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From the Guest Editors

It was our great pleasure to co-organize the Third International Conference on Sol-
Gel Materials Research, Technology, Applications SGM '04. The Conference took
place on 6-11 June 2004 in Wroctaw, thea capital of the Lower Silesia district of
south-west Poland. It was organized by the Center of Excellence Sol-Gel Materials
and Nanotechnology (SGM&N) at the Wroctaw University of Technology. This event
gathered more than 100 participants from: Belarus, Belgium, the Czech Republic,
Finland, France, Germany, Great Britain, Israel, Italy, Japan, Lithuania, Poland, Por-
tugal, South Korea, Spain, Sweden, and Vietnam. Most of the participants presented
either oral communications or posters.

The Conference has covered a vide field of topics related to various aspects of
theory and practice of the sol-gel technology - from biological sensors to fractal ge-
ometry of aerogel structures. We have finally accepted 28 full articles after customary
peer reviews. The scope of the Conference is, by definition, a broad and interdiscipli-
nary one. Thus, it has been decided to divide the contributions into two general
classes, i.e. (1) articles concerned with optical materials and (2) with other issues. The
first group of papers can be found in this issue of Materials Science while the others
have been accepted by Opfical Materials. We would like to express our warm thanks
to the authors who contributed their works and to the reviewers for their prompt and
thorough reviews.

The Conference was possible thanks to support of the European Commission
which is gratefully acknowledged. The contribution of the Wroctaw University of
Technology is also acknowledged.

Krzysztof Maruszewski Wiestaw Strek
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Quantum confinement effect of in-situ generated Cu,O
in a nanostructured zirconia matrix

SUSMITA KUNDU, SUNIRMAL JANA", PRASANTA KUMAR BISWAS ™
Sol-Gel Division, Centra Glass and Ceramic Research Institute, Kolkata-700032, India

The incorporation of Cu?" in zirconyl chloride octahydrate sol or solution was used as a precursor for
dip coating. This resulted in the in-situ formation of nanostructured Cu,O quantum particles in the zirco-
nia matrix. The size-dependent properties of the Cu,O quantum particles were observed when the films
were annealed in the range of 200-600 °C. A red shift of the UV band, ascribed to the transition from the
copper d-shells to higher sublevels of the conduction band, was observed in the range of 260—315 nm due
to an increase in the nanocrystallite size with increasing annealing temperature. Three types of emissions,
blue, green, and yellow, were observed in films of relatively high thickness (around 120-130 nm) due to
Wannier-like excitonic transitions. For films of relatively low thickness (50-70 nm) only green emission
was observed. From lifetime measurements of samples annealed at 450 °C it may be concluded that the
short decay time is bi-exponential in character from ns to ps with the chi-square value of 1.005, which is
due to the confinement of Cu,O quantum particles.

Key words: sol-gel; nanostructured Cu,O; quantum confinement; exciton; short-life emission

1. Introduction

Nano-sized zirconia films can be prepared on silica glass substrates by the sol-gel
technique [1]. When the size of the zirconia particles (grains) is in the nano-range
(below 250A), the meta-stable cubic or tetragonal state of zirconia becomes more
stabilized [1]. As a result, the surface area and surface energy increases, facilitating
in-situ generation of Zr*" along with oxygen deficiencies in the zirconia system [2, 3.
The generation of trivalent zirconium is possibly due to the formation of oxygen defi-
cient centresin the film in accordance to the following sequence of reactions:

0% =1/20, + 2 (1)
2Zr* +2e” =27r* (2

"Presently in Glass-Technology Section, CGCRI, Kolkata, India
"*Corresponding author, e-mail: pkb@cgeri.res.in.
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Incorporation of transition metal ionsinto the precursor leads also to the formation
of areduced state of the metal ion [4, 5] due to the partia reduction of the metal ion
by electrons trapped in oxygen deficient centres.

In the case of the Cu?* system, incorporation leads to the generation of Cu,O clustersin
the zirconia film, Cu,O exhibiting excitonic behaviour. Excitation-dependent emission
spectraof Cu,O clusters of a particular size have been examined but their size-dependence
on excitation wave engths has not been reported so far. Lifetime measurements of the fluo-
rescence spectra of nano clusters, usudly exhibiting a short lifetime, imply excitonic be-
haviour. In view of the above facts, an attempt was made to synthesize and characterize the
size-dependent emission spectra and fluorescence lifetime of Cu,O microcrystalites in
nano zirconia, where both host and dopants are nanosized.

2. Experimental

2.1. Preparation of precursor solution

The precursor solution for films of zirconium oxide-copper oxide was prepared main-
taining the atomic ratio, Zr:Cu at 1:1. The starting materials were: recrystalised zirconyl
chloride octahydrate (ZOQ) and copper(ll) nitrate trihydrate in an acidic solvent mixture
containing glacia acetic acid (acomplexing or polymeric agent). The solvent mixture con-
tained dehydrated ethanol and 2-butanol. The wt. % equivalent of ZrO2 in the solution
was 2.0. The solution was prepared by mixing the requisite amounts of ZOO and Cu(ll)
st in the required amount of the acidic solvent mixture while stirring for 2 h. The final
solution was green in colour. The sol was aged for five days.

2.2. Preparation of films

The resulting solution was used for the deposition of layers on cleaned Heraeus
(Germany) make suprasil grade pure silica glass, adopting a dipping technique with
two different withdrawal speeds, namely (i) 4 cm/min (ii) 18 cm/min, to attain films
of two different thicknesses. After dipping, the solution layer was formed on both
sides of the glass substrate. The coated samples were placed in an air oven and heated
at 100 °C for 30 min and then put into a furnace and heated at various temperatures
(200°, 300°, 450°, and 600°+5°C) for 30 min in an air atmosphere.

2.3. Characterization

UV-visible absorption spectra of films prepared at various temperatures were re-
corded at room temperature using a Shimadzu UV-VIS-NIR spectrophotometer
(photometric accuracy: £0.002 Abs in the range of 0.0-0.5 Abs, +0.004 in the range
0.5-1.0, £0.3% T in transmittance). The thicknesses of the films were measured ellip-
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sometrically (Gaertner, L116B). Room temperature fluorescence (lamp-corrected for
emission excitation) spectra of the samples were recorded with a Perkin-Elmer
Fluorimeter. The fluorescence lifetimes of the multilayer films annealed at 450 °C
were measured. For this measurement, a coherent CW mode locked Nd:YAG (Antavs
76 s) synchronously pumped cavity dumped hybrid mode locked Rhodamine 6G dye
laser light at 600 nm was used. The fundamental 600 nm laser light was frequency
doubled to produce then exciting 300 nm light. The emission was detected at a magic
angle (54—74) polarization using a Hamamtsu MCP photomultiplier tube (2809 U) in
atime correlated single photon counting set-up. The lifetime of the set-up was 50-60
ps. Microstructure and crystal symmetry (electron diffraction, ED) of the films were
analysed by a transmission electron microscope (TEM) (JEOL, JEM-200CX). The
accel erating voltage and camera length were 160 kV and 55 cm, respectively.

3. Results and Discussion

3.1. Absorption spectra

It was observed that the precursor solution containing zirconium oxychloride octa-
hydrate and Cu(ll) nitrate trihydrate yielded in-situ Cu,O microcrystalites by the par-
tial reduction of Cu*" caused by trapped electrons in the oxygen deficient nano-
zirconia film matrix [3]. These Cu,O microcrystallites exhibited excitonic transitions
in the UV (260-315 nm) (Fig. 1a) and visible (Fig. 1b) regions at room temperature.
The absorption bands (UV) of Cu,O excitons shifted towards longer wavelengths with
increasing microcrystallite size, due to the increase in annealing temperature. Micro-
crystallite sizes can be determined [6, 7] from the excitonic transitions in bulk crystal
and microcrystallites. We observed absorption peak shifting due to annealing the film
at 200°, 300°, 450°, and 600°C. As the nature of absorption was shoulder-like, we
took the 2nd derivative of each absorption and confirmed the absorption peak posi-
tions. These were 261 nm, 268 nm, 285 nm, and 288 nm for the above respective an-
nealing temperatures. The microcrystallite size of Cu,O in the nano zirconia films was
evaluated from the shift of the absorption band:

h2

Eop = Enu +8|\/|R2

©)

Eqp and E,k are the exciton energies in the quantum well and bulk, respectively. The
simplified form of Equation (3) in terms of the peak wavelength 4 and R (the average
radius of amicrocrystallite) is

-1/2

R=1.7396( b Aok ) 4



10 S. KunDuU €t al.

_ e)
5 =
& %
— =]
g 5
9 =
2 -
o
600 nm A
L - —_ L L L A L L L i L L L L L
200.0 400.0 600.0 4000 500.0 600.0 700.0
Wavelength [nm] Wavelength [nm]

Fig. 1. UV (& and visible (b) absorption spectra of Cu,0 excitons embedded in anano zirconiafilm matrix
deposited on apure silica glass substrate and annedled at: A) 200 °C, B) 300 °C, C) 450 °C, D) 600 °C

We assume the tranglational reduced mass M of excitons to be 3my,, where my is
the mass of the electron in vacuum. R and A are expressed in A and nm, respectively.
The excitonic transition for the bulk was chosen at 371 nm after Jana and Biswas [5].
They observed that the peak at 371nm does not shift with increasing temperature, i.e,
increasing size. The evaluated sizes of the Cu,O microcrystallites in the correspond-
ing annealing films were 51 A, 54 A, 61 A, 62 A. We have taken TEM pictures of
atypical film annealed at 450 °C (Fig. 2), which indicates that the microcrystallite
sizes are in the range of 80120 A. The appearance of diffraction rings in the electron
diffraction also revealsits crystalline feature, although we did not observe any identi-
fiable 28linesin the XRD (not shown here).

The UV bands may be assigned to the transition from the copper d-shells to higher
sublevels of the conduction band, as described in the plausible scheme in Fig. 3. In
addition to the UV absorption band, a few more absorption bands are observed in the
blue, green, and yellow regions. These are expected to be due to Wannier-like exci-
tonic transitions. We did not observe any shifting of these bands due to increasing
annealing temperature. They are hydrogen-like, generated from Cu,O excitons, and
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their tentative assignments are shown in the scheme proposed. The absorption band at
600 nm is possibly due to 4 (first line in the yellow series), but A° (first line in the

Fig. 2. Transmission electron micrograph (a) and electron
diffraction pattern (b) of the film heated at 450 °C

NG —
g )
AN il
L ' c
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Fig. 3. A plausible path of excitonic transitions in Cu20 microcrystallites deduced
from the absorption bands. The symbols|, Y, and G indicate the indigo, yellow, and green
series of excitonic transitions, respectively. G and R represent transitions (dotted lines)
from possible sublevels (dotted curves) for green and red, respectively

green series) is not unlikely. Therefore, the band at 555 nm may be assigned to A5 (2nd

line in the green series). The trangitions of the yellow and green series are partially forbid-
den direct transitions from /7 to 77 and 7'y to 77, respectively, as the vaence band
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55 with the degenerate states 75 and 73 will split under spin orbit coupling into 77
(higher energy state) and 7 (lower energy state). Vaence band splitting may be obtained
from the difference in energy between the yellow (n = 1) and green (n = 1) series, whichis
very close to the values reported by other authors [8-13]. In addition, the appearance of
aband (Indigo, at 453 nm) in the blue seriesis possibly due to the transition from 775 to an
excited conduction band 77, or tothetransitionfrom 7735 to /7.

3.2. Luminescence spectra

Excitonic transitions were also evidenced from the fluorescence spectra of the
films. We have developed films of two different thicknesses, namely (i) 70 nm and

\ \\\

\
AR
s |\ !
= \ \1 / m
WA
g \ \\ / / \ Hn&
AR
g \ M/ N \“\L\,\__
E . | / \\\w’\/x:‘:: g
; o Ao

0450 5;]0 I 5;0 I 5;0

wavelength (nm)

Fig. 4. Emission spectra of films of small thickness, annealed at:
a) 200 °C, b) 300 °C, c) 450° C, d) 600 °C with fixed excitation at 400 nm

(ii) 130 nm. The films of relatively low thickness exhibited a prominent emission
peak at ~540 nm (green region) with two shoulders in the blue and yellow regions
(Fig. 4). On the other hand, films 130 nm thick exhibited prominent emission peaksin
the blue, green, and yellow regions (Fig. 5), which correspond to the emissions of
Wannier-like transitions. It is interesting to note that films of the sample annealed at
200 °C, characterized by very small microcrystallite sizes, exhibits only blue and
green emissions, although it is relatively thick. The intensity of this green emission
decreases with increasing microcrystallite sizes, and the intensity of yellow emission
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Luminescence intensity [a. u.]
w o
Luminescence intensity [a. u.]
3]

500 550 600 460 500 540 580 620

Wavelength [nm] Wavelength [nm]
Fig. 5. Emission spectra of films of large thickness, annealed at:
A) 200°C, B) 300°C, C) 450°C, D) 600 °C, with fixed excitation at 400 nm
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Fig. 6. Excitation spectraof filmsannealed at:  Fig. 7. Experimental fluorescence (e = 300 nm) decay
A) 200 °C, B) 300 °C, C) 450 °C, D) 600 °C, curve (1) of afilm annedled at 450 °C
with fixed emission at 580 nm and the fluorescence decay curve (2) of thelamp used

gradually increases. The above observation was monitored by fixing the excitation
wavelength at 400 nm because excitonic transition at 400 nm was observed (Fig. 6) in
each case if the excitation wavelength be fixed at the emission peak for yellow region.
Although we did not observe any significant excitonic transition in the yellow region
of the emission spectra, we observed prominent absorption in that region. It may
hence be stated that the yellow emission is possibly due to a 1s excitonic band at ~600
nm. The emissions are expected for the radiation energy from 77 to 75 /17 sublevels,
as shown in the Scheme (Fig. 3).
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The quantum confinement of Cu,O microcrystallites was confirmed by the meas-
urement of fluorescence lifetime (Fig. 7) excited with a 300 nm pulsed dye laser. The
fluorescence decay was of bi-exponential character with a chi sguare value of 1.005.
The response times were 275 ps and 1318 ps. The short decay corresponded to the
existence of guantum confinement [14]. We expect the bi-exponential character is due
to the formation of mono-excitons and bi-excitons at the excited state.

4. Conclusion

Cu,O microcrystallites in nanozirconia film matrix were developed by the sol-gel
in-situ method. Films of relatively low and high thicknesses were deposited on pure
silica glass to observe the effect of film thickness on excitonic transitions. The quan-
tum confinement effect of the microcrystallites was also observed by the measurement
of the fluorescence lifetime.
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The effect of poly(ethylene glycol) on the crystallisation
and phase transitions of nanocrystalline TiO, thin films

Y AHIA DJAOUEDY, JACQUES ROBICHAUD! , RALF BRUNING?,
ANDRE-SEBASTIEN ALBERT", PANDURANG V. ASHRIT®

Université de Moncton - Campus de Shippagan, 218, J-D. Gaithier, Shippagan, N.-B., Canada, ESS 1P6
%Physics Department, Mount Allison University, Sackville, N.B., Canada E4L 1E6
3Département de physique et d astronomie, Université de Moncton, Moncton, N.-B., Canada E1A 3E9

Titanium dioxide (TiO,) films, composed mainly of anatase nanocrystallites, have been obtained
from a low temperature poly(ethylene glycol) (PEG) modified sol-gel method. The maximum process
temperature in this method is around 90 °C. An addition of PEG in the films accel erates the formation of
anatase nanocrystallites. In order to better understand the nature of the influence of PEG on film crystalli-
zation, sol-gel solutions were prepared with PEG of different molecular weights (200, 400 and 600).
The reference solution without PEG was also prepared. In addition, the influence of different PEG chain
lengths on the films' phase transition from anatase to rutile was studied by means of Raman spectroscopy
and XRD. Anatase was found to be stable up to 900-1000 °C, depending on the molecular weight of the
PEG used in the films.

Key words: nanocrystalline titania films; sol-gel, poly(ethylene glycol) (PEG); phase transition; Raman;
XRD

1. Introduction

Titanium dioxide films are used in technological applications such as optical fil-
ters, optical wave-guides, chemical sensors, solar cells, thin film capacitors, and elec-
trochromic materials [1-10]. Especially, the nanostructured (NS) form of these films
has attracted the attention of researchers, because their porous nature and large inter-
nal surface enhances their performance compared to traditional coarse-grained (CG)
films[11]. Thin films of titania (TiO,) composed of nanosized particles in the anatase
form show a very high photocatalytic activity due to their large internal surface [12].

*Correspondi ng author, e-mail: djaoued@umcs.ca
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Both the optical properties and the photocatalytic activity of TiO, coatings depend on
the crystallite size, the phase, and porosity of the coatings. Hence, the micro- or
nanostructure of the TiO, films and their strict control through the preparation meth-
odology is of paramount importance. Recently, significant effort has been directed
towards the low-temperature transformation of TiO, by using the sol-gel process. In
aprevious work, we have found that nanostructured anatase phase TiO, thin films can
be fabricated by a sol-gel method at temperatures as low as 100 °C [7]. These films,
with nanometric (5 nm) grain size, were obtained by using a structure-directing agent
such as poly(ethylene glycal) (PEG).

