oriented along axis a (H y a), the
transition temperature decreased by 5 K from H = 70 kOe to 170 kOe [10]. Moreover,
a small shift of T} towards lower temperature under external pressure was observed
experimentally [11]. Therefore, the comparison of the pressure, magnetic field and
doping effects is of special interest.

2. Experimental

The electronic absorption spectra in the NIR region were used to study the phase
diagram (x—T7,,) of the CsDy,_Bi,(M0Q,), crystals. The spectra were recorded in the
range of 13 000—13 500 cm ' for which the phase transition is particularly well ob-
served. The measurements of the absorption spectra of CsDy(MoO,), and
CsDy,,Bi.(M00y,), at the external magnetic field H y a in the low-temperature phase
at T=6.5 K (T' < T,) were performed up to 6 T. The absorption spectra in the 13 000
—13 500 cm ' range were recorded with the resolution of 0.5 cm ' using the set-up
with double monochromator. For the low-temperature measurements the samples in
the form of very thin plates (c.a. 0.6 mm thick) were placed in a cryostat.

The crystals have been grown by the method of crystallization of the solution in
melt with bismuth content x in the mixture ranging from 5% to 80%. Solubility of
ingredients at crystal growing was not under control. The actual crystal composition
was determined with the help of X-Ray dispersion methods based on the scanning
electron microscope Philips SEM 515 and microanalyzer EDAX 9800. The phase
diagram (x—T7},) was also determined by visual method. Visual detecting of the tem-
perature of the first-order Jahn—Teller phase transition was performed by observations
of the typical domain structures forming near 73, [9].

3. Results and discussion

The absorption spectra in the energy region 13 00013 500 cm ' were obtained at
c.a. 42 K (>T,) and at c.a. 6.5 K (<T},) temperatures (Fig. 1). The absorption bands are
due to transitions inside f-shells of Dy*" ions from the components of the ground mul-
tiplet H,s), to the excited °F, state split by low-symmetry crystal field into 8 and 2
components, respectively. The phase transition for the crystal studied occurs at about
42 K. At T > T, two wide components with the energy interval of approximately
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41 cm™ were observed in the spectra. For this phase the low-energy satellite appears
due to the transition from the first excited level of °H;s,.

1

13150 13200 13250 13300 13350

Absorbance

>Ty

13150 13200 13250 13300 13350
Energy, cm™

Fig. 1. Absorption spectra of the CsDy;_, Bi,(M0QO,), crystals
with x =0.01 (1) and x = 0.06 (2) at the temperature higher
than 7, and at 6.5 K (transition from H,s, to 6F3/2)

In Figure 1 one may notice only one doublet band observed at 6.5 K, the energy
gap between doublet components is 8 cm ™. The resolved doublet structure of the band
was observed owing to the small bandwidth of lines at low temperatures. However, at
T > T, the expected doublet structure of the band is not observed because bandwidths
of the lines are too large comparing to the interval between the doublet components.

Similar as for CsDy(MoOQy), [3], all doped crystals in the low-temperature phase
show shifts of the discussed doublet by at least 80 cm ' to the high energy side in
comparison with the initial phase at 7> T,. This behaviour of the absorption spectra
proves that in all crystals of the series the co-operative Jahn—Teller effect results in the
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lowering of the ground state by the same value of about 80 cm ™' and permits us to use
the spectral methods for testing the low-temperature phase.

Additionally, at 6.5 K one can also observe a few other spectral features (see the
inset in Fig. 1). This spectrum is inherent for the high temperature phase (7 > 73). In
this phase the 41 cm ' energy distance between band peaks a and b corresponds to the
distance between ground and the nearest excited levels of the °H;s;, ground multiplet
at 7> T,

The real Bi*" content determined by X-Ray methods was quite different from the
concentration value in the melt. It appeared that for the crystals with x = 0.95 for Dy’
and x = 0.05 for Bi*" in the melt, the real Bi’" content in the crystals is x = 0.03—0.04.

For the crystals with the real Bi*" content x ~ 0.01 and x = 0.035 the transition
temperatures were determined visually and were equal to c.a. 36-39 K at cooling and
c.a. 34-36 K at heating (see Fig. 2 — centred circles). For the crystals with the highest
Bi’* content in the melt the transition temperature is near 26 K. Assuming that the
transition temperature depends linearly on x for the crystals with low Bi’* concentra-
tions (dashed line in Fig. 2), one can estimate the real Bi’" content. It may be
concluded that in our crystals the Bi*" ion concentration does not exceed x = 0.08, i.e.
the maximal Bi*" content in crystals is nearly ten times lower than in the melt.