We report on the synthesis of TiO, nanocrystalline thin films with a low-tempe-
rature method by treating the sol-gel deposited TiO, films in hot water. Nanoscale
anatase films have been abtained by using PEG as a templating agent. In order to bet-
ter understand the nature of the influence of PEG on film crystallization, sol-gel solu-
tions were prepared in the presence of PEG of different molecular weights (200, 400
and 600). In addition, the influence of the PEG chain lengths on the film’s phase tran-
sition from anatase to rutile was studied using Raman and XRD.

2. Experimental

In the preparation of PEG-containing TiO, films, titanium tetra-n-butoxide (TTB)
obtained from Aldrich Chem Co. was used as the starting material. The concentration
of TTB in the solution was 0.5 mol/L. TTB was first mixed with a small amount of
ethanol in a container and stirred for 30 min. A mixture of water containing 3 wt. %
HCI and ethanol was poured under stirring into the transparent solution to promote
hydrolysis, the molar ratio of H,O to TTB was 1:1. Finaly, an organic polymer (PEG)
was added slowly to this solution and stirred for one hour. The resulting solution was
used for the TiO, film coating. The sol-gel solutions were prepared in the presence of
PEG of various molecular weights (200, 400 and 600). The molar ratio of PEG to
TTB was 1. A reference solution without PEG was prepared as well.

Films annealed at 400 °C and below were coated on corning glass substrates,
whereas films annealed at temperatures from 500 to 1000 °C were deposited on vitre-
ous silica. A dip-coating apparatus constructed in our laboratory was used for the
depositions. The substrate was lowered into the coating solution and then withdrawn
at aregulated speed of 4 mnv/s. After each coating, the films were first dried at 60 °C
for 2 minutes and then heat-treated at 90 °C for 1 hour in air inside an oven. These
samples were then treated in hot water at 90 °C for 1 hour. Thereafter, the films were
heated at arate of 0.5 °C to annealing temperatures ranging between 100 to 1000 °C
in order to study their evolution. The samples were held at the peak temperature for
one hour and then cooled to room temperature.

Raman spectra were collected at room temperature with a Jobin-Yvon Labram HR
combined Raman-IR microanalytical spectrometer equipped with a motorized xy stage
and autofocus. The spectra were generated with excitation at 632.8 nm and were dis-
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persed with an 1800 gr/mm grating across the 0.8 m length of the spectrograph. The
laser power was kept low in order to avoid undesired heating effects on the samples.
The spectral resolution of this apparatus is approximately 0.5 cm™.

X-ray diffraction measurements were carried out with a custom-built diffractome-
ter equipped with a graphite monochromator and analyser crystals. The data were
taken in reflection mode with Cu, radiation (A = 0.1542 nm). The signal measured
from the glass and quartz substrates was subtracted from the data. The data are shown
in Figs. 7-10 as a function of the length of the scattering vector, q = 4nA'sin6, where
20 is the scattering angle. The crystalline phases were identified using the
ICDD/JCPDS database [13]. Crystal sizes were determined based on the anatase (101)
and (200) peaks using the Scherrer formula[14].

3. Results and discussion

3.1. FTIR and Raman micr ospectr oscopy

Figure 1 shows the Raman (1la—IR) and FTIR (1la— IR) spectra of the as-deposited
TiO, film containing PEG on a glass substrate (the molecular weight of PEG was 600
in this film). Raman and IR spectra were recorded at the same point of the sample, by
using the SameSpot technology. The a-IR infrared absorption spectrum shows a voy at
3457 cm™, assigned by us to PEG hydrogen bonded to TiO, [15]. It is known that
PEG molecules adsorb exothermically onto TiO, oligomers by forming hydrogen
bonds between oxygen atoms in the PEG and hydroxyl groups on the TiO, oligomers
[16]. The bands at 2862, 1462, and 1347 cm™ correspond to C—H vibrations, while the
bands centred at 1093 and 1246 cm™ originate in the C-O—C bonds of PEG. The Ra-
man spectrum (1a— IR), measured at the same spot, shows only the PEG bands. The
O-H stretching band seen in the FTIR spectra at 3457 cm™ is not observed in Raman
spectrum.

Figure 2 shows spectral changes occurring in the film when heated to 90 °C in hot
water for an hour. Once again, the Raman (a-R) and FTIR (aIR) spectra were re-
corded at the same point. The most significant Raman bands appear at 150, 399, 522,
and 646 cm. They correspond to TiO, modes in the anatase phase [17]. The main
anatase band is shifted to a higher frequency (150 cm™) compared to that of the bulk
(144 cm™). The FTIR spectrum changes entirely (Fig. 2a-IR) when the film is im-
mersed in boiling water for one hour. The bands corresponding to PEG disappear
almost entirely with hot water treatment, indicating that the PEG molecules leach out
of the film. Matsuda [18] showed that during heat treatment in air PEG starts to de-
compose only around 250 °C and that the temperature of at least 300 °C is necessary
to completely remove PEG from the film.
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Fig. 1. Raman and FTIR spectrarecorded at the same point of the as-deposited TiO,-PEG 600
(TiO.:PEG molar ratio of 1:1) composite film on a glass substrate.
The peaks of the glass substrate are marked by asterisks
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Fig. 2. Raman and FTIR spectrarecorded at a single point of a TiO,-PEG 600

composite film on a glass substrate, treated at 90 °C in hot water for 1 hour.
The peaks of the glass substrate are marked by an asterisk



Crystallisation and phase transitions of nanocrystalline TiO, thin films 19
3.2. Raman spectr oscopy

Figure 3 shows the Raman spectra of samples prepared from PEG-free dipping so-
lution and treated at 90 °C in hot water. After that, the films were annealed at the
temperature ranging from 100 to 1000 °C. The Raman spectra of the films annealed
up to 300 °C showed they were gquasi-amorphous. The TiO, started to be transformed
to anatase at 400 °C, and the transition was completed at 500 °C. Only typical features
of anatase are present in the spectra until the temperature of the film reaches 1000 °C.
At this temperature, a mixed anatase-rutile phase is seen. The formation of anatase
nanocrystals was not observed in PEG-free TiO, even when the films were treated in
hot water for more than 5 hours. Thus, it is evident that the formation of anatase
nanocrystals with hot water treatment is initiated and accelerated by the addition of
PEG to the dipping solution.
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Fig. 3. Raman spectra of TiO, films prepared without PEG as afunction
of temperature; A and R indicate anatase and rutile, respectively
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Fig. 4. Raman spectra of TiO, films prepared with PEG 200 as afunction
of temperature; A and R indicate anatase and rutile, respectively

Figures 4-6 show the Raman spectra of samples prepared in the presence of PEG
of various molecular weights (200, 400 and 600) and treated at 90 °C in hot water.
Subsequently, films were annealed at the temperatures ranging from 100 °C to 1000
°C. The crystallization to anatase was complete when the film was treated in hot water
at 90 °Cfor 1 hour (Figs. 4-6). Only small differences are observed between the spec-
tra. This indicates that there is no systematic effect of PEG molecular weight on the
TiO, film. In films prepared with PEG 200 and 600, the anatase phase is stable up to
800 °C, followed by a partial transformation to rutile at 900 °C. This transformation is
almost complete after annealing at 1000 °C (Figs. 4 and 6). Figure 5 shows that only
apartial anatase-to-rutile transformation occurs at 1000 °C for samples prepared with
PEG 400.

For samples containing PEG and annealed at |ow temperatures, the anatase Raman
bands are blue-shifted and broadened with respect to the single-crystal spectrum. With
increasing temperature, the frequency and width of the peaks tend towards single
-crystal values. Using a phonon confinement model [19], it is possible to obtain
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arough estimate of the crystal size from the width and position of the main anatase
Raman peak. In the sample prepared with PEG 200 and treated in hot water for 1 h,
the anatase main Raman pesk is centred at 151.5 cm™ (the bulk value being 144 cm™),
with a full width at half maximum (FWHM) of 23 cm™ (7 cmi*being the bulk value).
This corresponds to the crystal size of 6.2 nm. For the films prepared with PEG 400
and PEG 600 and treated in the same way, the peak frequency is centred at 151 and
150.5 cm™ with the FWHM of 21.5 and 22 cmi™, corresponding to the crystal size of 8
and 7.4 nm, respectively. We can attribute such large shifts and broadening of the
main Raman bands of the anatase phase mainly to the particle size effect [17, 20-23].
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Fig. 5. Raman spectra of TiO, films prepared with PEG 400 as afunction
of temperature; A and R indicate anatase and rutile, respectively

However, the non-stoichiometry of anatase, which is likely to contain defects such
as hydroxyl groups or oxygen vacancies as a result of the low temperature of synthe-
sis (90 °C in hot water), is known to produce significant broadening and frequency
shifts of the main anatase band [17]. Again, the evolution of the crystallite size is
largely independent of the molecular weight of the PEG used in sample preparation.
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Fig. 6. Raman spectra of TiO, films prepared with PEG 600 as afunction
of temperature; A and R indicate anatase and rutile, respectively

3.3. X-Ray Diffraction

Samples without PEG, prepared on glass sides at annealing temperatures not
higher than 400 °C, show no signs of crystallization (Fig. 7). Samples without PEG
prepared on vitreous silica substrates show anatase crystals. After annealing at
1000 °C, anatase crystals coexist with rutile. Enhancement of the (110), (220), and
(330) peaks, at 19.35, 38.70 and 58.03 nm, indicates the preferred orientation of the
rutile crystallites. A rocking centre measurement shows that these crystallites are
aligned to within 6.5° FWHM with the substrate surface.

Samples prepared with PEG 200, PEG 400, and PEG 600 evolve in nearly identi-
cal ways upon heating (Figs. 8-10). The as-deposited films scatter X-rays below
5nm™, as well as between 11 and 18 nm™. Treatment in water at 90°C eliminates
most of this diffuse scattering, and leads to nanoscale anatase crystals. Annealing
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after treatment in hot water leads to a sharper anatase (101) peak at 17.85 nm™. The
anatase (200) peak at 33.21 nm* is the second prominent peak of this phase. The ab-
sence of the brookite (121) peak at 21.67 nm™ indicates that brookite does not form.
The XRD data are in good agreement with the Raman results discussed above. For the
film prepared from PEG-free dipping solution, however, no anatase phase can be seen
in the XRD pattern (Fig. 7) corresponding to 400 °C. Generally, Raman scattering is
more sensitive than X-ray diffraction to small quantities of anatase [24].
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Fig. 7. X-ray scattering intensities of films without PEG as a function of the scattering vector.
The scattering originating from an empty substrate was subtracted. The films were annealed
at the indicated temperatures (100 °C and above). The powder scattering intensities
for anatase, brookite, and rutile are shown at the bottom of the diagram

The evolution of crystal sizeis shown in Fig. 11. After treatment in hot water, the
crystallite size is about 5 nm. Upon annealing at temperatures not higher than 400 °C,
crystallite size remains unchanged, increasing continuously to about 19 nm as the
annealing temperature is raised to 900 °C, followed by a (partial) transformation to
rutile at 1000 °C. The width of the anatase (101) peaks are, within experimental error,
equal to the width of the anatase (200) peaks. This indicates that the peak width is
indeed caused by small crystal size rather than strain. Considering the additional
broadening effects in the Raman spectra, the crystallite sizes calculated from XRD
and Raman are consistent. Furthermore, the evolution of the crystallite sizesis largely
independent of the molecular weight of the PEG used in sample preparation.
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4. Conclusion

Transparent nanocrystalline anatase films have been synthesised by treating sol-
gel TiO, samples containing PEG of different molecular weights in hot water. The
maximum process temperature in this method was around 90 °C. The effect of PEG of
different molecular weights on the crystallization of TiO, films and the anatase-to
-rutile phase transition has been studied by Raman spectroscopy and XRD. The re-
sults indicate that crystallization was complete when PEG-containing films were
treated in hot water at 90 °C for 1 hour. The films are composed of anatase crystallites
with dimensions of about 5 nm. Upon annealing at temperatures not higher than
400 °C, the crystallite size remains unchanged. The anatase-to-rutile phase transition
and crystallite sizes are independent of the molecular weight of the PEG used in
sample preparation. The anatase phase was found to be stable up to 900-1000 °C,
beyond which it transforms to highly oriented rutile crystallites. A film of nanometric
anatase particles on a transparent substrate, stable against crystal growth at tempera-
tures up to 400 °C, is a promising candidate for use in photocatalytic or photovoltaic
devices at high temperatures.
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Raman investigation of hybrid polymer thin films
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Raman spectroscopic studies were carried out for hybrid polymer thin films prepared for photonic
applications by the sol-gel technology. Our aims were to analyse the ability of the Raman method to
estimate the efficiency of the main reactions of the sol-gel process and to provide information about the
chemical composition of the films as well as their thickness, profile, and qualitgliffibelties in meas-
urementsuch as low level of Raman signals, difficultiesdata analysis caused by the complex structure
of the materials, and the influence of interfering signals, are discussed. The application of Raman micros-
copy for characterising films based on 3-glycidoxypropyl-trimethoxysilane (GPTS), methacryloxypropyl-
trimethoxysilane (MPTS), and 3-aminopropyl-trimethoxysilane (APTES) is presented. The efficiencies of
reactions of inorganic and organic polymerisation weeasured and their products have been identified.

The influence of the excitation beam wavelength as well as the type of substrate on the Raman spectra
was investigated. Moreover, two-dimensional Raman mapping enabled us to record the thickness profiles
of the deposited structures and to detect their defects.

Key words:Raman spectroscopy; optical materials; hybrid polymers; thin films

1. Introduction

A group of inorganic-organibybrid polymers known a®rganically Modified Si-
lanes (ORMOSILSs) has been recently developed for photonic applications. These
materials are prepared with a sol-gehtemlogy and deposited as thin-film structures.
The main reason for developing hybrid pogmis their wide variety of controllable
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optical, mechanical, and elecil properties, which can be regulated by proper mo-
lecular design of the precursors used. Hybrids have better thermal stability, scratch
resistance, and higher hardness than ocgamiterials [1, 2]. In comparison to inor-
ganic materials, they have better flexibility and a very good workability.

Hybrids can be used in photonics to matfire planar waveguides, lenses, Bragg
gratings, and components for integrated aptiddoreover, dielectric layers, coatings,
and packaging are produced from these naterResearch on applying them in opti-
cal fibre sensors (includingio-sensors) and solid-state lasers is underway [1]-[7].

Sol-gel manufacturing of hybrid polymémnin films for photonic applications re-
quires high precision, which stimulates tleaich for effective diagnostic tools. One
of them is Raman spectroscopy, which enables the measurement of important chemi-
cal and physical properties, includingechical composition, molecular orientation,
crystallinity, temperature, and the thickngsefile. It also allows the detection of
defects. In the case of complex materials such as ORMOSILs, however, Raman inves-
tigation of thin transparent films is affitult task. The applications of Raman mi-
croscopy in the investigation of hybrid polgnthin films that have been presented so
far include: characterising coatings [4], regiag the depth profiles of coatings [5, 6],
investigating thin-film materials for waveigie applications [7], and two-dimensional
mapping of Bragg gratings produced from dye-doped ORMOSIL thin films [8]. Ra-
man spectroscopic investigation of a solyelcess covering all steps, from precur-
sors through gelation to thin-film structudeposition and development, has also been
reported [6, 7].

In spite of the intensive research condddtethis field, not all ORMOSIL materi-
als and devices have been investigated in a sufficient depth. Moreover, the number of
reported Raman optics configurations useth@studies of hybrid polymer thin films
[4]-[9] is limited. In this paper, the moishportant problems of Raman investigations
of sol-gel-derived thin films are outlinedhé the results of selected hybrid polymer
film investigations are presented. The main metrological aims of the presented re-
search were to set up an optical systeoviding a high collection efficiency of the
Raman signal from thin transparent filmsdao select the excitation wavelength and
power level of the laser that minimizes interfering signals and does not damage the
samples.

2. Raman systemsfor thin film investigations

Raman spectroscopy is based on the réegrdnd spectral analysis of radiation
scattered inelastically by the moleculestloé investigated object [9]. As a result of
the interaction between monochromatic light and dipoles induced in oscillating mole-
cules, the spectrum of scattered light magitain wavelengths different than those of
the incident beami). The difference, referred to &aman shift, is related to the
characteristic oscillation frequencies of thelecale, i.e. the vibrations of a single
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molecular bond or larger fragment of a polymer network. For a given excitation wave-
length 4y, the Raman intensity can be expressed as [9]:

where:lr — measured Raman intensity [photons per secdnd])aser excitation in-
tensity [photons per secondf;,— absolute Raman cross-section {quer molecule],

K — a constant accounting for the measurement parametersample path length
[cm], C — concentration [molecules per §m

c)

A ANYA

—> laser beam collected Raman scattering

Fig. 1. Optical setups for Raman investigationthaf transparent films: a) the backscattering
configuration, b) glancing-incidence configuration, c) waveguide configuration

One of the important problems encountere@®aman investigations of sol-gel de-
rived thin films is a low level of useful Ra&n signals, which is the result of a small
path lengthP in the sample. Optical setups used in the studies of thin films are pre-
sented in Fig. 1. In the most common on@e-backscattering configuration shown in
Fig. 1a — the angle between the excitati@am, incident on the investigated object,
and the collected Raman beam is equal to 180°. However, a typical optical backscat-
tering configuration does not provide suféiot sensitivity when the film thickness is
below 10um [10]. One solution that can increase the sensitivity of the measurement
system is to modify the backscatteringugeby using microscope optics. Microscopic
systems enable much thinner films to beestigated and provide better spatial resolu-
tion (~1 um) than the typical backscattering configuratiedQum) [10]. Moreover,
the use of additional pinholes creates aytagnfocal system, in which Raman spectra
can be recorded as a function of depthg]5,The main disadvantage of microscopic
setups is a small distance between the s i sample (usually a few millimetres),
which limits the applications of the setup mainlekesitu measurements.

The glancing-incidence configuration (Fig. 1b), can be used to increase the effec-
tive path lengthP. This setup, however, is more difficult to adjust as the laser beam
must be precisely focused on the sampléhatfocal point of the collecting optics.
Moreover, the efficiency of Raman signadllection depends on the angle between
the laser beam and collecting direction [10].

The Raman setup shown in Fig. 1c, refdrte as a waveguide configuration, is
based on a significant increase of the effective path Iedndpp internal reflection of
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the laser beam inside the itigated thin-film structureThe intensity of the Raman
signal in the waveguide configuration can be ev&@’3imes higher than in the typi-
cal backscattering configuration [10]. &main drawbacks of the waveguide setup
are: moderate spatial resolution and strécjuirements of repeatability for launching
the excitation laser beam intioe thin film structure.

The level of the Raman scattering signhal depends on the excitation wavelength.
For Ay far from the molecule absorption band, the intensity of the Raman signal is
inversely proportional tol,. Therefore, the application of a VIS or UV laser as the
excitation source should be more effective than an IR one in terms of Raman scattering.
The practical efficiency of Raman scattgriversus excitation wavelength, however,
may also depend on the dimensions andtalfirity of the investigated structures.
Moreover, strong interfering signals origtimg from laser-induced fluorescence in the
organic part of the polymer, Raman scatteimthe substrate, and external illumination
must also be taken into account. The fismence is the strongest for the excitation
wavelength from 270 to 700 nm [11] but its legan be different for various materials.

As a result, the power and wavelength of the excitation beam as well as the type of
substrate must be selected experimentally for each set of the samples.

3. Experimental

3.1. Thin film preparation

Hybrid polymer thin films based on commercially available precursors
(3-glycidoxypropyl-trimethoxysilane (GFS), methacryloxy-propyltrimethoxysilane
(MPTS), and 3-aminopropyl-trimethoxysilafAPTES)) were synthesised and in-
vestigated. The precursors were mixed with solvents and water and, after distilla-
tion and filtering, the obtained gels wedeposited and stirred on substrates. Two
types of substrates were used for tests: silicon and borosilicate glass (BSG). Films
were subsequently baked and hardened. Reflection spectroscopy as well white-light
profilometry and prism-coupling refractometry were used to measure the thickness
and refractive index of the deposited films. Detailed parameters of the films are
presented in Table 1.

Table 1. Investigated thin films

System of silang Rgfractlve Film thickness| Thickness determination
index Type of substrate
precursors n range [um] method
GPTS/MPTS 1.50-1.54 3.070-4.19p spectroscopic reflectoratrpsilicate glass
GPTS/APTES 1.48-1.50 34 white-lighrofilometry borosilicate glass
GPTS/APTES 1.48-1.50 34 white-light profilometry silicon
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3.2. The Raman system

During the experimental part of the resgapresented in this paper, thin film
samples were measured using a microscBpiman system, which is shown in Fig. 2.

£ A

pr— microscope
/ optics
investigated ~T— spectrograph
thin film P e
PC

substrate |

Fig. 2. Micro-Raman system using backscattering configuration

Preliminary investigations were conducted in order to select a suitable excitation
wavelengthA,. Three laser beams were tested on GPTS/MPTS-based thin films:
632.8 nm from a He-Ne laser and 488 nm and 514.5 nm from an Argon-lon laser.
A Raman microscope (Jobin Yvon T6400@juipped with a 100x objective, was
used for these wavelengths. Additional $esere carried out on hybrid polymer thin
films using an excitation wavelength of 785 nm (dispersive Kaiser Raman Hololab
5000 spectrometer, equipped with an Qbys microscope) and 257 nm (Renishaw
spectrometer 1000 UV, equipped with a microscope). The power on samples was
a few mW. Beams were focused on the surface of the films. The samples were in-
spected by optical microscopy after measoents. No trace of damage was observed
for excitation in the VIS and NIR ranges, while the application of a UV beam caused
photochemical reactions and consequential damage to the samples, which was de-
tected by optical means.

The Raman scattering signal from the substrate was the only one recorded when
Ao was 632.8 nm or 785 nm, although a poweel®f a few mW should be sufficient
for polymer films [11]. Therefore, an absenaf a signal from the film for these exci-
tation wavelengths was probably caused lgyitisufficient efficiency of Raman sig-
nal generation in the polymer structures (as thin asu8®4and by problems with
focusing the beam on the sample.

Raman spectra of ORMOSIL films were recorded fag af 488 nm but the sensitivity
of the measurements was limited by fluorescence. The spectra of GPTS/MPTS-based films
deposited on BSG, recorded by a Raman microscope Ayitgual to 488 nm and
514.5 nm are shown in Fig. 3.

A wide band between 2850 and 2980 trassigned to the stretching vibrations
v(CH), v(CH,), and v(CHs), can be observed in bothesppra. Other strong peak at
456 cm® originates fromd(Si—-O-Si) bending mode ithe substrate and inorganic
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network of polymers [12]. The imeity ratio of the bands at 2850-2980 trand
456 cm* is higher for the excitation of 488 nm than 514.5 nm. We think that the
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Fig. 3. Raman spectra of samples based on systems of GPTS and MPTS,
recorded at various excitation wavelengths

488 mn beam is slightly better focused on the film than the 514.5 nm one, since it has
a smaller diffraction-limited spot size. Buo fluorescence, however, more Raman
peaks were recorded fdp equal to 514.5 mm (see Fig. 3), and this wavelength was
assumed to be optimal for ORMOSIL film investigations. Measurements were made
in the range of 200-3500 chwith a spectral resolution of 4 cmA 100x objective

was used during investigation of the clieath composition, while a confocal system
with a 50x objective and a pinhole with a diameter of ®0were sufficient for Ra-

man mapping.

4. Results

4.1. Chemical composition of the films

One of main objectivesf the micro-Raman measurements presented in this paper
was to determine the chemical compositiorsaifgel derived thin films after deposi-
tion and subsequent procedures, i.e. hgatiardening, and structure development.

Micro-Raman spectra of GPTS/MPTS thin film samples deposited on BSG are
shown in Fig. 4. The strongest bands, at 2850-298bama 456 crH, are assigned
to stretching vibrationsy(CH), v(CH,), and v(CHy)) and 6(Si—O-Si) bending, re-
spectively. The weaker band at 1455tis probably due to asymmetric bending
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(6(CH), 6(CH,), or 6(CHz)), but deformations of O—CHbonds or scissoring of hydrogen
atoms in CH may also contribute to its intensity. The bands at 923 d®63 crit, and
1198 cm' are due to the C—€keletal vibration, Cklibrations, orv(Si—O) stretching in
the inorganic network. The peak at 1299 ¢tis due tov,,((—CH,)—) wagging [12].
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Fig. 4. Micro-Raman spectra of thin films based on systems
of GPTS and MPTS; thickness: auf, b) 4um

In the spectra of investigated GPTS/MP@&sed thin films, the peaks assigned to
epoxy ring breathing (1256 ¢ and v(C=C) stretching (1635 ct) were observed
as weak shoulders. The peak at 1730"ésnassigned to/(C=0) stretching. Contrary
to that observed in MPTS and sol spectratf@,intensity of this peak is much higher
than the band assigned #§C=C). This means that most the epoxy rings of GPTS
and double C=C bonds of MPTS were opeard replaced by single bonds, allowing
an organic network to be formed. Moiatieriginating from both precursors behave
like anetwork former. The C=0 double bonds of MPM#&re not opened and did not
participate in network formation.

Regarding other basic reactions in the aiggart of various sol-gel derived mate-
rials, the following Raman peaks cha important in their studies: 1640-1650tm
assigned to C=N bonds and the doublet at 3310-3370 arich is due to N-H
bonds stretching [12].

4.2. Influence of the substrate

As was shown before, the spectra of tlilims may contain peaks originating from
the substrate, which may introduce ambiguity in data analysis. One example is the
assignment of the peak at 456 ¢if8i—O—Si network vibrations) in the spectrum of
hybrid polymers deposited on a glass substiate to this, the influence of the sub-
strate on Raman measurements was stubliedhe comparison of the spectra of
GPTS/APTES-based thin films deposited on a BSG and silicon substrate.
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Fig. 5. Micro-Raman spectra of thin films based on systems of APTES and GPTS
deposited on: a), b) sibbo substrate, c), d) basilicate glass substrate

The comparison of spectra in Fig. 5 elealthe proper assignment of the band at
456 cm* in the spectra of films deposited on BSG. It can be seen that thex&iO
work in the substrate is the main origin this peak for the investigated samples.
A small peak at 456 crhfor films deposited on silicon shows the intensity of the Ra-
man signal originating from the inongia part of the sol-gel material.

4.3. Profile of thickness

Equation (1) enables thin film thicknesshe estimated. For hybrid polymers, this
information can be obtained from the ratib the intensities of the two strongest
peaks: 2850-2980 cMm(assigned to the organic part of the film) and 456" das-
signed mostly to the substrate and partitdlythe inorganic part of the film). For the
example shown in Fig. 4, the ratio is lowfstthe thinnest sample (b) and highest for
the thickest one (a). Good agreement wasiobtl with results of thickness measure-
ments made by the spectroscopic systédmeirics F20. Due to their relative nature,
however, Raman measurements can be teezbmplement profilometry measure-
ments or to monitor changes of the fithickness during manufacturing rather than
for absolute thickness measurements. Fand&ameasurements of thickness, an addi-
tional pre-calibration procedure conducteddnother method, e.g. spectroscopic re-
flectometry, is required. Moreover, in ptae the dependence of the Raman signal on
the thickness may be not linear due to gfeenin the excitation laser focal tube. In
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general, additional calculation must be arbut to take into account the influence

of changes of the refractive index at fiim and film/substrate interfaces on the di-
mensions of the focal tube [5]. In the case of the investigated hybrids deposited on
BSG, the difference between the refractive indices of the film and substrate are so low
(see Table 1) that despite differences et film thicknesses for various samples,
the focal tubes can be assumed to bestiree. Consequently, additional calculations
are not required.

Additional studies were conducted on usinigro-Raman mapping to investigate the
thickness profiles of thin films. These measuents could be particularly useful in in-
vestigation of integrated optics componehtsthin the frame of research presented in
this paper, Raman images were recorfigdplanar waveguide structures made from
hybrid material based on a system of [GRAPTES deposited on BSG substrate. Thick-
ness profiles were recorded as two-dimengidistributions of the intensity of the band
at 2850-2890 cm(assigned ta/(CH), v(CH,), and v(CHs) stretching vibrations). The
following investigations were made by Raman microscopy in the mapping mode:
structure shape, edge quality, antedton of structural defects.

€
=,
.0
‘D
o]
a

w0
oo

RN
(%]
(=]

head

Fig. 6. The image of the edge of an investigated thin-film structure
recorded using Raman mapping of the line assigned to C—H bonds

A Raman image of the edge of the investigated waveguide structure is presented in
Fig. 6. In the image, the shape of the giite and the thickness distribution are pre-
sented by a grey colour scale relateth®amount of C—H bonds originating from the
organic part of the material. It can be netichat the edge of the waveguide structure
is not sharp and that there are small amoahtol-gel material outside the predicted
area of the waveguide. For photonic apgiions, the quality of edges may signifi-
cantly determine the acceptable distance between neighbouring waveguides and cross
talks between them.

A Raman image of a waveguide cross-secti@nasvn in Fig. 7. Such a map of the in-
tensity of the Raman band assigned to C—H bonds enables the dimensions and thickness
profile of thickness of the path to be detEvead. Moreover, a defect in the waveguide path
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with a diameter of about Bn was detected. The results of waveguide dimensions and
profile thickness measurements obtainedrigroscopic Raman 2-D mapping were con-
firmed by optical microscopy (c.f. Fig. @d white-light profilometry. As Raman micro-
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Fig. 7. Microscopic (left) and micro-Raman (right) images
of the cross-section of a sol-gel derived waveguide structure

imaging is based on the detection of chentixadds (C—H in this particular case), it can

be treated as a complementary technigueptical microscopy, spectroscopic reflecto-
metry, and white-light profilomerty, which are all methods that are based on the investi-
gation of optical properties, e.g. trapsgnce, reflectance, and refractive index.

5. Conclusions

Raman spectroscopy proved to be a usifol in the diagnostics of hybrid poly-
mer thin films. The following Raman measurents were made for thin-film materials
based on GPTS/MPTS and GPTS/APTES systems and sol-gel-derived planar
waveguide structures: molecular comifioe and homogeneity, thickness distribu-
tion, device shape, structure profile, angeduality. Moreover, the detection of de-
fects was demonstrated. Good agreemmgtiveen Raman and other methods of
imaging was obtained.

The problems concerning the applicatiohRaman spectroscopy to sol-gel de-
rived hybrid polymer thin films were disssied in this paper. They include: configur-
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ing the excitation and collecting opticselecting the excitation power and wave-
length, the influence of the substrate, dath analysis. The comparison of the spectra
recorded in various conditions shows thia Raman microscopic measurement sys-
tem with the excitation laser beam of 514.5 nm and a few mW is an effective tool in
investigating sol-gel-derived hybridolymer thin films thicker than Ogm. Ex-situ
microscopic investigations presented hergill be the basis for further research.
Selecting the optimal wavelength and stiffint power of the excitation beam (sub-
chapter 3.2), studies on the influence of tipe of substrate (subchapter 4.2), and
analysing optical systems for Raman spectspgdchapter 2) will be used during the
development of a Raman system for maniitp film deposition and following steps
in-situ. On-line measurements performed witks thystem will enable the process to
be optimised in real time.
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Raman system for monitoring dye doping
to hybrid polymer network
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Being a relatively low-temperature technique, the sol-gel technology enables the synthesis of hybrid
polymers doped by organic dyes. In order to ensure the required properties of the final product, however,
the mixing of sol and dye must be strictly controlled to avoid unwanted chemical reactions between them.
Raman spectroscopic in-situ monitoring of the process was used to address this problem. Problems en-
countered in spectroscopic studies of non-transparent dye-doped sols, arising from intensive scattering,
attenuation of the Raman signal inside the investigated material, and fluorescence induced by the laser
beam, are discussed. The Raman measuring system constructed for the research presented in this paper
uses a diode laser and a compact spectrometer connected to a reaction glass vessel by afibre optic probe.
Proper selection of the excitation beam wavelength and suitable design of the opto-mechanical setup
results in an increase of the Raman signa and improved rejection of interfering signals. The system pre-
sented does not require access inside the vessel. In-situ monitoring was carried out for the process con-
ducted at room temperature and up to 87 °C. As the intensity of the Raman bands assigned to the dye did
not change during the process, it can be concluded that dye does not decompose.

Key words: Raman monitoring; dye doped materials; sol-gel

1. Introduction

Due to its relatively low temperature, the sol-gel process enables the inclusion of
large organic particles, i.e. dyes or antigens, into a hybrid organic-inorganic polymer
network. The doping procedure of sol by the functional particles, however, must be
strictly controlled to avoid unwanted chemical reactions and, consequently, their de-
composition. This requirement stimulates the search for effective diagnostic tools for
in-situ monitoring of the synthesis process of doped materials.

“Corresponding author, e-mail: mgnyba@eti.pg.gda.pl.
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The main aim of the research presented in this paper was to apply Raman spec-
troscopy to studies of doping hybrid polymers with dye particles. The procedure of
mixing the dye, dissolved in acetone, with the sol was the subject of real-time Raman
monitoring. The main objective of this investigation was to make sure that no chemi-
cal reaction takes place between the sol and dye and that the latter is not being de-
composed during the mixing. The investigation of dye-doped sols, usualy non-
transparent, is a difficult metrological task due to scattering and attenuation of the
Raman signal inside the material investigated. Moreover, a strong fluorescence signal
induced in the organic part of the material by the laser beam must be taken into ac-
count [1].

2. Experimental

2.1. Investigated sol-gel process

The sol was prepared using the following precursors: glycidyloxypropyltrimeth-
oxysilane (GPTS), methacryloxypropyltrimethoxysilane (MPTS), 2-hydroxyethyl-
methacrylate (HEMA), tetramethoxysilane (TMOS), and auminium-tri-sec-butoxide
(AlIOBuUs). The dye — commercially available NIR-absorbing IR165 — was dissolved in
acetone and subsequently mixed with the sol. A two-neck 50 ml glass vessel and
asmaller, one-neck 10 ml vessel were used in the experiments. The sol-gel reaction
vessels were equipped with a magnetic stirrer as well as an oil bath system for reac-
tions requiring heating.