T 7 ® - Experiment on pressure
-- Theoretical account

O -- Experiment (d+Xray)

® - Experiment (d)

0.6+

0 2 4 6 8 10
X (100)

0 40 80 120 160 200 240 280 320 360
p, kglem?

Fig. 2. Dependence of the temperature of phase transition of Jahn—Teller type on concentration in the
CsDy,_, Bi(MoO,); crystals. The dark squares correspond to the averaged data [11], solid line shows the
theoretical estimation, and centred circles correspond to the transition temperatures determined by visual
method in the crystals with concentrations taken from X-Ray data. Dashed line goes through these points.
The dark circles correspond to the reduced temperature of phase transition, 7/7;,. Lower circles (cooling)

and higher ones (heating) are shown symmetrically relative to the dashed line
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Observation of the domain structure formation allowed us also to conclude that in
the mixed crystals the temperature region of coexistence of the initial and low-
temperature phases is widened. For some crystals the mixed phase may be observed
till temperatures as low as 15 K. This result is confirmed by the absorption spectra
investigations (Fig. 1).

Therefore, it was found out that Bi*" doping lowers the temperature of transition
without changing the character of transition and also widens the temperature region of
coexistence of the initial and low-temperature phases. Besides, the phonon spectra in
the mixed crystals as well as electronic spectra does not differ substantially from those
in CsDy(Mo00Q,),. By contrast, an external magnetic field changes the low-energy elec-
tronic spectra essentially due to the large g-factor components of g-tensor of the
spectroscopic splitting for dysprosium ion ground state. To examine the external mag-
netic field effect on the electronic spectra we have measured the absorption spectra at
magnetic field up to 60 kOe (H || a).

The absorption spectra originating from the optical transition °H,s,—Fs, were
measured at different values of external magnetic field at 6 K (see Fig. 3). The inten-
sity of the low-frequency component of the absorption band is decreased. This fact
results from the decrease of the population of the upper level of the split ground state
when magnetic field increases. Therefore, we may conclude that splitting of the ab-
sorption band is defined by g-factor of the ground state. A similar behaviour was
observed for the absorption band of the “frozen” high-temperature phase in
CsDy(MoOy), with 0.1% of Bi*" .

Basing on the measured absorption spectra we have constructed the frequency-
field dependence of the °H,s,—°F, optical transition and defined g-factor of the spec-
troscopic splitting of the ground state for the low- and high-temperature phases. These
g-factor values occurred to be g, = 10.8 and g, = 11.5 for the low- and high-
temperature phase, respectively (Fig. 3).
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Fig. 3. The bands originating from the optical
transition ®°H,5,—°F3,, in the absorption
spectrum of the CsDy(MoOQ,), crystal measured
at different magnetic field values
(for the low-temperature phase)

We can conclude that magnetic field in the geometry of experiment does not shift
the critical temperature but leads only to the splitting of the energy level, i.e. the value
of magnetic field available in our experiment is not high enough to turn the low-
temperature phase into the high-temperature one.

At the temperature 7, = 42 K the CsDy(MoOy), crystal undergoes the structural
phase transition of the co-operative Jahn—Teller effect type (CJTE) accompanied by
significant distortion of the crystal lattice as well as lowering of the ground state of the
electron subsystem of Dy’" ions by the value AE ~ 80 cm™' [3].

From all results presented it follows that the Jahn—Teller phase transition tempera-
ture moves to the low-temperature region for the mixed crystals. The transition
temperature is also lowered under external pressure applied along a direction [11].
Taking into account that parameter a for the CsBi(MoQy), crystal is less than the cor-
responding parameter for the CsDy(MoQ,), crystal, one may assume that doping of
the dysprosium crystal results in effective crystal compression along @ direction. In
other words, impurity effect is qualitatively similar to the effect of uniaxial pressure.
We have compared our data with those from Ref. [11].