2.2. Raman monitoring system

In order to perform real-time monitoring of sol and dye mixing, a dedicated Ra-
man scattering measurement system was built and coupled with a glass reaction vessel
by a fibre optic probe. The measurement set-up is presented in Fig. 1la. The Raman
system consists of an excitation diode laser, emitting an 830 nm beam and providing
power on sample that can be varied from 0 to 200 mW. The application of a NIR laser
reduces the interfering fluorescence signal [2]. An axial transmissive spectrograph
with a transmission holographic grating (wavelength from 850 to 1000 nm), devel-
oped at VTT Electronics, and an Oriel InstaSpec IV Spectroscopy CCD camera, TE-
cooled to —30 °C, were used in the detection part. Comparative measurements were
made using CCD-Raman system Ramstas, developed at VTT Electronics [2]. The
Raman rlanges of both systems extend from 200 cm™ to 2000 cm™, with a resolution
of 8cm™.

The fibre optic probe used in the investigation of dye-doped sol-gel materias
works in a backscattering configuration of Raman optics, which is especially useful in
the study of highly absorbing samples [3]. The setup of the probe as well as its con-
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nection with the reaction vessel is presented in Fig. 1b. In comparison to typical,
commercially available Raman spectrometers equipped with fibre optic probes, e.g.
systems made by Ocean Optics [4] and standard configurations of Ramstas devel oped
by VTT [2], the system presented in this paper is equipped with a more sophisticated,
dedicated focusing lens system. Moreover, this system uses a dedicated opto-
mechanical setup based on a micrometric-grade 3-D positioning system of the Raman
probe, which enables a precise adjustment of the measurement optics and effective
optical coupling between the reaction vessel and the probe.

fibre
materials bundle

inlet

glass \

reactor

axial
transmissive
spectrograph

I ————
bath |

magnetic.
stirrer

PC

= - investigated sol-gel material

glass walll

Fig. 1. Schematic diagram of: @) Raman system for in-situ monitoring of dye
and sol mixing, b) optical rays inside the probe coupled with the reaction vessel

Laser radiation is transmitted through a single fibre and collimated by the lens
(L1). A band pass filter (F1) cuts off fluorescence while two mirrors (M1 and M2)
and a dedicated focusing lens system (FLS) enable transmission and focusing the laser
beam inside the glass vessel. Having a foca length variable in the range of
12.5-25 mm, the FL S is used for focusing the laser beam inside the vessel and collect-
ing the scattering signal. Part of the scattering signal collected by the FLS is transmit-
ted by an edge filter (F2) that cuts off the Rayleigh scattering signal, while the Raman
signal in the Stokes band is transmitted. The lens L2 focuses the scattering radiation
into afibre bundle that transmitsit to the spectrometer [2].

Asaresult of careful optimisation of the FLS design, it is possible to avoid the ex-
citation of interfering Raman scattering in the glass wall of the reaction vessel for
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abroad range of wall thicknesses and vessel diameters. The location of the focal point
can be adjusted, using the micrometric 3-D positioning system and FLS, in order to
reduce the intensity of the Raman band at 450 cmi™* originating from the glass wall
and to obtain intensive Raman peaks originating from the investigated materials. The
peak at 1144 cm™, observed in the spectrum of IR165, can be used for adjusting the
measurement system when Raman monitoring is started after inserting the dye inside
the vessel. For experiments in which Raman monitoring is to be started before adding
the dye, a peak at 1448 cmi™, assigned to §CHa3) bending in the sol, can be used for
preliminary Raman system adjustment. As the liquid inside the flask is stirred with
high velocity (from 100 to 700 rev./min.), it can be assumed that measurements car-
ried out for one point are representative of the whole volume.

Fig. 2. Raman system coupled with areaction glass vessel
equipped with a magnetic stirrer and oil bath heating system

M easurements were carried out in a remote way. The Raman system was used for
monitoring the doping process in-situ, carried out at room temperature and up to
87 °C in an oil bath during mixing (Fig. 2). Contrary to Raman systems presented
elsewhere [5, 6], a reaction vessel dedicated to Raman monitoring is not required.
Moreover, any part of the spectroscopic fibre optic system presented in this paper
does not need to be placed inside the vessel and consequently does not interfere with
the investigated process. Furthermore, continuous stirring of the solution reduces the
risk of thermal damage to the sol-gel material by the focused laser beam [3].

3. Results and discussion

Raman spectra of the following materials were recorded: GPTS, MPTS, HEMA,
TMOS, AIOBuU3, and sols based on them, as well as the dye, acetone, and the dye dis-
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solved in acetone. Moreover, the mixing of the dye with the sol was monitored in real
time. The spectra of the dye dissolved in acetone, pure acetone, and the sol are pre-
sented in Figures 3-5, respectively. The spectra of the solid dye (not shown) and the
dye dissolved in acetone are identical. In the spectrum of the dye dissolved in acetone,
peaks originating from acetone were not recorded, although visual observation sug-
gested that acetone did not evaporate from the closed flask. An absence of a signa
originating from acetone in the spectrum of dye/acetone solution was probably caused
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Fig. 3. Raman spectrum of the dye dissolved in acetone
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Fig. 4. Raman spectrum of pure acetone
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Fig. 5. Raman spectrum of the sol

by the reduced penetration length of the excitation beam in the mixture and by
amodification of the acquisition cone, which results from significant differences in
the refractive index and optical density of the solution containing particles of the dye
as compared to pure transparent materials (e.g. acetone).
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Fig. 6. Raman spectrarecorded after adding the dye to the sol (solid grey line)
and after subsequent 16 hour-and-20 minute of mixing (black dashed curve)

Changes in the Raman spectrum of sol and dye during mixing, conducted at room
temperature, are shown in Fig. 6. Based on a comparison between the Raman spectra
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of the components (Figs. 3-5) and the spectrum of the full system, the origin of peaks
can be determined. Similarly to the spectrum of the dye dissolved in acetone, it can be
noted that peaks assigned to the dye also dominate in the spectrum of the dye-sol
mixture. It can be therefore concluded that also in the case of the investigated dye—sol
systems, the dye determines optical properties of the material. As a result, peaks
originating from the sol cannot be recorded. However, an investigation dye decompo-
sition can be carried out if the Raman spectrum is monitored in a sufficiently wide
range of the Raman wave numbers.

During 16 hours and 20 minutes of mixing, the Raman spectrum monitored in the
range of 200-2000 cm™ did not change and all the peaks assigned to the dye main-
tained their intensities and relative ratios, which confirms that the sol did not react
with the dye and that the dye did not decompose.

Confirming experiments were conducted and similar Raman monitoring was car-
ried out for the dye—sol system mixed at a 87 °C (the temperature was maintained by
an oil bath system). During some of the experiments, the level of optical background
increased, but the ratios of the Raman peaks remained constant, which confirms that
the dye did not decompose during any of the experiments.

4. Conclusions

An optical system for the Raman investigation of highly scattering and attenuating
materials was built and successfully applied. On-line monitoring was performed for
the mixing process of the dye and sol as a diagnostic tool, which can be the basis for
controlling the dye-sol system.

The Raman system, which can be precisely adjusted for background and fluores-
cence reduction, does not require any components to be placed inside the reaction
vessel. Therefore, it can be attached to standard glass reaction vessels and reactors
with glass windows in such a way that eliminates the risk of material pollution by
airborne contaminants and prevents the uncontrolled evaporation of some reagents.

The developed Raman system is fully compatible with clean-room conditions. The
small sizes of the components (see Fig. 2) and fibre optic probe enable the system to
be attached to even complex chemical reactors and in-situ process monitoring to be
conducted in an industrial environment.
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Silica sol-gel glasses were doped with zirconia and germania. Nanoparticles composed from these
oxides and the binary oxides Zr—Ge-O were produced within the matrices. XRD, TEM, and XPS studies
were used to determine the phase composition and energy of the electronic states of the elements. The
optica features of the materials were chracterized by UV/Visible absorption and photoluminescence.
Nanoparticles of ZrGeO,4 and Zr;GeOg within the solid matrices were fabricated for the first time.
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1. Introduction

The most extensively studied nanoparticles are the elemental ones (e.g. Si, Ge, Ag,
Cu, Au, etc) and binary compounds like CdS, ZnS, CdSe, etc. [1, 2]. The theory of the
size dependence of nanoparticle properties based on the quantum confinement of
charge carriers describes observations quite well in many cases, but more complex
species which do not belong to direct-band semiconductors or ssmetals frequently
reveal rather challenging size-dependent features [3-5]. Oxide nanophases (most of-
ten studied are: ZnO, TiO,, SnO,, etc.) fit much worse into the theory of quantum
confinement, and in each case specia studies are required to investigate the features
of small particles of these compounds. The expansion of chemistry of nanoparticlesto
new compounds is rarely simple. It requires not only the synthesis of nanoparticles,
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but also the fabrication materials to stabilize them for proper characterization. The
sol-gel technique possesses powerful potential to expand the chemistry of nanoparti-
cles. In the present work, we address a binary oxide system (and consequently ternary
chemical compounds) with zirconium and germanium oxides and report the first re-
sults on the synthesis of Zr-Ge-O nanoparticles within the silica matrix.

A great interest exists in the studies of 1V-group oxides in composition with silica
for the fabrication of nanocomposites doped by isovalent compounds. A humber of
studies of the binary oxides of silica-germania (e.g., for the waveguide technique [6])
and silica—zirconia (for unigue ceramics [7]) have been performed. A combination of
both ZrO, and GeO, [8-10] has rarely been studied. However, it is of interest due to
the following reasons. (i) the polymorphism of both compounds with a strong size
dependence, in particular ZrO, (see, e.g. [11] and Refs.); (ii) various glass-forming abili-
ties, much more GeO, than ZrO, [12]; (iii) variable coordination numbers of the ele-
ments with oxygen in different phases; Zr atoms can have the coordination number of
6-8, while for Ge atoms it can be 4-6); in the latter case this provides easy feasibility of
complicated network structures with germanates and polygermanates, which are well
known for Ge(IV) chemistry [13]. On the other hand, silica sol-gel matrices open
the possibility of controlling the concentration of components, stabilizing nanoparticles
and metastable phases, and can be the basis for producing materials with a wide range
of applications (optical, catalytic, sensoric, etc.) [14].

Germania is rather rarely used as a dopant in zirconia-based systems, but it works
not only due to the effect of the great difference in ionic radii (R(Zr*)/R(Ge") = 2) in
solid solutions but also due to the formation of stable chemical compounds [8-10]
rather than a compensation of oxygen deficiency with usual dopants in ZrO, like
M(11) and M(I11). Zirconia—germania nanocomposites have also been recently synthe-
sized without any matrix [15, 16]. They revea rather challenging properties, and the
formation of new phases was found. Below, we describe nanoparticles of this system
within a SiO, matrix and investigate them with X-ray diffraction (XRD) and transmis-
sion electron microscopy (TEM). The electronic state of the elements has been ana-
lysed with X-ray photoelectron spectraoscopy (XPS), optical UV/Vis absorption, and
photoluminescence, demonstrating that the nanoparticles behave like semiconductors,
the band structure of which is affected by their chemical composition and oxygen
deficiency rather than their size.

2. Experimental

The samples studied were silica-based glasses with incorporated Zr-Ge-O. The
sol-gel derived silica matrix for glass fabrication was obtained by the conventional
sol-gel technique [14] with the acid hydrolysis of tetraethoxysilane slightly modified
to speed up gelation without strong volume contraction [17], as applied successfully
by us for the incorporation of semiconductor nanoparticles into silica glasses [18].
This method resulted in aqueous-alcoholic silica sols mixed with a solid silica filler
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(pyrogenic SiO,, aerosil, with particle size ~10-20 nm) in a mole ratio TEOS/aerosil
= 1/1. The sols were neutralized by agueous ammonia (0.1 M) up to pH~=6, and the
gels were produced. Drying in air at 60 °C and annealing at 800 °C lead to porous
SiO,-matrices, usually named ‘xerogels’, which are able to incorporate various spe-
cies by simple impregnation and absorption. Zirconium and 4 germanium were intro-
duced into these xerogels by impregnation in solutions of ZrO(NQOs), in acetic acid
(concentrations varied from saturated down to a 1/10 dilution), in solutions of germa-
niain water, and in ammonia (both saturated at 20 °C). These solutions (as sources of
Zr and Ge) were used to provide a high amount of incorporated species. The solutions
penetrated the matrices for afew minutes, and were kept in this state for about 8 h. In
order to get samples containing both Zr and Ge, the impregnation procedures were
performed with both solutions, the second element being introduced after drying the
sample. The samples were dried and annealed in air by a special temperature-time
profile up to a maximum of 1200 °C, resulting in the formation of transparent glasses.
The samples studied in present paper differ in the sequence of Zr and Ge incorpora-
tion and in the concentrations of the precursor solutions. Samples with co-
incorporated Zr and Ge are labelled as N11 and N13: for N11 the incorporation of
zirconium preceded the incorporation of germanium from an ammonia solution of
GeO,; for N13 the first step was the incorporation of zirconium from a doubly diluted
saturated acetic acid solution of ZrO(NOs), after which germanium was introduced
from a saturated agueous solution.

XRD measurements were done for both powders and glassy samples with
aDRON-3 device using CoK,, radiation and a MnO, filter. XPS studies were per-
formed with an ES2401 spectrometer (Russia) with MgK, radiation, and Cls line
calibration at 284.6 €V was used.

In order to visualize nanoparticles in the glassy samples with TEM, a’replicawith
extraction’ method was used. This method consisted of the deposition of athin carbon
film (1020 nm) onto the surface of the freshly etched glasses, followed by stripping
the carbon film upon contact with water. Micrographs were obtained with a UEM-
100LM microscope (Russia) in the medium magnification range.

UV/Vis absorption spectra were recorded with a Specord M40 (Carl Zeiss) device in
air, and photoluminescence spectra were obtained with a fluorimeter Fluoromax-2 (Jobin
-Yvon) under monochromatic excitation from a Xenon lamp.

3. Results and discussion

3.1.TEM

The TEM data presented in Fig. 1 display the structures of a series of glasses pre-
pared with different compositions. glasses doped with ZrO,, GeO,, and co-doped ones
(the two samples described above, N11 and N13). The formation of particles is ob-
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served within all types of glasses, however, the morphology of particles is different.
The size of particles enters the range of 20-100 nm, but the particles are aggregated in
co-doped glasses. Particle concentration cannot be determined unambiguously with
the TEM sample preparation method used here. One can state, however, that the order
of magnitude is comparable with materials with individual oxides, and rises for binary
oxides. Thus, these TEM data in general allow us to consider the synthesized glasses
to be nanoparticles-in-matrix systems, and the silica matrix looks like an inert support
in afirst approximation.

Fig. 1. TEM images of nanoparticles produced in silica glasses by the incorporation of ZrO, and GeOs:
a) ZrOy; b) GeOy; ¢) ZrO, and GeO, (N11); d) ZrO, and GeO, (N13)

This appearance can be explained by nanoparticle formation accompanied by si-
multaneous matrix annealing. The initial content of zirconia—germania precursors can
be rather high in pores within the silica xerogel, and after pore contraction they may
form aggregates rather than separated particles. It should be expected that lowering of
the amount of precursors would result in the same final products with particles placed
separately in the matrix.

3.2. XRD

The XRD patterns presented in Fig. 2 (besides the GeO,-doped ones, showing only
simple amorphous-type patterns) evidence that the nanoparticles observed by TEM are
nanocrystalline phases and that the patterns can be decoded. The picture contains the
reference data for three phases suggested: monoclinic zirconia and two compounds
common to this binary oxide system, namely the scheelite phase ZrGeO, (JCPDS 34
-0407) and the compound Zr;GeQOg (JCPDS 16-0800). They appear within the annealed
glassy silica matrix (the broad halo in the range 2@ = 15-30 deg). The peaks observed
are comparatively weak. Keeping in mind that these inclusions are present in the ma-
trix at low concentrations, however, this observation seems to be sufficient for docu-
menting the preparation of this type of material for the first time. The broadening of
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the peaks also occurs, and the particle size of both binary oxide phases can be esti-
mated to be 10-30 nm.
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Fig. 2. XRD patterns of silica glasses doped with ZrO, and co-doped with ZrO, and GeO,,
referenced to bulk ZrGeOy4 (JCPDS 34-0407), and Zr3GeOg (JCPDS 16-0800)

This range does not contradict the TEM data (Fig. 1). The TEM images a so indi-
cate, however, some coarser particles with sizes up to 100 nm. This can be explained
by a tendency to aggregate. Possibly, the coarser particles are the products of
secondary processes rather than single particles originally formed within the glass.
The XRD pattern for the sample doped with only ZrO,, in which the monoclinic zir-
conia phase has been detected, essentially exhibits less broadened peaks, although the
sizerange in TEM is close to that of the binary oxides. Hence, the broadening effect
in the latter case is not only due to size. It could be due to structural disorders, which
are known to be specific for these types of compounds [19]. Some authors consider
both ZrGeO, and Zr;GeOg as solid solutions based on the tetragonal zirconia lattice
[10], and a solid solution can possesses various degrees of disorder.