For further considerations the Clausius—Clapeyron equation in the form (AP-AV)/L
= AT/T,, was used. Here AP-AV = U, where U is elastic deformation energy emerging at
phase transition, L is latent heat at phase transition (jump of enthalpy L = 0.64 kJ/mol was
earlier determined [13]), 7, is the critical temperature of phase transition without the
elastic deformation and AT is the change of 7., at the corresponding U deformation.

For evaluation of the temperature 7, we use the fact that a parameter changes in
CsDy(MoOy), at T; (a parameter increases abruptly at 73, da/a = 0.68% [14]). The
related stretch lattice deformation along a parameter is 0.3 kJ/mol [15]. It was deter-
mined using the simplified model of crystal consisting of alternating [Dy(MoQOy),]
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layers and Cs" ions as well as data obtained for elastic modules from the spectra in
Ref. [15]. Assuming that the phase transition occurs at 7, = T,, — AT = 42 K, we esti-
mate from Clausius—Clapeyron equation A7 = 35 K and therefore 7, = 77 K.
Supposing further that the averaged parameter ¢ in the mixed crystals linearly changes
when concentration x increases, we may construct the 7,,(x) dependence.

The data from Ref. [11] do not contradict the evaluations presented. After our con-
siderations the effective decrease of the a at Bi*" content x = 0.1 is equivalent to the a
parameter decrease under the external pressure about 3.6:10> kg/cm®. For comparison
the data from Ref. [11] are shown in Fig. 2. The dependence obtained in our experi-
ments is steeper than that from Ref. [11]. It may be caused by action of the other
mechanisms lowering the phase transition temperature. The limited dissolving of bis-
muth as we suppose is the result of the tendency of bismuth ions to change their
valence at high temperatures during the crystal growing.

So we have shown that the external pressure and Bi** doping stabilize the high-
temperature phase. Doping with Bi has little effect on the low-energy phonon spectra
as well as on the low-energy electron levels position, though it essentially shifts the
transition temperature. Note that the effect of uniform pressure does not explain in full
the lowering of the phase transition temperature at Bi*" doping. The additional mecha-
nism of the effective shift of the 7, to the low-temperature side is the result of
percolation of the low dimension crystal structure with the bismuth ions.

It is well known that the transition temperature of the CJTE type phase transitions
is rather sensitive to the action of the external magnetic field. Magnetic field effect on
CJTE is possible due to rather strong magnetoelastic coupling between the Jahn—Tel-
ler centres; in our case Jahn—Teller centres are dysprosium ions surrounded by oxygen
ligands. The transition temperature shift depends on the direction of applied magnetic
field because of g-factor anisotropy of the Jahn—Teller centres ground state [16].

Experimental investigations of the external magnetic field influence on the co-
operative Jahn—Teller ordering in KDy(MoOys), (7} = 14-15 K) (orthorhombic com-
pound with a similar structure) have shown that at the definite value and direction of
external magnetic field the Jahn—Teller ordering is destroyed and transition to non-
ordered, or high-temperature phase takes place [16, 17]. Such investigations were un-
dertaken for the CsDy(MoQO), crystal [10], but the critical magnetic field was not
achieved in the experiments.

For further discussion of the magnetic field effect on the spectra we would take
into account the feature of the crystal structure. It is known that the crystals consist of
the [Dy(MoOy,),]” layered blocks weakly coupled by the alkali ion layers [Cs]™ [18].
The Dy’" ions chains, including two Dy’ ions coupled by inversion, are considered as
arrays formed inside the layers and therefore we take into account only one magneti-
cally equivalent paramagnetic JT centre.

Our investigations as well as the former ones [19] allowed us to determine the val-
ues of g-factors of the ground state spectroscopy splitting. They turned out to be
g. =11, g, =1, g. = 13 for the low-temperature phase, where a, b, ¢ are the ortho-
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rhombic cell parameters. One can see that g-factor tensor for the low-temperature
phase resembles the structure of g-factor tensor of the ground state for the high-
temperature phase of KDy(MoQ,), [16].

To evaluate the critical value of external magnetic field H,. at which the high-
temperature phase may be induced in the crystal at temperatures 7 < T},, we used the
following model. In Figure 4, the positions of the ground levels are shown at 7> T},
and T < T, without external magnetic field (left side). The right side shows magnetic
filed effect on the levels. Here 4 is the energy of the Jahn—Teller stabilization [15]. If
the g-factors are strongly different for the ground and excited electronic states, which
are Kramers doublets, the mutual approaching of the levels starts when the external
field is switched on. On the other hand, if the g-factors for the ground states of the
low-temperature and high-temperature phases are strongly different, we can evaluate
the effect of magnetic field on the ground state energy position. When the energy in-
terval between the ground states in the external magnetic field equals to the sum of the
spontaneous elastic energy originating in the crystal as a result of the phase transition
and additional energy corresponding to the splitting of the ground state, the crystal
changes its state and the high-temperature phase spectrum is observed. Taking into
account that elastic energy U is about U = 0.34 [15] and the maximal g-factor differ-
ence for the ground states Ag =~ 18 — 1 = 17, we can evaluate the critical field H.:

H, :A—U, 1, =9.2-10"* J/10 kOe
0.5Agu,
Here A~ U=50 cm ' =50-1.99-10 > J, and we have H, = 128 kOe.

So we have shown that at H,, the high-temperature phase may be induced in the
low-temperature phase at 7 ~ 0. When magnetic field suppresses the elastic deforma-
tion accompanied with Jahn—Teller phase transition in CsDy(MoOQy),, it gives rise to
the high-temperature phase in crystal. The maximal difference in the g-factor tensor
components for the ground states in the low- and high-temperature phases was found
for the magnetic field applied at 14° in ab plane [19].

gpH

T/

1<

T>T, FT]
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Fig. 4. Scheme of the Dy’ ions energy levels splitting
under external magnetic field for CsDy(MoOQ,),

Note that by results of Ref. [15] the critical field at 7'~ 0 was found for H = 170 kOe.
The difference in the value reflects the fact that the magnetic field was applied in two
cases at different directions according to the orthorhombic axes. But the value of the
field which may destroy the low-temperature phase at a finite temperature, namely at
T = T, is much lower than H.. The experimental shift of the external magnetic field
value from 70 kOe to 170 kOe, when temperature is lowered from 42 K to 4.2 K, is
not discussed in this paper, but is the question for the future work.

4. Conclusions

The comparison of the concentration dependence of the temperature of Jahn
—Teller ordering type phase transition in CsDy,_, Bi,(M0Qy,), at low x with P—T phase
diagram [11] allowed us to suppose that the effect of impurity compressing the
[DyBi.(Mo0Qy),} layers correlates with the effect of the uniaxial pressure. We have
observed the shift of 7, to the low-temperature side without changing spectra of the
low-temperature phase although the change of the crystal average size along a direc-
tion took place.

We can also suppose that in CsDy(MoQy), phase transition from the low-temperature
phase to the high-temperature one may be induced by magnetic field. Estimated value of
H. corresponds to the magnetic field which leads to the transition of the crystal from the
low- to the high-temperature phase when the crystal temperature 7 is about 0 K. The esti-
mation that is based on the molecular field representations gave the value of the external
magnetic field that induces this transition. The assumption concerning the lowering of the
H_ critical value in the crystals doped by bismuth is quite realistic. Similar effect of the
external magnetic field and pressure on the Jahn—Teller ordering in CsDy(MoQy), is the
question to be necessarily studied further in more details.
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(Ph4P);[ReCls(tcm))]
— a new precursor of molecular magnets

J. MALECKA, A. KOCHEL, J. MROZINSKI"

Faculty of Chemistry, University of Wroctaw, F. Joliot-Curie 14, 50-383 Wroctaw, Poland

New complex of composition (PPh,),[ReCls(tcm)] have been obtained and characterized by IR, UV-
Vis spectroscopies and magnetic measurements. The rhenium atom is six-fold co-ordinated with five
chloride atoms and one tcm group. The compound contains tcm™ in monodendate function co-ordinated to
metal via the N-atom. The temperature dependence of magnetic susceptibility measured over the range
of 1.73-300 K showed the presence of a very weak antiferromagnetic interaction ( zJ'=-0.78 cm™") be-
tween the rhenium atoms.