On the other hand, a comparison of the reference peaks of zirconia, shown at the
bottom axis of Fig. 2, reveals that the case of zirconiais also not simple: the reflexes
(1112) (shown) and (111) (not shown, since they are absent in the experimental pat-
tern) have much smaller intensity than the (110) and (011) reflexes, and the ratio of
intensities is strongly altered from the ones referenced by JCPDS data. We may sup-
pose that the zirconia particles observed in the glasses are oriented nanocrystals as
long as the assignment of XRD patterns in the case of glass doped with zirconiais not
complicated by any binary phases and compounds from the Zr-Si—O system and other
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ZrO, patterns are far from the pattern of monoclinic zirconia. A preferred direction is
manifested in the glasses investigated by XRD, since flat samples were fabricated in
this case. The preparation of samples for TEM includes the removal of particles from
the matrix (see Experimental) and any orientational effects are therefore lost. The
possibility of orientation of zirconia nanoparticles will be investigated in future stud-
iesand is of interest in the context of optical polarization effects.
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Fig. 3. XPS datafor silica glasses doped with ZrO, and co-doped with ZrO, and GeO,
in comparison to the data for ZrO,, GeO, (commercial pure chemicals), and ZrGeOy4
prepared by high-temperature sintering of ZrO, and GeO,
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The silica glasses fabricated with zirconia and zirconia—germania dopants exhibit
nanoparticles of mono-oxides or binary oxides from the two known compounds of the
Zr—Ge-O system. The phase composition depends on the sequence of zirconia and ger-
mania incorporation. The electronic state of the elements in the samples of different
composition was studied with XPS and compared to the data available for the corre-
sponding compounds without matrix (Fig. 3).

3.3. XPS

The XPS spectra of four types of glasses doped with zirconia and germania and
two co-doped versions are presented in Figs. 3a—c. The elementsin all the compounds
considered in the system present formally the same oxidation degrees for the series of
samples of Zr* and Ge*. The XPS data, however, revea strong differences in the
positions of the photoemission lines and in the intensities for the same compounds in
the corresponding samples. Variations in intensity can be associated with the inhomo-
geneous localization of nanoparticles throughout the sample volume. A noticeable
range of binding energy of the core electrons of all elements under consideration also
exists for the reference samples (Figs. 3d-f). We have used a commercial zirconia
(amonaoclinic modification stable at room temperature) and polycrystaline ZrGeO,
synthesized from ZrO, and GeO, by the high-temperature sintering in a sealed am-
poule followed by the XRD confirmation. ZrO, formed within glasses gives the
Zr doublet signal (the usual 5/2 and 3/2 components) shifted to higher energies by
about 0.6 eV with respect to the reference ZrO,. ZrGeO, has a much larger shift,
while the shift for the glass with Zr;GeQgs is, in contrast, less than for ZrO,, but till
positive (Fig. 3a).

A positive shift in the binding energy of the Zrzy doublet also occurs for ZrGeO, in
glass as compared to the bulk polycrystalline compound. The interval between the
doublet components is observed in the range of 2.3-2.5 eV for al except ZrO,
nanoparticles in glass, for which it equals 2.0 eV. The general width of the latter is
larger, however, and it could possibly be deconvoluted into two components with
close binding energies. These may be, for example, contributions due to surface and
interior atoms. For these reasons, we can draw some conclusions from the above
variations in the interval between the 5/2 and 3/2 components of the Zrzq core levels.

Thus, two main observations can be established from the XPS data of Zr: (i) apro-
nounced difference between ZrGeO, and Zr;GeQg, the first showing a more positive
position, 0.7-0.8 eV; (ii) significant positive shifts for compounds within the glasses
as compared to those in a matrix-free polycrystalline form, amounting to about 0.5 eV
for both ZrGeO, and ZrO,. The latter conclusion indicates that nanocrystallines
formed (being close to their macroscopic counterparts in the long-range ordering as
shown the XRD patterns) are essentially different in their local structures. We expect,
that one of the factors in this difference can be the oxygen deficiency effect, which
can get stronger at the nanoscale level due to larger surface contribution and due to
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effects of the silica matrix. Naturally, the oxygen deficiencies of ZrGeO, and Zr;GeOg
can be different, since the Zr/O ratio is different for these compounds, and the coordi-
nation number of Zr atoms for oxygen in the structure of Zr;GeQg is larger than that
for ZrGeO,. Oxygen deficiency should diminish the positive shift in the binding en-
ergy with respect to the zero-valent state of Zr. Thus, in the glasses studied the com-
pounds include less oxygen vacancies than their bulk counterparts. The matrix can be
a stabilizing factor, keeping the structures closer to the stoichiometric ones.

The XPS data for the germanium core level are shown only for the binary oxides,
and have low intensity. Ge levels used in this analysis display weaker photoemission
signals. Moreover, conclusions concerning the shifts in this case are rather disputable
due to the possible contribution of Zr,, states to these signals (they also appear at
30 eV [20]). By comparing the data in Fig. 3b with that in Fig. 3e, we may see that
the germanium state is different from that of GeO,, and is very smooth both in bulk
and nanoparticles. There is a clear tendency for a lower binding energy than in the
stoichiometric oxide GeO,. The spectra for Oy core levels (Figs. 3c, f) in the glasses
based on silica have a big contribution from the oxygen in the matrix. We have ob-
served, however, that a noticeable difference exists for glasses with the oxide phases
studied. Without the matrix we attain reasonabl e differences both in the maxima posi-
tion and width of the lines (Fig. 3f). The lessionic oxide, GeO,, has the most positive
position, and ZrGeO, looks like a sum of two or more components. The complicated
profiles of the lines, in particular that of ZrO, and ZrGeQ,, can be explained by the con-
tribution of adsorbed oxygen and hydroxyl from air. The spectra of Oyslevels of the
compounds in the glass appeared to be closer one to another, which can be explained by
the dominance of oxygen in the silica matrix of the same composition, and a noticeable
difference exists nevertheless. It corresponds to the reference samples without the ma-
trix. The spectrum for Zr;GeQg is similar to that of ZrO, with an additional shoulder on
the lower-energy side (probably the adsorbed or non-bridging oxygen). Thus, the data
for oxygen photoemission confirms the formation of different nanophases within
glasses.

3.4. Optical studies

Figure 4 presents the optical absorption spectra and photoluminescence spectra of
a series of glasses. Absorption spectra show that binary Zr—Ge oxides reveal semi-
conductor-like behaviour with rather sharp edges, 5.0 eV and 4.6 eV for ZrGeO, and
Zr;GeQg, respectively. The features at ~220 nm in the spectra are not discussed here
since the silica matrix begins to absorb in this range. The spectra of glasses with ZrO,
and GeO, nanoparticles display similar behaviour, but have larger slopes. According
to the known values of the band gaps for these oxides, namely ~5.2 eV [21, 22] and
~5.6 eV [23, 24], respectively, and to the referenced view of spectra, we would expect
more pronounced absorption edges. The broad rise for ZrO, at * < 400 nm and the
feature at % = 270 nm for GeO, can be due to structure defects developing as a result
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of high-temperature treatment in contact with the silica matrix during the annealing of
the glasses with nanoparticles. The range of absorption of both oxides is in accor-
dance with the above reference data, but details (including the minor features ob-
served) depend strongly on the history of the oxides (heating, storage, atmosphere,
impurities).
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Fig. 4. UV/Vis absorption spectra of silica glasses with nanoparticles of different compositions
(indicated). The inset contains photol uminescence spectra obtained with a 280 nm excitation

The optics of glassy GeO, has been studied [25], and the absorption features, like
those presented by us in Fig. 4 for GeO,, have been reported for the heated glasses.
They are associated to paramagnetic defect centres observed simultaneously by ESR.
The nanoparticles of binary oxides show sharper edges in the absorption spectra. This
suggests that they are more stable with respect to structure defect formation, which in
oxides like ZrO, and GeO, occurs easily due to the high mobility of oxygen ions. Tak-
ing into account the above XPS data, we may not propose that higher oxygen defi-
ciency provides additional absorption. Hence, oxygen defects can take the form of
some absorption positions at the particle-matrix interface or uneven nanocrystal sites.

Preliminary electron spin resonance data were obtained for these samples and no
ESR signals for the nanoparticles of ZrGeO, and Zr;GeOg were detected (to be pub-
lished elsewhere). The photoluminescence spectra presented in the inset of Fig. 4 show
significant signals for the glasses containing nanoparticles of ZrGeQO,, Zr;GeQs, and
ZrO,. The glass with GeO, showed no photoluminescence above the background. An
observable intensity cannot be considered to be an essential factor, since it varies in the
range of double enhancement for one sample with respect to another due to little differ-
ences in size and thickness. The positions of the band maxima, however, are shifted
about 50 nm to the right for glasses with ZrO, and Zr;GeOg as compared to ZrGeO,.
Note that the absorption of the first pair also enters higher wavelengths. The excitation
wavelength was chosen to get the most intense spectrum without contribution from
matrix luminescence (a relatively low concentration of nanoparticles in the samples
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necessitates the separation of background from the matrix also showing aluminescence
signal, though this is much weaker than for glasses with Zr-containing particles).

Similar emission spectra and Stock’ s shifts of the photoluminescence signal, about
100 nm for ZrGeO, and 150 nm for ZrO, and ZrsGeQOg, can point to a similar photo-
luminescence mechanism: light with x=280 nm only partially corresponds to the inter-
band excitation of the semiconductors. The emission bands are rather broad and mul-
tiple centres can be responsible for their appearance. It should be noticed that the de-
tailed nature of photoluminescence in materials of this type can be rather complicated.
A formation of various oxygen-deficient centres is strongly inherent to metal oxides
with high oxygen content like ZrO, and GeO, (and compounds derived from them),
without a reduction in the oxidation degrees of the elements.

At deeper steps, this process can lead to some amount of low valence states (Zr*
[26] and Ge**, Ge-Ge-bonds [27]), which appear usually as active luminescence cen-
tres. The latter phenomenon is probably not of great importance in our case, since we
do not observe these states in the XPS analysis. As long as the glasses with GeO, do
not show luminescence signals and only Zr-containing compounds have visible bands,
it is worthwhile to associate the nature of luminescence centres with zirconia. More-
over, the intensity of the band is higher when the atomic ratio of Zr/Ge = 3, and for
Zr/Ge =1 the band is weaker (Fig. 4, inset). The luminescence band in the range of
380450 nm istypical of ZrO,. The centres responsible for the emission can be oxy-
gen vacancies, F-centres, surface defects, or impurities of foreign ions [28, 29]. They
have been extensively studied from the point of view of the thermoluminescent behav-
iour of zirconia[30, 31].

Our interpretation of the luminescence bands is based on the most common item
that can be expected in both Zr—Ge compounds studied and in ZrO, created in an oxi-
dative environment (air, 1200 °C) and in contact with silica matrix. The latter is not
an active oxygen-transferable medium and is chemically active at high temperatures
with respect to many metal oxides that could be present as uncontrollable impurities.
On the other hand, silicais inert with respect to zirconia under these conditions, since
we did not detect any zirconia silicate phase. We suppose that a small amount of oxy-
gen vacancies are formed, and their concentration is variable depending on the type of
compound, but is too small to shift any XPS lines or change lattice parameters in the
XRD data within experimental error. A large tendency to produce oxygen vacancies
occurs in zirconia synthesized from hydrous forms [32, 33] by heat treatment in air or
vacuum. The silica matrix in our case, however, can be a stabilizing agent. A more
detailed study of the nanoparticles in the materials fabricated will be presented in
future publications, after more datais obtained.

4. Conclusions

A novel approach to the fabrication of composite optical materials containing
nanoparticles of binary oxide semiconductorsis offered in this work. The selection of
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dopants has been motivated by a search for oxide compounds that exhibit polymor-
phic transformation at ambient pressure and interesting features in their optics, cataly-
sis, ionic conduction, etc. In contrast to chal cogenide compounds, which are the most
frequently studied among semiconductor nanoparticles, oxides are more compatible
with the silica matrix and more stable under heating in air. Zirconia and germania
(oxides from the IV group) and silica can exist in several crystalline forms. Further-
more, germania is capable of amorphisation. The compounds in the system, ZrO, and
GeO,, have been studied rather scarcely. We have produced them within a solid ma-
trix by a simple method of co-impregnating porous silica, followed by thermal treat-
ment with simultaneous annealing at the silica matrix to the glass state. The composi-
tion of the final products is determined by several factors that are easily controlled
during the developed procedure: (i) the concentration of dopants and solvent used for
impregnation; (ii) the order of the sequential introduction of Zr- and Ge-containing
precursors; (iii) the properties of the silica matrix used (porosity, hydroxyl groups,
etc). Other ways to control the final state will be elaborated with further research.

ZrO, and GeO, possess a limited homogeneity region to form solid solutions with
a structure based on one of the components. Three known compounds have been re-
ported in this system to date. In our materials, however, we have detected only two,
with the compositions ZrGeO, and Zr;GeOg (a third phase has been reported recently
[34] and has a zircon-like structure). Their features have been revealed by TEM,
XRD, XPS, UV/Vis absorption, and photoluminescence measurements. The nanopar-
ticles are aggregated within the matrix, and the mean size range is tens of nanometers.
XPS data have shown a chemical shift for zirconium (with respect to the bulk coun-
terparts) probably due to diminishing oxygen deficiencies stabilized by the matrix.
The optical data correspond to the formation of a wide-gap semiconductor with blue
[uminescence.

Promising applications of glasses with Zr-Ge-oxide nanoparticles offer silica
-based optical materials with a low content of wide-band gap semiconductors (ZrO,,
ZrGeQ,, and Zr;GeOg) and media with lower valence states of germanium (including
Ge nanoparticles and clusters) that are tuneable by reducing the chemical treatment of

the glasses presented above. Preliminary results have been obtained, showing the
appearance of new and intense |luminescence bands.

Acknowledgements

The work was performed with the support of the Belarusian Fundamental Research Foundation (project
X03-318) and the NANOTEX program under the Ministry of Education of Belarus. The authors thank
G. Tuchkovsky for technical assistancein XRD measurements and Dr. K. Kaparikha for TEM experiments.

References

[1] Nanoparticles: From Theory to Application, G. Schmid (Ed.), Wiley, Weinheim, 2004.
[2] PiLENI M.P., Semiconductor Nanocrystals, [in:] Nanoscale Materials in Chemistry, K.J. Klabunde
(Ed.), Wiley, New York, 2001, 61-84.



60 V.S. GURIN €t dl.

[3] MaIer J., Nanoionics and Soft Materials Science, [in:] Nanocrystalline Metals and Oxides. Selected
Properties and Applications, Ph. Knauth and J. Schoonman (Eds.), Kluwer Acad. Publ., Boston,
2002, 81-110.

[4] Fine Particles. Synthesis, Characterization, and Mechanisms of Growth, T. Sugimoto (Ed.), Marcel
Dekker, New Y ork, 2000.

[5] AvyuB P., PALKAR V.R., CHATTOPADHYAY S., MULTANI M., Phys. Rev. B, 51 (1995), 6135.

[6] NeusTRUEV V.B., J. Phys. Cond. Matter, 6 (1994), 6901.

[7] WINTERER M., Nanocrystalline ceramics: Synthesis and structure, Springer-Verlag, Berlin, 2002.

[8] LEFEVRE L., Ann. Chim,, 8 (1963), 117.

[9] LI P., CHEN |.W., J. Am. Ceram. Soc., 77 (1994), 1281.

[10] KARLIN' S., CoLomBAN P., J. Am. Ceram. Soc., 82 (1999), 735.

[11] STicHERT W., SCHUTH F., Chem. Mater., 10 (1998), 2020.

[12] RawsoN H., Inorganic Glass-forming Systems, Academic Press, London, 1967.

[13] INGRI N., Acta Chem. Scand., 17 (1963), 597.

[14] HeENcHL.L., WEsT JK., Chem. Rev., 90 (1990), 33.

[15] FroLovA E.V., GURIN V.S, IVASHKEVICH L.S., SvIRIDOV V.V., Investigation of zrconiagermania
glasses and solids prepared by sol-gel technique [in]: Sol-Gel Optics VI, E.J.A.Pope, H.K. Schmidt,
B.S. Dunn and Sh. Shibata (Eds.). Proc. SPIE, 4804 (2002), 81.

[16] FroLovA E., Mater. Sci. Eng. C, 23 (2003), 1093.

[17] PopDENEZHNYI E.N., Boiko A.A., Sol-gel synthesis of optical quartz glass, GGTU, Gomel, 2002
(in Russian).

[18] GURINV.S., ALEXEENKO A.A., PRAKAPENKA V.B., KOVALENKOD.L., YUMASHEV K.V, PROKOSHIN P.V .,
Mater. Sci., 20 (2002), 30.

[19] SvYTH D.M., The Defect Chemistry of Metal Oxides, Oxford University Press, New Y ork, 2000.

[20] SARMA D.D., RA0 C.N.R., J. Electron Spectr. Rel. Phenom. 20 (1980), 25.

[21] SARVERJ., Ceram. Bull., 46 (1967), 837.

[22] AiITA C.R.,HoPrPE E.E., SORBELLO R.S., Appl. Phys. Lett., 82 (2003), 677.

[23] PasasovA L., Czech. J. Phys. B, 19 (1969), 265.

[24] CHRisTIED.M., JR. CHELIKOWSKY, Phys. Rev. B, 62 (2000), 14703.

[25] WEEKSR.A., PURCELL T., J. Chem. Phys., 43 (1965), 483.

[26] MocHNIAK J., WRzESINSKA A., Acta Phys. Polon. A, 41 (1972), 165.

[27] LiJ,Wu X.L., YANG Y .M., YANG X., BAO X.M., Phys. Lett. A, 314 (2003), 299.