Key words: rhenium(IV), complex compound, magnetism, tcm ligand

1. Introduction

The tricyanomethanide (tcm)™ ion presents itself as a rather efficient complexing
agent. The tcm™ forms co-ordinate bonds with preservation of its planarity. The bonds
are N-type metal-to-ligand ones as a consequence of the high electron density on the
cyano nitrogen. The tcm™ ion shows a tendency to act as a bridge ligand and hence to
form co-ordination polymers [1-8]. Because of the high degree of delocalization of the
ionic charge, three cyano-N-atoms are equally capable of establishing co-ordinate
bonds. This enables tricyanomethanide to act not only as a monodentate ligand but
preferably as a bi-, tri- and tetradentate ligand in bridge function. Ag(tcm), which con-
tains layers of two interpenetrating hexagonal sheets [9] upon reaction with
(Ph4P),ReClg gives the complex (PhyP),[ReCls(tcm)]. The compound contains tcm™ in
monodendate function co-ordinated to metal centre via the N-atom.

Rhenium(IV) ion (5d*) of the ground electronic state ‘A, term has three unpaired
electrons. The fourth oxidation state is particularly stable in association with classical
ligands (predominantly o-donors) and like other d* ions, it adopts octahedral symme-

try.

*Corresponding author; jmroz@wchuwr.chem.uni.wroc.pl.
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2. Experimental section

2.1. Synthesis

A mixture of 1.20 g of (Ph4P),ReCl¢ (1.11 mmol) and 1.43 g of Ag(tcm)
(7.23 mmol) was heated under reflux in 120 ml of acetonitrile (z = 81 °C). The reac-
tion was stopped after 30 hours. The solution was brown. The grey precipitate
(0.81 g), mainly AgCl and unreacted starting material was filtered. To the brown solu-
tion n-hexane was added to precipitate the product. Yellow crystals of the final
product were obtained by slow evaporation from a (1:3) n-hexane—2-butanone mix-
ture. Anal. Calcd. for Cs,H4oP,CIsNsRe : C, 55.1; H, 3.5; Cl, 15.7; N, 3.7; Re, 16.4
Found: C, 54.5; H, 3.5; Cl, 15.1; N, 3.2; Re, 15.7.

2.2. Physical measurements

Electronic (reflectance) spectra of undiluted sample of complex (PhyP),
[ReCls(tcm)] were recorded over the range of 200-800 nm with Hitachi 356 Double
Beam Spectrophotometer.

The FIR spectra were measured in Nujol mull (50050 cm™) and MIR spectra in
KBr pellet (4000-400 cm ') with Bruker IFS 113V Spectrophotometer.

Magnetic susceptibility of the polycrystalline samples was measured over the tem-
perature range of 1.73-300 K using Quantum Design SQUID-based magnetometer
MPMS-XLS5 type. The superconducting magnet was operated at the magnetic field
strength ranging up to 5 kG.

The corrections for diamagnetism were estimated from Pascal constants [10]. The
effective magnetic moment was estimated from the equation:

ter= 2.83 72" T]"”> BM.

2. Results and discussion

Proposed molecular structure of [ReCls(tcm)]*” anion is shown in Fig. 1. The
complex (Ph4P),[ReCls(tcm)] of symmetry C4, has 11 normal modes of vibration:
I, =44, + 2B, + B, + 4E [11]. The type of bond of the tricyanomethanides is re-
flected in a characteristic way by the IR/Raman spectra of the compound, where most
significant variations are observed in the range of the CN stretching vibration band.
There are three WCN) vibrations (24;, E|) to be expected in metal-N-tricyano-
methanides (local C,, symmetry) and two expected CN) frequencies (4;, £;) in me-
tal-C-tricyanomethanides (local C;, symmetry). IR spectrum of (PhyP),[ReCls(tcm)]
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complex shows two bands in the CN vibration region, at 2240 and 2172 cm' and
a shoulder at 2189 cm . It may be interpreted that 4, and B, may possibly coincide.

Q\l e _fo

—

St L
Cl bN

Fig. 1. Proposition of the molecular structure of [ReCls(tcm)]* ion

It is found that, in passing from an octahedral ML¢(O;) to six co-ordinate square
bipiramidal complexes MLsZ (Cy,), the £, orbital splits into two sets: by(xy), e(xz, yz)
and the e orbital into sets: a,(z%), b;(x*-y?). Bands at 25 063 cm ' (399 nm, 4 = 0.85),
29 412 cm ™' (340 nm, 4 = 0.86) and 31 270 cm™' (320 nm, 4 = 0.89) of high absorp-
tion coefficients can be attributed to ligand metal charge transfer transitions: N — M,
Cl —> M [12]. Other bands with lower absorption coefficients in the Visible region are
due to the ligand field (d-d) transitions. These are bands at 13 123 cm ' (762 nm,
A =0.36), 14327 cm™' (698 nm, 4 = 0.35), 21 008 cm ' (476 nm, 4 = 0.70) which can
be attributed to b, — e (xy —xz, yz); by — by (xy =x*)%); e = a; (xz, yz —z°), respec-
tively. On the basis of the transitions mentioned above and equations estimated for the
d orbitals in a field of C,, symmetry [13], Dg = 1433 cm', Dt = 277 cm ',
Ds=-3913 cm™' parameters were calculated.

Bands observed in the UV region at 48 544 cm ™' (206 nm; 4 = 0.96) and 43 860
cm ' (228 nm; 4 = 0.96) are characteristic of tem™ [14].

The structure of [ReCls(tem)]*” ion can be described as short square-bipyramid
with the electron configuration (5,)'(e). Such a configuration is also confirmed by the
magnetic moment g = 3.29 B.M. (T = 300 K) corresponding three unpaired elec-
trons.

The reduction of magnetic moments in comparison with the spin only value
(3.87 B.M.) can be explained on the basis of depopulation of spin-orbit coupled ex-
cited states and/or zero-field effects. The magnetic susceptibilities of other
rhenium(IV) salts have been reported elsewhere [15-20].

Magnetic properties of complex (PhyP),[ReCls(tcm)] under the form of y,,7 and y,
vs. T (i being the molar magnetic susceptibility) are plotted in Fig. 2.

To interpret quantitatively the susceptibility data, we used the approaches in which
we considered that the magnetic susceptibility of this complex might be described by
the susceptibility of the 4A2g term with zero-field splitting [21].
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L [ cm’ K mol'l]

Fig. 2. Thermal dependence of y), (e) and y, T (0) for
(Ph4P),[ReCls(tcm)] complex. Solid line is the calculated curve (Eq. (2), (3))

Zero-field splitting and ligand field of symmetry lower than cubic lead to the ani-
sotropy of magnetic properties of an ion. The relevant spin Hamiltonian is defined by
the equation:

H =D|S? ~1/3S(S +1)|+ g DH_S. + g B(H S, + H,S,) 1)

where DS’ represents the splitting into two Kramers doublets in the absence of mag-

netic field. The parallel and perpendicular zero-field susceptibilities for S=3/2
(Eq. (2)) were corrected by a factor predicted from the molecular field (Eq. (3)) [22]:

NB* NB*
X, = 4kT gHFDH’ Zl:ﬁglFDL (2)
where
2D kT 2D
1+9exp[—ij 4+62D{1—exp(—kTﬂ
Fn = ) 2D
1+eXp(—kTJ 1+6Xp(—kT]

2D is the zero-field parameter, N — Avogadro’s number, g, g|| — the spectroscopic
splitting factors, — the Bohr magneton and & — the Boltzmann constant:
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[ Zi

7l = 3)
. 2z
Ng g )"

where i = || or L, zJ is the exchange parameter and was applied to calculate magnetic
exchange effect by means of a molecular field.

Since our data refer to powered samples, the average magnetic susceptibility is equal
t0 ym=1/3+2/3y.. Minimization of the agreement factor R (R = X(Yexp — Xcale) / Z(Xexp) ]
leads to 2D = 30.47 cm™, g,, = 1.65, and zJ =—0.78 e with R = 8.95-10™*,

A small value of the exchange parameter suggests the presence of very weak anti-
ferromagnetic interactions between [ReCls(tcm)]* ions at crystal lattice. This fact
confirm: the calculated in the interval 300-80 K the Curie constant value C = 1.36
cm’K-mol™' and negative value of the Weiss constant @ = —35.4 K. This magnetic
interaction might be transmitted by bonding arrangements such as M-L...L-M [19].
The occurrence of a bulky (PhyP)" cation results in the diamagnetic dilution due to
increasing distance between the paramagnetic Re(IV) centres.