[28] LI Q., AI D., DAl X., WANG J., Powder Technol., 137 (2003), 34.

[29] De LA Rosa-Cruz E., DiAz-TORRESL.A., SALAS P., CASTANO V.M., HERNANDEZ M., J. Phys. D, 34
(2001), L83.

[30] BeTTINALI C., FERRARESO G., MANCONI JW., J. Chem. Phys., 50 (1969), 3957.

[31] SarRvERJ.F., J. Electrochem. Soc., 113 (1966), 124.

[32] LivagJ.,, Dol K., MAzIERes, J. Am. Ceram. Soc., 51 (1968), 349.

[33] GomEz P., LoPez T., BokHIMI X., MuNoz E., BoLbu J.L., Novaro O., J. Sol-Gel Sci. Technal.,
11 (1998), 309.

[34] HIRANO M., MORIKAWA H., INAGAKI M., TOYODA M., J. Am. Ceram. Soc., 85 (2002), 1915.

Received 19 August 2004
Revised 10 December 2004



Materials Science-Poland, Vol. 23, No. 1, 2005

Carbon-silica sol-gel derived nanomaterials
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The preparation of sol-gel derived silica-based nanomaterials containing electrical conductive carbon
fillers in an extensive composition range is described and their electrical properties are presented. Nano-
materials of carbon filler concentrations up to 60% (v/v) were obtained by dip coating or screen-printing
from precursors of hydrolysed alkoxysilanes. Nanostructured morphology could be identified to consist
of homogeneously dispersed carbon black particles or carbon fibres of 30 to 500 nmin size in a modified
silica matrix. The electrical resistivity of the films changes drastically from 10%° to 10™ Q-cm, according
to the amount of dispersed conductive particles. A threshold between 5 and 50% (v/v), at which the resis-
tance abruptly decreases, was determined. A geometrical model related to percolation theory explains this
non-linear dependence on the filler composition in the materials. Moreover the temperature dependence
of resistance and the current-voltage characteristics of the nanomaterials can also be illustrated using this
geometric model.

Key words: sol-gel, nanomaterials; carbon black; electrical resitivity; percolation

1. Introduction

Silica materials prepared by the sol-gel route combine excellent chemical and
temperature stabilities with a high electrical resistance (above 10 Q-cm) [1]. The
addition of conductive fillers into the insulating matrix may result in a change of its
properties and reduction of the resistance, which can offer new applications. The syn-
thesis of sol-gel films containing fine noble metal particles such as gold or platinumis
already known to optical applications [2]. The addition of silver or cupper oxide is
proposed for optical or antibacterial use [3-5]. The formation of other metals in
aglass matrix, like nickel or cobalt, demands an additional reduction process employ-
ing hydrogen gas at higher temperatures [6]. We chose carbon black as a cost-
effective material, which should be introduced into the sol-gel matrix at high concen-
trations. Carbon black shows a low resistivity (about 10 Q-cm) and is stable under

*Correspondi ng author, e-mail: thomas.huebert@bam.de.
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the oxidizing conditions of film preparation. Various kinds of carbon black are indus-
trially produced for severa applications. The single particles are mostly nanosized,
but as in many other nanopowders they tend to agglomerate and form larger aggre-
gates.

Carbon organic polymer composite materials, such as films or compact materias,
have been widely studied and applied, for example, in rubber material or duro plastics
for electronic units, conductive glue, anti-electrical charging, and eectrica shielding.
The dependence of electrical properties on carbon black concentration have aready
been well studied [7-9]. Inorganic or hybrid sol-gel derived materials containing carbon
black in a silica matrix are already used in applications such as biosensors and elec-
trodes for electrochemical and anaytical procedures as so-called carbon containing elec-
trodes (CCE) [10-12]. The resistance of the composite materias is related to the forma-
tion of a network of contacting filler particles within the matrix. It decreases sharply at
acharacteristic conducting particle concentration, known as the percolation threshold
[13]. On the other hand, systematic investigations of materials containing carbon em-
bedded in an inorganic or hybride matrix prepared by wet synthesis are still incomplete
[13]. Therefore, in this study, modified silica nanomaterials containing different kinds of
carbon black or carbon nanofibres were synthesised via the sol-gel process and their
morphology and electrical properties were characterised. Films in awide range of filler
concentrations were prepared and examined. Preparation includes a traditional dip-
coating process, so that crack-free films with a thickness smaller than 10 um can be
obtained. In order to obtain thicker films, silk screen printing was applied, which de-
mands an increased viscosity of the usual liquid precursor. Therefore, other composi-
tions had to be considered and further additives were neccessary.

2. Experimental

2.1. Synthesisof films

Precursor solutions for thin films were obtained from a mixture of tetraethoxysi-
lane (TEOS), methyltriethoxysilane (MTES), water, and ethanol, in a molar ratio of
0.67:1:0.9:2.6, which was heated at 40 °C for 4 h. Hydrolysis was catalysed by
0.01 M HNOs. An acoholic solution of 20% graphite was added in order to obtain
5-60% (v/v) carbon in the completed films. Silicon wafers, fused silica, and silicate
glass were used as substrate materials. Employing a dip-coater, the substrates were
dipped into the precursor solution mixture and withdrawn at rates between 3 and 25
cm-min™. The films were dried for an hour at 50 °C and for 4 hours at 100 °C, fol-
lowed by heat treatment at 450 °C for 20 min. The heating rate was 1 K-min™. The
basic solution was stable for more than 90 days without any relevant increase in parti-
cle size and viscosity, which was tested by light scattering experiments and viscosity
measurements.
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Thick films were obtained from a mixture of tetragthoxysilane (TEOS), glycidyloxy-
propyltrimethoxysilane (GPTS), 3-methacryloxypropyltrimethoxysilane (MPTS), di-
phenyl-silandiol (DPS), and water in the molar ratio 1: 9.75:9.75:4.5:13.38. In order to
increase the viscosity of the precursor, up to 10% silica (Degussa, Aerosil® R972) or a
modified silicate (Southern Clay Prod. Inc., Cloisite B30) was added. Four different
carbon black powders (Degussa, XE-2B and L6, and RUF IN-1, IN-2) and carbon nano-
fibres (Applied Sciences INC., Pyrograf I11) were added in concentrations up to 20% to
the paste and homogenised using an ultrasound stick or bath (Bandelin). The paste was
printed on alumina and glass substrates and heat-treated up to 200 °C for 15 min.

2.2. Material characterization

The thickness of the films was determined by a mechanical stylus system (Tencor
Instr., Alpha-Step 200). SEM investigations (Hitachi S4100) were performed for char-
acterising the morphology of the carbon and of the prepared filled nanomaterials on
cuts perpendicular to the coated substrate. The electrical resistance of the films was
measured by an |-V measurement system (Material Development Corp.), which uses
electrodes consisting of a mercury dot (760 um in diameter) surrounded by a mercury
ring. Samples of different filler content were investigated with d.c. and a.c. up to the
frequency of 1 MHz. The specific resistance was calculated from the measured sheet
resistance and film thickness. The temperature dependence of resistance was investi-
gated within the range from —30 to 150 °C. The temperature coefficient of resistance
(TCR) was calculated from the slope of the least-squares regression line.

3. Results and discussion

The SEM investigation shows that the carbon black fillers vary in their grain sizes
from 30 to 500 nm. The carbon fibres have diameters of 70-300 nm and lengths of
30-150 pum (Fig. 1). The micrographs indicate that the most carbon black particles are
homogenously dispersed in the sol-gel derived modified silica matrix. Although the
sol was treated by ultra sound for homogenisation, carbon black forms aggregates
with a diameter of 200800 nm in the SiO, matrix. The thickness of the films pre-
pared by dip coating was 0.3-3 um, depending on the filler concentration and rate of
withdrawal. The layers prepared by screen-printing have the thickness of 10-30 um.
Both types of films exhibit good mechanical stability and adhesion on the substrate.

The films with high filler content show linear current—voltage characteristics in
d.c. measurements, whereas in the case of low carbon black filler concentrations
anon-linear behaviour was observed, which is typical of semiconductive materials
(Fig. 2). For interpreting this behaviour, a model of two kinds of geometrical ar-
rangements of adjacent conductive particles in the insulating matrix is used [15]. In
the first type of arrangement, the particles contact each other directly while in the
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other one the particles are separated by a very thin insulating layer and form a metal
—insulator—metal unit. At low filler concentrations, most clusters form the latter type
of arrangement, so that conductivity occurs via a tunnelling effect, which can explain
the non-ohmic behaviour. At high filler concentrations contacting particles prevail
and an ohmic-type of conductive mechanism dominates.

848648 1B.0kV » - 848615 1@.8kV
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Fig. 1. SEM photomicrographs of various carbon fillers (left side) and the corresponding
sol-gel derived thick films (right side), containing 5% (v/v) C: @) IN-1, b) 2B, c) Pyrograf 111
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Fig. 2. Current—voltage characteristics of thin modified silicafilms

containing carbon black: a) SIO, 50% (v/v) C, b) SiO, 60% (v/v) C

The resistivity of the films depends on the filler concentration in a characteristic
manner. Although the carbon black concentration increases, the films have a high
resistivity up to a critical filler concentration. Around the critical concentration, the
resistivity drops drastically and reaches a minimum value. The resistance of thin films
prepared by dip-coating remains nearly unaffected up to a carbon black concentration
of about 50% (v/v), and then decreases abruptly. A detailed investigation of the influ-
ence of the amount of carbon black amount on resistivity gives the results shown in
Fig. 3[16].

This non-linear behaviour can be explained by the percolation theory. Fine con-
ductive particles are dispersed in an insulating matrix and build agglomerates,
so-called clusters. It is assumed that electric current can flow between particles being
nearest neighbours. When a cluster spans the system from one side to the other (from
one electrode to the other) at a concentration v, the so-called percolation threshold,
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then the properties of the system change drastically from insulating to semi-
conducting and conducting. The percolation transition is a critical phenomenon and
implies that physical quantities related to the transition can be characterised by power
laws of (v—V.):

R=K(v-v;)” ()

Here Ris resistivity, K and £ are constants, v is the concentration of the conducting
particles, and v, the critical concentration. For thin films prepared by dip-coating, the
most appropriate curve can be obtained for K = 0.03, £ =1.75, and v, = 0.50. This
means that the electrical path of clustersis built at afiller concentration of 50% (v/v).
The percolation threshold is strongly influenced by particle size and morphology.
Typicaly values of 4-12 % (v/v) [17], but also up to 35 % (v/v) [9] and even below
0.2 % (v/v) [7] have been reported. The estimated relatively high value of v, =0.50
indicates particle aggregation. The value of the critical exponent £ between 1.3 and
1.75 was observed for a two-dimentional percolation network, which is supposed
from the theory, and 2 for athree-dimensional model [18, 19].
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Fig. 3. The percolation threshold of athin film material

The resistivity of films prepared by screen-printing changes from 10° to 1.0 Q-cm
at a critical concentration of about 5% (v/v). The influence of grain size can be ob-
served. Films containing various kinds of carbon fillers differ in the minimum resis-
tivity. Those including carbon black with particle diameter of about 500 nm, carbon
fibre, and carbon black of finer grain size exhibit a minimum resistivity of 10°, 10°*
and 1.0 Q-cm, respectively (Fig. 1). Although the carbon particles in the graphite
paste used to prepare thin films are smaller than most of those in the solution used to
prepare thick films, they built aggregates and behave similarly to larger particles in
the sol. These secondary particles make the percolation threshold of dip-coating films
produced by graphite solution higher than of screen-printed films.
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The dependence of the film resistance on frequency was determined in the range
from 20Hz to 1 MHz. The resistivity of the films showing high resistivity (above
10°Q-cm) at 20 Hz decreases with increasing frequency linearly in alogaritmic scale,
whereas films of low resistivity (below 10?Q-cm) at 20 Hz are nearly independent on
frequency until IMHz. This behaviour could be illustrated by the tunnel effect. It is
assumed that the current between clusters (agglomerations of conducting particles),
which are separated by a very thin insulating silica layer, occurs by means of the tun-
nelling effect. The resitivity of a film can then be found from the tunnelling current
using the following equation

1
< 2
Pac 0o + 2nf g9e”’ <

Here o, isthe part of the conductivity that is not influenced by the frequency f, &, is the

permittivity of vacuum and &/’ the loss index. At low carbon filler amounts, the films
show higher resistivity and the term 2xf £,/ is significant, which results in a strong
frequency dependence of the resistance for highly resistant films. Above the percolation
threshold, o, dominates and the impedance values are less influenced by the frequency.

1.10

1.05}
1.00+
0.95¢

R(T)/R (°C)

0.90¢+
0.85¢

0.80 - : - '
-50 0 50 100 150
temperature (°C)

Fig. 4. The temperature dependence of the resistance of modified
silicafilms containing 60% (v/v) carbon black at 1 kHz;
TCR = —760x107° K™, uncertainty +10x10° K*

Measurements of the temperature dependence of resistance between —30 and
150 °C give a negative temperature coefficient of resistance (TCR) for both types of
films. An example for a thin film is given in Fig. 4. Depending on the film composi-
tion, the TCR varies from —200 to —1300x107° K, which is comparable to values of
carbon-based resistors.
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4. Conclusions

Nanocomposites containing carbon fillers in a wide composition range can be pre-
pared via the sol-gel process. The variation of filler concentration and grain size re-
sults in changes in resistance and its dependence on voltage and temperature. This
behaviour is not immediately related to the concentration of the components and their
mixture, but can be illustrated using the percolation model and a specific conductive
mechanism of two kinds of adjacent small conductive particles. These nanomaterials
can be considered to be promising new functional materials for miniaturized resistor
units, electrodes, and sensors, combining interesting electrical and improved me-
chanical and thermal properties.
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Metal akoxide and B-diketonate complexes are broadly recognized as versatile precursors of high
-purity glass and ceramic materials in the sol-gel technology. By applying reactants containing various
metal atoms in the proper ratio and assuring their conservation through sol-gel treatment, single-source
precursors (SSP) provide an efficient approach to complex materials. Simple and cost-efficient routes to
SSP can be developed by applying the concept of geometrical molecular structure design, which is based
on the choice of a type proper of molecular structure and its completion with ligands, providing the nec-
essary number of donor atoms for the chosen core as well as sterical protection.

Key words: precursor chemistry, single-source precursor, geometric design, solution stability, reactivity
control

1. Introduction

Development of synthetic approaches to new complex materials urges the search
for new routes to design and synthesise precursors. The requirements normally put on
these compounds, belonging usually to the family of metal alkoxides [1-4], are high
solubility in organic solvents, stability in solution, possibility of controlled hydrolysis
(most often simply by water without any catalyst), limited sensitivity to moisture (re-
quiring only reasonable precautions in treatment), and last, but far not the least, the
accessibility and commercial availability. All these properties are directly determined

*Correspondi ng author, e-mail: Vadim.Kesder@kemi.du.se.
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or, like the last one, strongly influenced by the molecular structure of these species.
The ability to predict the molecular structure is the key to design the approaches to
new precursors. The need in purpose design becomes crucial in approaches to the
single source precursors (SSP) — the species permitting to specifically facilitate the
formation of the desired material in such aspects as chemical and phase composition,
morphology or domain structure via preservation of the chemical composition or
structure features of the building blocks from precursor molecule to material. In litera-
ture, before recently, one could find two approaches to design of the alkoxide species:
the concept of “akoxosalts’ of Meerwein for heterometallic and Bradley’s structure
theory for homometallic ones. The former considered the heterometallic alkoxides as
sdlts of “ansolvoacids’, H[AI(OR)4], H[Zr,(OR)s] and H[Nb(OR)¢], respectively
[4, 5]. It predicted successfully the compositions of some of the derivatives of alkali
and akaline earth metals, but failed already in application to derivatives of lantha-
nides: LapZr;O(O'Pr)ys [3] was found instead of La[Zr,(O'Pr)q]5 [6], LaNb(O'Pr)y5 [7]
instead of LaNbs(O'Pr).s [8] etc. Bradley's theory predicted the structure of stable
oligomeric aggregates to be containing the minimal number of metal atoms providing
possibility of formation of stable coordination polyhedra for all of them and turned
efficient in prediction of molecular structures for a number of compounds but gave no
approach to species with desired size or desired structure.

Having carried out the analysis of available structural data on Ba-Ti system
[9-12], we were able to trace the trend to formation of molecules belonging to
alimited number of stable structure types, requiring the presence of well-defined
number of donor atoms in the ligands. Completing a chosen structure type with addi-
tional donor atoms via use of B-diketonate ligands, we were able to prepare a princi-
paly new solution-stable precursor of BaTiOs, Ba,Tis(thd),(OEL)s(EtOH), [13], be-
longing to a very common and stable M,M’,X ;5 structure type, and formulated a new
principle in approach to the complex precursors, the molecular structure design con-
cept (MSDC): to design a new heterometallic alkoxide complex one should choose
adesired structure type and complete it with ligands, providing both the necessary
number of donor atoms and the sterical protection of the chosen core [14].