On the basis of magnetic data we conclude that Re(IV) in (Ph4P),[ReCls(tcm)] ex-
hibits a large zero-field splitting parameter together with weak antiferromagnetic
interactions, but we have obtained only twin crystals. After determination the structure
of monocrystals of this complex, further discussion of its physicochemical properties
will be possible.
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Determination of the photodynamic activity of
porphyrins: Potential photosensitizers for treatment of
age-related macular degeneration
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Age-related macular degeneration (AMD) is the leading cause of irreversible visual loss in people
between 65 and 74 years. Recently, the photodynamic therapy (PDT) is used as experimental treatment
for exudative AMD. In a PDT process, a reaction takes place when a photosensitiser (PS), light of appro-
priated wavelength, and oxygen are present at the same time. In general, the PS are porphyrins and
related systems. The aim of this study was to evaluate the photodynamic activity (PA) of the benzopor-
phyrin (BPH,), protophorphyrin-IX (Proto), tetrakis(p-hydroxyphenyl)porphyrin (THPPH,) and
tetrakis(2-hy-
droxy-5-nitrophenyl)porphyrin (T2ZHSNPPH,). The PA is related to quantum yields (¢,) for the singlet
oxygen ('0,) production. Uric acid, a known singlet oxygen scavenger, is utilised as a chemical dosime-
ter in the PDT. When the uric acid (UA) and PS solution is irradiated with laser light, the UA band
absorbance at 293 nm decreases as a rapid evaluation of relative PA of the PS.

Key words: porphyrins, photodynamic activity, age-related macular degeneration

1. Introduction

The photodynamic therapy (PDT) is one of the more promising new modalities
currently being explored for use in the control and treatment of tumors. PDT is based
on the use of a light-sensitive molecule, photosensitizer (PS). Porphyrins, phtalocya-
nines and chlorins, represent a major class of PS agents useful in an array of medical
areas, including oncology, cardiology, ophthalmology, dermatology, immunology,
gynecology and urology [1, 2].

Age-related macular degeneration (AMD) is the leading cause of irreversible vis-
ual loss. Laser photocoagulation of choroidial neovascular membranes (CNVMs) in
AMD is currently the only well-studied and widely accepted treatment modality. But,
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the basic premise of PDT is that, through the use of an intravascular compound that
causes vascular occlusion by a photochemical reaction, as occurs with laser photoco-
agulation. Two treatment strategies can be envisioned. First, vessels may be occluded
through a purely photodynamic mechanism. Second, photosensitizers may be used to
enhance laser photocoagulation ablation of choroidal neovascular membranes thus
decreasing rates of persistence, decreasing the thermal energy necessary to achieve
occlusion [3].

The red absorption maxima of porphyrins and related compounds allow the
activating light to penetrate deeper into tissue. It has been shown that oxygen plays
a fundamental role in photochemistry of the many photosensitising drugs used in PDT.
When the PS is irradiated in the presence of oxygen, the energy transfer from the ex-
cited triplet state of a PS to molecular oxygen leads to generation of singlet oxygen
('0,), the (excited) singlet state of molecular oxygen from otherwise benign precursors
(’0,). This seems to be the first step in the photodynamic action of the most PS used
in PDT. Then 'O, reacts with cellular targets leading to cell death.

Optimizing the PDT and photodetection of early cancer in a clinical context in-
volves the variation of several parameters, such as the drug dose, light dose, light dose
rate, time delay between drug injection and light application, wavelength of excitation
of the dye, as well as the chemical purity and stability of the PS and their photody-
namic activity [4].

Uric acid, a known singlet oxygen scavenger, is utilised as a chemical dosimeter
for the determination of photodynamic activity in the PDT. The PA is related to quan-
tum yields (¢,) for the singlet oxygen (‘0,) production. When the acid uric (UA) and
PS solution is irradiated with laser light, the UA band absorbance at 293 nm decreases
as a rapid evaluation of relative PA of the photosensitizer. Based on UA test it is pos-
sible to define a photodynamic activity scale, which may be a tool comparing the PA
of different photosensitizers or irradiation conditions a proposal for a photodynamic
activity scale based on the uric acid test. Fischer investigated the photodynamic activ-
ity and used the following relation [5]:

A4y, -10°
PA=—F"—— (1)
EotAps .
where PA is the photodynamic activity (m*(W-s), A4y, — UA absorbance decrease at
293 nm in UA and PS solution after irradiation, £, — power density of laser (W/m?),
¢ — irradiation time (s), A4ps, — absorbance of PS in UA and PS solution after irradia-

tion [5].