We report the successful application of this concept to design and synthesis of
new classes of precursors for such materials as spinels, barium and strontium zircon-
ates, zirconia and titania—zirconia

2. Experimental

All manipulations were carried out in a dry nitrogen atmosphere using Schlenk tech-
nique or a glove box. Waterfree M"(acac),, M = Co, Ni, was obtained by sublimation of
M"(acac),xxH,0 (Aldrich Chemical Company Inc.) at 110-145 °C and 1 mm Hg. Water-
free Zn(acac), was obtained by refluxing Zn(acac),xxH,O (Aldrich Chemical Com-
pany Inc.) with dry toluene with subsequent evaporation, repeated twice. Mg(acac),
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was prepared by refluxing magnesium metal with acetylacetone. The dlurry and sol-
vent were transferred to a new flask, the solvent was removed by decantation and the
crystals were washed with boiling toluene and evaporated to dryness, repeated twice.
Titanium and zirconium alkoxides were purchased from Aldrich and used without
further purification. Ta(O'Pr)s and Nb(O'Pr)s were prepared by anodic oxidation of
the metals in methanol and purified according to conventional techniques [7, 8].
Al(O'Pr); was obtained by reaction of aluminium foil with isopropanol and purified
by recrystallization from toluene. Isopropanol (Merck, p.a.) was purified by distilla-
tion over AlI(O'Pr); and hexane and toluene (Merck, p.a) by distillation over
LiAIH,; The metal ratio in the bimetallic complexes was determined, exploiting the
facilities of the Arrhenius Laboratory, Stockholm University, Sweden, on JEOL-820
scanning electron microscope (SEM), supplied with Link AN-10000 energy disper-
sive spectrometer (EDS). Mass-spectra were recorded using JEOL JM S-SX/SX-102A
mass-spectrometer applying electron beam ionization (U = 70 eV) with direct probe
introduction. UV-Vis spectra were registered for 0.025-0.05 M solutions in toluene
using Hitachi U-2001 spectrophotometer. IR spectra of nujol mulls were registered
with a Perkin Elmer FT-IR spectrometer 1720 X. *H NMR spectra were recorded for
the CDCl; solutions on a Bruker 400 MHz spectrometer. The results of microanalysis
(C, H) were obtained for all the reported compounds in the Laboratory of Organic
Microanalysis of Moscow State University, Russia and Mikrokemi AB, Uppsala,
Sweden using the combustion technique.

X-ray single crystal studies were made on SMART CCD 1k diffractometer using
SHELXTL-NT program package for computations. X-ray powder diffraction (XRD)
patterns of the obtained phases were recorded with a Philips PW 3710 diffractometer
with CuK oy, radiation (A = 1.54056 A). The morphology of the films and the particles
was investigated with a Hitachi S800 15 kV scanning electron microscope (SEM).
The roughness of the film surface was studied with a Picoscan-5 Molecular Imaging
atomic force microscopy (AFM). A Topcon EM-002 B Ultrahigh resolution analytical
electron microscope was used for the Transmission Electron Microscopy images.
Analysis of the composition of the gas phase after therma decomposition of the pre-
cursors was performed using a HP 5973 mass spectrometer coupled with a HP 6890
gas chromatography.

3. Results

In this work, we have carried out a study of structure and stability of the products
of modification of zirconium alkoxides Zr(OR)4, R = "Pr, 'Pr with chelating ligands
such as acetylacetone, Hacac, and diethanolamine, (HOC,H,4),NH. It turned out that in
case of Hacac in the absence of hydrolysis only two types of compounds characterized
as [Zr(OR)s(acac)], and Zr(acac)s(OR) could be formed, none of them being stable in
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solution for a long time according to NMR investigation — all of them rearranged
slowly yielding Zr(acac), as the final product (see Fig. 1).
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Fig. 1. The proposed mechanism and structures for the stabilization of zirconium propoxidein propanol.
Addition of up to 1 mol equivalent Hacac to theinitia precursor (a) leadsto (b). Addition of more than
1 mol equivaent leadsto areaction of (b) to (a) and (c). Spontaneous rearrangement of (c) gives (d) and ()

Solution-stable modified species, Zrs(dea)s(O'Pr)s( PrOH), (Fig 2a), were obtained
by the reaction of [Zr(O'Pr),('PrOH)], with diethanolamine (up to 1 eq per mol Zr).
This structure contained two types of metal atom positions — nona-coordinated
Zr(usun>-dea); in the middle and hexacoordinated Zr(u,-dea)s(O'Pr); at the ends. It
was evident that these could host a different, smaller metal atom and we succeeded in
the preparation of a solution-stable bimetallic Zr-Ti analog, ZrTi,(dea)s(O'Pr)s
(Fig. 2b) by modification of aZr : Ti = 1 : 2 mixture with 3 equivalents of H,dea.

Application of these compounds to prepare mesoporous oxides will be reported
separately, but it isimportant to mention that the Zr—Ti complex with only one type of
alkoxide groups (at Zr atoms) opens prospects for approach to oxides from TiO,-ZrO,
systems with uniform distribution of cations in them.
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Fig. 2. Molecular structures of Zrs(dea)s(O'Pr)e('PrOH), (a) and ZrTi(dea)s(O'Pr)s (b)

Application of MSDC to the synthesis of precursors of ferroelectric materials,
M"ZrO;, M" = Sr, Ba permitted to develop simple one-batch approaches to hydroxide
isopropoxide species (Fig. 3) via partial hydrolysis of solutions of M"(O'Pr), and
Zr(O'Pr), (1:1 ratio) with 1 eg. of water in isopropanol. The Veith et al. idea [1] about
the kinetic control in formation of these species was shown to be erroneous and lead-
ing toirrationally complicated synthetic approaches.
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Fig. 3. Molecular structures of Sr,Zr,(OH)(O'Pr)1o(PrOH), (a) and Bay,Zr,(OH),(O'Pr) 1o(PrOH)s (b)

Both these compounds turn out to be unstable in solution, displaying irreproduci-
ble solubility in alcohols and decomposition with precipitation of solvated hydrox-
ides, M"(OH),(ROH)y, on dissolution in hydrocarbons. Highly soluble solution-stable
species were obtained following the same logic as for Ba—Ti precursors, i.e. applying
B-diketonate ligands such as 2,2,6,6,-tetramethylheptanedion (Hthd) as modifier (1 eqg.
for 1:1 mixtures of M"(O'Pr), and Zr(OR)., R="Pr, 'Pr) in toluene (seefig. 4).
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Fig. 5. Molecular structures of M"'Al,(O'Pr)s(acac), (a) and M" Al,(O'Pr)s(acac)s(OAC) (b)

Formation of the M,M’,X 6 structure type is characteristic of the complexes of
comparably small cations, such as those of late transition metals and Mg, with normal
chain structure ligands (methoxides, ethoxides, n-propoxides) or bigger cations, such
as Sr or Ba, with iso- or sec- alkoxide derivatives. Complexes of smaller cations and
iso- or sec-alkoxide ligands have usually chain structures with two or three alkoxide
bridges between the metal atoms [3, 14]. We have applied this knowledge for devel-
opment of approaches to two new families of spinel precursors, M"Al,(acac),(O'Pr)a,
M" = Mg, Mn, Co, Ni, [15] and M"Al,(acac)s(OAc)(O'Pr), M" = Mg, Mn, Co, Zn,
[16] by simple one-batch synthetic techniques:

M"(acac), + 2 Al(O'Pr); + 2 Hacac—— M"Al,(O'Pr)(acac),
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M"(acac), + 2 Al(O'Pr); + Hacac + HOAc—— M"AI(O'Pr)4(acac)s(OAC)

The molecular structures of these two new families of precursors (Fig. 5) demon-
strate two structure types with analogous formal composition, MM’,X 15, but different
geometries: the linear chain one giving easier hydrolysis and less solution stability
and the ring-type one with higher solution stability and higher resistance to hydrolysis
(due to higher Lewis acidity of Al-fragment involving more ionically bonded acetate
ligand).

()

Fig. 6 Molecular structure of AlsMg,05(OH)3(O'Pr)g(acac)s
formed on microhydrolysis of MgAl,(O'Pr)(acac),

In sol-gel application of the first of these classes it is important to avoid partia hy-
drolysis as the solution equilibria for metal alkoxide complexes are leading usualy to re-
distribution of cations in the partially hydrolyzed species [9]. We have carried out astudy
of partial hydrolysis on MgAl,(O'Pr)4(acac), and observed aso in this case the formation
of acomplex with changed stoichiometry, AlsMg,Os(OH)s(O'Pr)g(acac)s (Fig. 6).
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Fig. 7. HREM image of the CoAl,O, nanoparticles obtained from CoAl,(O'Pr),(acac)s(OAC)
by sol-gel (a), X-ray powder pattern (b) and SEM image (c) of the NiAl,O, film
obtained by dip-coating form solution of NiAl,(O'Pr)4(acac), in toluene on melted alumina support
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Single-phase nanopowders of spinels could successfully be prepared from both
classes of precursors by complete hydrolysis (Fig. 7). Single-phase coatings of spinels
were obtained from M"Al,(O'Pr)4(acac), by dip-coating technique in humid atmos-
phere with intermediate heat treatments at 100 °C and final annealing at 400 °C.

4. Discussion

The present work shows unambiguously that the formation of alkoxide complexes
is a result of thermodynamically driven self-assembly and the nature of these com-
pounds, being attractive molecular precursors of materials, including their composi-
tion and molecular geometry can be predicted using the molecular structure design
concept. The conditions of hydrolysis and subsequent thermal treatment should be
carefully investigated in order to support the single-source precursor effect — an erro-
neous treatment can lead to chemical and phase impurities in the material even when
a complex with proper composition is applied as precursor.
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Application of image analysis
for characterization of powders
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A number of currently developed and produced modern multi-functional materials are to a large ex-
tent based on the use of powders. Powders with precisely characterized size, size distribution, shape and
surface are used directly (e.g. catalysis) or to fabricate novel ceramics, metals and composites. Descrip-
tion of morphology of powders, both in micro- and nano-scale, could be obtained by the means of mod-
ern stereological methods supported by computerized image analysis. These methods can be used to
describe size, shape, surfaopdgraphy for both the aggregates and agglomerates and single crystallites.
Stereological methods supported by computerized image analysis of high-resolution electron microscope
images are becoming an important tool of modern powder-related materials science. The present work
demonstrates the possibility of using such methiaddetermining the basic stereological parameters
characterizing the morphology of the ceramic powders in micro- and nano-scale.

Key words:nano-crystals; grain size and shape; image analysis; stereology

1. Introduction

Progress in development of modern materiincluding so-called nanomaterials,
is enhanced by advances in powdehtedogies and improvement in powder charac-
terization methods. Productiongoessing and thorough chamritation of ultra fine-
grained powders in connection with novethriques of their consolidation is an im-
portant segment of nanotechnologies. Qutftyenanopowders are used, for example,
as filling materials for different kinds of polymers and ceramics to produce compos-

"Corresponding author, e-mail: jmichalski@inmat.pw.edu.pl.
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ites with better strength, hardness, corrosiod electrical resistance. They are also
directly applied in medicine (dg delivery) and chemical industry (catalytic proc-
esses).

The efficiency of nanopowders is contralldy their chemistry but also by size
and shape. The aim of the present paper is to demonstrate how size and shape can be
characterized from images of powders p@ticcorrelated with methods of indirect
size estimates.

2. Size and shape

Powders are usually mixtures of differasmed grains, where the fine fraction, de-
cisive on the properties of the particufgwder, reveals desirable characteristics of
the nanoscale, whilst larger grains might significantly weaken this effect. At the same
time, most nanopowders have tendency to form agglomerates as a result of high sur-
face energy related to their high specific surface. This is why nanopowders are usu-
ally composed of micrometric agglemates of nanometrical crystallites.

Figure 1 shows the relation of intensityahypothetical size effect (e.g. lumines-

cence) to the average powder grain sizk><(horizontal axis, [nm]) and relative
grain size distribution (vexal axis, CV(d)/<R>) [2]. An assumption has been made
that the effect is strongest for crystalssaim size and weakens with the grain size as
1/R. One contour line represents a decreatigeieffect intensity by about 9%. It thus
clear that not only the average grain size dlgb size distribtion both influence the
effects observed in nanoscale.

Fig. 1. Relation of intensity of the hypothetical
size effect (e.g., luminescence) to the average
powder grain size d > (horizontal axis, [nm])
and relative grain size distribution
(vertical axis,CV(d))

Therefore, in modern applications itrist sufficient to control only average grain
size which can be obtained from standardthows of the specific surface or analysis
of peak widths in X-ray diffraction. Thorough characterization is needed which re-
quires description of individual grains atfte agglomerates of grain powders. Size
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and shape of individual crystallites relatethe first concept, yet the most complete
description of the powder as a whlas its grain size distribution.

The methods used to measure the powdaingize, enabling the analysis of the
grain size distribution, coulde divided into two groups: ict and indirect. The di-
rect methods map the geometry of individgeains via electron scanning and trans-
mission microscopy. Indirect rtieods are based on physicéfeets, such as widening
of X-ray diffraction reflexes in XRD methods laser diffraction [1, 2]. The present
paper concerns direct measussnts of grain/particle size.

Stereological methods could be usedgdoecise description of powders based on
their planar images. Useful for powder characterization are parameters measured for
individual “objects” such as: equivalent averade dn.. dnin and shapes factors
o =dnadds, B =pInd,, ¥ = plp.. These parameters are relatively easy to determine with
the planimetric methods and computer imagalysis. The graphic illustration of the
above-listed parameters is shown in Fig. 2.

Fig. 2. Graphical interpretation of parameters
describing image of the grains: arég, (calculated
on planar section, conventional diamet),(

diameter of a circle of the same surface as

the surface of the analyzed grain, maximal

projection @ay, circumferencep), shape
coefficient (= dna{d,, 8= pld,andy = p/p.) [3]

The above parameters are determinedirfdividual grains/particles. Statistical
size distribution is desdyed by the frequency functidiix) and usually character-
ized by means of statistical moments. The basic moment is the average value of the
particular parameteE(x). Also, the coefficient of variation, marked &¥(x) is
used. It describes the relative extent of dispersion of measured vawvésg (
= SD(X)/E(X), whereSD(X) is the standard deviation [3]. Average valudsaindd,,
E(A) andE(d,), allow one to determine the average grain size. However, in order to
fully characterize the structure, it is alsecessary to determine the size distribution
of the measured structure elements. Thiphéo prevent mistakes in interpretation
of the results obtained with the use of parameters suélifgor E(d,) for materi-
als with diversified elements (Fig. 3). In some cases it is possible to establish
weighted particle size distribution takinmarticle volume, as the weight. This en-
ables presenting the real particle voludistribution in the analyzed powder (large
particles even though less numerous take up a larger volume than smaller particles
which there are usually more of).
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Fig. 3. Sample structures characterized by the same average
grain surface value but with different grain size distribution

Average values of shape paramet§d../d,) E(p/d,) E(p/p) are used for quanti-
tative description of grain elongation, reature of grain boundary and convexity.
Sample shapes of structural elementsdiffierent combinations of the shape coeffi-
cients are shown in Fig. 4.
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Fig. 4. Shapes of structure elements for different combinations of the shape coefficients

3. Image analysis and ster eology

Stereological methods supported by corepuinage analysis make useful tools
for quantitative powder characterization. 3afte MicroMeter developed at the Fac-
ulty of Materials Science and Enginegyiof the Warsaw University of Technology
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was used in the present work [4] for thealysis of the size and shape of the
nanopowders.

Procedure of qualitative powder analysis with the use of already mentioned meth-
ods could be divided into 3 stages: imaging, image analysis and determination of the
stereological parameter.

The choice of imaging technique depends largely on the type of powder and espe-
cially its size. In the case of very fineagned powders, it is necessary to use TEM,
nevertheless even in such a case images under smaller magnifications (e.g. SEM)
could reveal the degree of agglomeration.

For the purpose of qualitative analysis, microscopic images are transformed into
binary ones which determine the powder grains. For the purpose of further analysis
those grains are selected, which dooarlap with others (see Fig.5).

a)| S ""-_'_ - b) o gc
’_f:—. ot : e Q D‘OO 0
9‘;7‘,%”-1 < 00° R o
' 0
SQ‘ . OOOOOO

J . i &
: e Qo ©
= .es ﬁ" By °
50 nm . 50nm

Fig. 5. TEM image of Zr@powder (a) and its binary representation (b)

Parameters obtained as a result of qualgatimalysis and their distributions are
then transformed into true distribution(8through stereological modelling. Such
models focus mostly on the grain shape. When powder particles are spherical, their
projections on microscopic images are circkes] the diameter of each of these cir-
cles could be regarded as the spatial diameter.

4. Examples of applications

AKP-50 Sumimoto sub micron AD; powder was subject to laser diffraction
(Fig. 6), computer image analysis of SEM (Fig. 7) and TEM (Fig. 8). Quantitative
analysis of the ceramic AD; Sumimoto powder revealedatthis powder is charac-
terized by the average grain size1#0-130 nm. Also, the grain sizes are uniform
(coefficient of variation — 30%) anddtsize distribution is a log-normal.