In this work, we determined the PA of the benzoporphyrin (BPH,), protophorphy-
rin-IX (Proto), tetrakis(p-hydroxiphenyl)porphyrin (THPPH,), and tetrakis(2-hydroxy-
S-nitrophenyl)porphyrin (T2H5NPPH,) by modified Fischer’s expression using the
uric acid (UA) test [4, 5]. Irradiations were performed at 683 nm using an MMD-
Optics Laser with the power of 50 mW.
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2. Experimental

Materials: Uric acid (UA) was purchased from Merck. Dimethylformamide anhy-
drous (DMF) and ethanol were purchased from Mallinckrodt. Benzoporphyrin (BPH,),
protophorphyrin-IX (Proto) and tetrakis(p-hydroxyphenyl)porphyrin (THPPH,) were
obtained from MidCentury. The precursor tetrakis(2-hydroxy-5-nitrophenyl)porphyrin
(T2H5NPPH,) was synthesized in our laboratory [6] using Adler Longo method. All
reagents were used without further purification.

Uric acid test [5]: The samples were irradiated in a quartz cell with solutions con-
taining only PS (10~ mol-dm) and solutions containing UA (10~ mol-dm ) and a PS
(10~ mol-dm™). The irradiations were made at 25 °C for 1 hour, in air-saturated solu-
tion. Before and during the irradiation, absorbance spectra were registered each 3 min
with a HP 8543 spectrophotometer. The UA procedure was used to investigate the UA
absorbance decrease with different irradiation wavelengths in the wavelength range of
each PS (BPH,, Proto, THPPH, and T2H5NPPH,).

Photodynamic activity scale (PA): Based on UA test it is possible to define photo-
dynamic activity scale of different photosensitizers. The data obtained for PS could be
mathematically determined by the modified Fischer’s expression (2) All laser light is
focused into the sample solution.

A4, -10°
Widps s,

PA= )

where: PA is the photodynamic activity (1/(mW-s)), A4y, — UA absorbance decrease
at 293 nm in UA and PS solution after irradiation, /¥ — laser power (mW), ¢ — irradia-
tion time (s), 4pg, — absorbance of PS in UA and PS solution after irradiation.

3. Results and discussion

The samples were irradiated in a quartz cell with solutions containing only PS
(10~ mol-dm™) and solutions containing UA (10~ mol-dm™) and PS (10~ mol-dm™).
The PS absorbance did not decrease in the absence of uric acid. The UA has two ab-
sorption maxima in the UV/Vis range of the spectrum — 231 and 293 nm (Fig. 1). The
parameters (irradiation wavelength, laser power, irradiation time and PS concentra-
tion) remained constant.

The absorbance spectrum of the porphyrins containing UA: T2HSNPPH,, THPPH,,
Proto, and BPH,, before and after laser irradiation, are shown in Figs. 2-5.

After laser irradiation at 683 nm, the photodegradation of uric acid was observed
by changing the concentration of the solutions containing the PS. The PA values were
determined by the Fischer’s expression modification (2) and are shown in the table.
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Fig. 1. Absorption spectrum of UA in ethanol
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Fig. 2. Absorption spectrum of UA and T2H5SNPPH, in ethanol
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Fig. 5. Absorption spectrum of UA and BPH, in ethanol
Table. PA values determined by the Fischer’s modification expression
to T,HsNPPH,, THPPH,, Proto and BPH, in ethanol

Porphyrine AAdy t/s Apg A PA

T2H5NPPH, 0.070 4200 2:99.107* 111

THPPH, 0.159 4200 1.03-10°7 74

Proto 0.279 4200 224107 59

BPH, 0.672 4200 1-10-1072 29

4. Conclusion

The uric acid test is a suitable tool for a rapid and simple relative determination of
the photodynamic activity of the photosentizers: T2ZH5SNPPH,, THPPH, and Proto in
ethanol solutions. It presents a good stability and high values of PA even with a low
absorption coefficient at 683 nm. Based on the UA test, it was possible to define
a photodynamic activity scale, and compare the relative PA of the different

photosentizers:

T2HS5NPPH, > THPPH, > Proto > BPH,
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Because the reproducibility of the UA test depends on reproducibility of the envi-
ronmental and irradiation conditions and reproducibility of PS properties [5]: The
presence of the NO, and OH groups bounded to the phenyl is responsible for the high
stability of the T2ZHSNPPH, .
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