Powder grain shape analysis showed thatparticular powder grains are spheri-
cal-like shapedd¢ = 1.26-1.33). The low value of theariation coefficient obtained
for the shape factar (Tables 1 and 2) proves a strong shape homogeneity of powder
particles.
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Fig. 6. Grain size distribution of sub micron powder AKP-50
measured by the laser diffraction
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Fig. 7. Grain size distribution of the sub micron powder AKP-50 by computer
analysis of SEM image, log-normal distribution (a), weight distribution (b)

When comparing the results obtained lager diffraction with the results from
guantitative analysis of images it is easyntiiice the deviation caused in laser dif-
fraction by powder agglomeratiofhe average grain size of 3.16n is a combina-
tion of sizes of individual crystallites and agglomerations, whilst the results of quanti-
tative analysis performed on SEM and TEM images result in true values of 120 to 130 nm.
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Fig. 8. The grain size distribution of sub micron powder AKP-50 by computer analysis
of TEM image, log-normal distribution (a), weight distribution (b)

Table 1. The results of measurements shown in Fig. 7 for SEM

Value d Shape factorr
Average 130 nm 1.26
Coefficient of variation 30% 9%

Table 2. The results of measurements shown in Fig. 8 for TEM

Value d Shape factorr
Average 120 nm 1.33
Coefficient of variation 30% 9%
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Fig. 9.The grain size distribution of Zghano-powder
obtained from TEM image analyses and from XRD method
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ZrO, powder, obtained by the hydrotherma¢thod, was also subject to computer
analysis of TEM images and a unique noet of XRD experimental data analysis
(Fig. 9).

The results obtained through two differenéthods (Fig. 9) show high degree of
conformity in the crystallite size distribution. The qualitative TEM image analysis
revealed the presence of large crystallites of about 40 nm in the tested powder. The
XRD analysis has shown that the tegbegvder contains two phases, tetragonal.ZrO
and monoclinic Zr@ with larger crystallites of the latter.

4, Summary

Computer quantitative SEM and TEM image analysis could be a very useful tool
providing on a fast and precise analysigoWwders both in micro and nano scales. It
enables not only an accurate estimation @rage grain size of the analyzed powder
but also a characterization of its grain silz&tribution. This is important in order to
process technologically the samples and tddorecast the properties of powders and
materials obtained from the powder.
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Magnetic nanopowders have been prepared by the sol-gel method. The particles were characterized using
nitrogen adsorption-desorption isotherms and SEM techniques. The properties of the magnetic nanopowders
were characterized 5{Fe Mossbauer absorption spectrometry and magnetization measurements.

Key words:sol-gel; magnetic particles; ferromagnetic, superparamagnetic

1. Introduction

The development of polymer and hybiparticles composed of polymeric and
magnetic materials is of great interest dagheir e.g. biological applications. For
such purposes it is necessary that the naseri especially the surfaces of the parti-
cles — are biocompatible and non-toxic [$ludies of magnetic nanoparticles com-
bine a broad range of synthetic and investigative techniques from physics, chemistry,
and materials science [2]. In this paper, n@port preliminary results of the structural
and magnetic properties of silica powders doped with magnetic particles prepared by
the sol-gel method. One of the most intere@stispects of this approach is the possi-
bility of producing uniform silica spheres of submicron size. It needs to be stressed
that these syntheses are carried out at rmmmperature in water solutions of the pre-
cursors.

"Correponding author, e-mail: maruszewski@pwr.wroc.pl.
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Magnetic nanopatrticles exhibit new phenomena such as superparamagnetism, high
field irreversibility, high saturation field, éa anisotropy contributions, or shifted
loops after field cooling. These phenomemise from finite sizes and surface effects
that dominate the magnetic behaviour of individual nanopatrticles [3].

2. Experimental

Silica nanopowders were prepared bylioyysis and polycondensation of tetra-
ethyl orthosilicate in the systems SjkO)/NH3/C,HsOH. The sol-gel synthesis of
spherical silica particles with a narrow stistribution is based on the Stober method
[4]. The final particle sizes depend on gikcon alkoxide precursors and the alcohol
used. Sols were usually mixed for 2 h inudtnasonic bath at room temperature. After
gelation, the wet gels were dried slowdyarting from room temperature up to 80 °C
(for 2, 3 days). The magnetic dopant solutions (FF6.2 dissolved in hexane) were
added to the hydrolizates. Batches of iimgnetic powders were obtained by adding
0,8 cnt of the dopant solutions to 56 trof thehydrolizates. The magnetic dopant
FF6.2 is a molecular magnet containing particles &f & F&" belonging to a new
group of EMC compounds (EMC — electromagnetic compatibility) capable of absorb-
ing electromagnetic energy. FF6.2 waspgared by Kolodziej et. al. [5].

3. Results and discussion

Magnetic powders were obtained by encapsulating magnetic nanoparticles in SiO
spherical submicron grains (Fig. 1). T$¢iges and morphologies of the non-doped and
dye-doped silica microspheres were determined from photographs obtained by scan-
ning electron microscopy (JEQIMS-5800LV | S-180 Cambridge).

Fig. 1. A SEM photograph of Sowders doped with
magnetic nanoparticles; magnification 8500x
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The silica particles are biocompatible and non-toxic. Magnetic nanoparticles did
not occur on the surfaces of the grains; theye entrapped in the grain bulk. XPS
was performed using a SPES ESCA systeipped with a Phoibos 100 analyser and
a Speclab software.

Measurements of the specific BET surfaceas (and pore size distributions) were
performed with a BET Surface Analys@oulter SA 3100) after the samples were
outgassed (15 minutes) at 1280. BET isotherms of the Sipowders doped with
the magnetic material have the form typical of the isotherm Type Il for non-porous
absorbents (Fig. 2). The BET surface area of this powder was §@3 m

Volume adsorbed cc/g (STP)

o S

—_—
0.0 0.2 0.4 086 08 1.0
Relative pressure P_/P,

Fig. 2. BET isotherm of Sigpowder doped with magnetic nanoparticles
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Fig. 3. Méssbauer spectra of magnetic particles in silica powders

Mossbauer spectra were obtained at raemperature (Fig. 3). Measurements
were done in the transmission mode witBo diffused into a Cr matrix as the source,
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moving with a constant acceleration. The spectrometer was calibrated using a stan-
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dard Fe foil and the isomer shift was exprdsséh respect to this standard at 293 K.
The fitting of the spectra was performeith the help of the NORMOS program.

Table 1. The results of Méssbauer measurements of magnetic particles in silica powders

Parameter Subspectrum 1 Subspectrum| 2 Subspectrum 3
Isomer shifto 0.31 mm/s 0.39 mm/s 0.32 mm/s
Quadrupole splitting\Eq 0.00 mm/s —0.01 mm/s 0.00 mm/s
Hyperfine fieldBy; X 284 T 4277
Full line Wldi.Zh allt thg half height 1.9 mm/s 47T 1 .44 mmls
of the BHTf distribution
0.4
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Fig. 4. The ZFC curve. Temperature dependence of the magnetic moment of doped powders

The spectrum contains: a singlet (subspectrum 1, isomer shift 0.31 mm/s) corre-
sponding to the iron in the particles iretsuperparamagnetic state (the fraction of
particles with a blocking temperature below the temperature of measurements),
a broad sextet (subspectrum 2, isomshift 0.39 mm/s, quadrupole splitting
0,01 mm/s, hyperfine field 28.4 T) corresponding to the iron in the particles with
a blocking temperature very close to teenperature of measurement, a sextet (sub-
spectrum 3, isomer shift 0.32 mm/s, quamie splitting 0.00 mm/s, hyperfine field
42.7 T) probably corresponding to ferrimagnetic magnetit®f&he most probable
is maghemitey-Fe0O;) due to an isomer shift of 0.32 mm/s, which is the characteris-
tic value of three-valent iron.

Magnetization data were obtained witlD& magnetometer (PPMS 9T) in the tem-
perature range of 2-350 K in fields up to S_®w-field temperature scans of zero-field
cooled (ZFC) DC magnetization were measuat the field of 0.01 T. The temperature
dependence of the magnetic moment of the the samples is shown in Fig. 4.
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The “frozen” positions of the magnetic moments of grains in the investigated
powders were not random. They were oppositieodirection of the applied external
magnetic field (100 Gauss, or 0.01 T). Thtablshed blocking temperature (i.e., the
point at which the ZFC curve first derivative is zef@)= 96 K. The magnetization
behaviour of the investigated particles above the blocking temperature is identical to
that of atomic paramagnets (superparamagnetism) [6]. The dependence of magnetic
induction on the external magnetic field ainied at 4 K for doped silica powders is
shown in Fig 5. We have observed a weak ferromagnetic character of the samples
with a coercive fieldH. = 80 Oe at this temperature.
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Fig. 5. Magnetic induction vs. external magnetic field dependence at 4 K

for doped silica powders. Coercive figfid = 80 Oe

4. Conclusions

SiO, powders doped with magnetic nanoparticles (iron crystals of an average grain
size of 5 nm) have been prepared via $bl-gel method. The obtained silica particles
are bio-inert and non-toxic. The BET suaarea of the magnetic powders is
6,33 ni/g, their adsorption isotherms being of type II, typical of non-porous absor-
bents. Very broad peaks observed at reemperature in the Méssbauer spectra show
that the samples are in the superparamagnetic state. Doped silica powders display
a weak ferromagnetic character at 4 K.
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Electrical and mechanical properties of
nitrided sol-gel derived TiO, and SIO>-TiO, films
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Narutowicza 11/12, 8052 Gdask, Poland

The results of measurements of electrical conductivity for titanium—nitride films prepared by the am-
monolysis of sol-gel derived Tiand SiG-TiO, coatings are presented. Sol-gel derived films on silicon
and quartz substrates were nitrided by ammonia treatment in the temperature range t@h?600C.

The dc conductivity of nitrided films has been measured from 10 K to 900 K. It was found that conduc-
tivity is related to the amount of Tidwhich is converted to TiN during ammonolysis. In this way it is
possible to change the electrical conductivity of samples by many orders of magnitude. The observed
activation energy of the samples containing large amounts of TiN is below 0.1 eV. This indicates that the
conductivity mechanism may be interpreted as electrons tunnelling between metallic TiN granules. The
mechanical properties were evaluated by a nanadeattic technique. The results of nanoidentometric
measurements confirm an increase in microhardness and Young’'s modulus for nitrigetiGi@ims
containing large amounts of TiN.

Key words:sol-gel; nitridation; electrical conductivity; Young's modulus

1. Introduction

In recent years, much attention has beed panitride and oxgitride thin films.

Nitride and oxynitride thin films are intertgsy because of their electrical, chemical,
mechanical, and dielectric prapies. In particular, TiN is a hard coating material
with many commercial applications related to its high melting point, hardness, and
resistance to corrosion. One common methopreparation of oxynitride films is the
thermal nitridation of sol-gel derivedlrhs with ammonia (ammonolysis). The coat-
ings obtained by sol-gel methods are especially suitable for amonolysis due to their
porosity. The microporous structure allowstbat significant incorporation of nitro-

gen and its distribution throughout the filh, 2]. The incorporation of TiN in the

"Corresponding author, e-mail: basia@mifgate.mif.pg.gda.pl.
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layer may be explained by reactiongvibeen ammonia and reduced titanium oxide
during ammonolysis. Kamiya et al. [3] progdsthat nitridation may proceed via the
following sequence of reactions:

NH; < 1/2N, + 3/2H
T|02 + (2 —X)Hz — T|Ox + (2 —X)Hzo
aTiO, + bNH; — cTiN + dH,0O

where TiQ may be TiO, TiOs;, or another reduced titanium oxide. On the basis of
these reactions, it can be stated that the reduction oftdi@iO, facilitates the ag-
glomeration of TiN on the surface.

This paper is devoted to the electriead mechanical properties of titanium ni-
tride films prepared by the ammonolysis of sol-gel derived, Bt SiQ-TiO, coat-
ings.

2. Experimental

The starting solution for obtainingiO—(100 —x)TiO, films (x = 20, 40, 50, 60,

80 mol%) was prepared by mixing tetitgorthoxysilicate (TEOS) and titanium
isopropoxide (TPOT) with etimal (EtOH), water, and hydchloric acid as a catalyst
in the molar ratio TEOS + TPOT;B:EtOH = 1:4:25. The laye were obtained by
dropping (using a burette) this solution arsilicon and quartz substrate. A different
preparation method was applied to obtain ;Iiins. The starting solution was pre-
pared by mixing titanium butoxide withretnol (EtOH) in the molar ratio 1:5 and
acetyloacetone (AcAc) as the complexing agent. The films were deposited on a quartz
substrate by spin coating. Finally, the resultk®O.—(100 —x)TiO, and TiQ gel
layers were dried and then heated at 300for 1 hour. The samples were subse-
guently nitrided by ammonia trea¢mt in the temperature range from 56@200°C.
The measured thickness of the films amounted 450 nm.

The formation of TiN microcrystals was examined by X-ray diffraction (XRD)
with a Philips X'Pert diffractometer system. XRD patterns were taken at room tem-
perature using CukKradiation.

dc conductivity measurements of samples containing large amounts of TiN metal-
lic granules were carried out using a typicaur-terminal configuration of electrodes.

For measurements of films exhibiting higrsistance, a pair of circular gold elec-
trodes (electrode distanaebout 0.25 mm) was vacuum deposited. The dc conductivity
from room temperature to 900 K wagasured in nitrogen atmosphere.

The nanoindenter technique was applietht@stige mechanical properties (Nano
Instruments Inc., Knoxville, TN, U.S.A.). Thaetails of this technique are described
elsewhere [4]. During the experimentetlpparatus continuously records the dis-
placement and applied load in an ultra-low range (< 1 mN). Hardness and Young's
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modulus at the depth of 30 nm were cldbed from the displacement dependence of
the indenter load. Typical load and deggment resolutions were 75 nN and 0.04 nm,
respectively. More than 10 indents were performed on each film and the average val-
ues of microhardness and modulus were calculated.

3. Results and discussion

It is well known that thin films of pure TiQOcrystallise in the anatase phase at
about 350°C and in the rutile phase at and above 80(05]. The XRD patterns of
a TiG; film and a nitrided Ti@film are presented in Fig. 1. The pure Ti®m was
annealed under the same thermal conditions as during ammonolysis. The XRD results
for the TiQ film indicate that only the rutile phase is present (curve a). The XRD
peaks of the nitrided TiOfilm correspond mainly to the TiN phase, but theNTi
phase was also observed (curve b).

(Si) substrate

Intensity

b TN N

TiN

Ll |

T T T T T T ¥ T L T T J T ¥
35 40 45 50 55 60 65
20

Fig. 1. XRD patterns of a pure Ti@Im (curve a) and nitrided TigXilm (curve b).
A pure TiG, film was annealed in the same thermal conditions as during ammonolysis

3.1. Electrical propertiesof poorly nitrided TiO, films

In Figure 2, the logarithm of the surface conductivity of the,Tiltn (annealed
under the same thermal conditions as during ammonolysis) and a poorly nitrided TiO
film versus the inverse of temperature is presented. Measurements were performed in
the temperature range of 450-900 K. The activation enggggalculated from the
Arrhenius plot,c = oexpEL/KT), by the least squares method, was about 1.12 eV
for the pure TiQ sample and 1.14 eV for the nitrided one. The conduction band in
crystalline TiQ is composed of unoccupied titanium 3d orbitals, while the valence
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band is formed by filled oxygen 2p orbitals. It is confirmed that oxygen vacancies can
be treated as electron donors, which determine n-type conductivity. Measurements

T T T T T . T o] T

22k
24 L
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-28 |

a0k E=1.12eV
-32

_ E=1.14eV
34 L

In(surface conductivity) [1/ohm]

-36 -
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1000/T [1/K]

Fig. 2. The logarithm of surfacerductivity for a pure TiQfilm (annealed
under the same thermal conditions as during ammonolysis) and a poorly nitrigddritiO
versus the inverse of temperature. Measurements were performed in nitrogen atmosphere

were performed in nitrogen atmosphere, and the large vallg safggests that bulk
oxygen vacancies lying below the conduction band (0.75 eV and 1.18 eV) are respon-
sible for dc transport [6]. A similar condirty behaviour is observed in poorly ni-
trided TiG; films, for which conductivity is evelower. This may suggest that some
oxygen vacancies disappeared during lregtment in ammonia atmosphere.

3.2. Electrical propertiesof highly nitrided TiO,and SIO~TiO,films

The results foxSiO—(100 —x)TiO, films (x = 20, 40, 50, 60, 80 mol %) and
a TiG; film containing large amounts of TiNeapresented in Fig. 3. The increase in
the amount of Ti@in the films corresponds to the increased amount of TiN in the
nitrided sample. The activation energytbése films decreases from 0.1 eV (for the
film containing 20 mol % of Tig) to 0.003 eV (for the film containing 80 mol %
TiO,), and the surface conductivity increases by several orders of magnitude. The
surface conductivity of these samples varies very little in the entire temperature range.
We have previously investigated AFM images of these films, which indicate that the
granules of TiN are randomly distributedtire network [7]. This structure is similar
to the discontinuous metal structures usuallgpared by evaporating or sputtering
metal onto a glass surface [8-10]. A commonly accepted theoretical model for
electrical conductivity in discontinuous mettructures is based on the tunnelling
process of electrons between metal grani@e%0]. Creation of charge carriers is due
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to thermal processes leading to the transff electrons from one metal granule to
neighbouring ones. The enerBy needed for the creation of two granules, one posi-
tively charged and the other negatively charged, is described by the equation

E - e’F (s,d)
Aneeyd

whered is the diameter of the granulesis the distance between two granuless

the dielectric constant of the matrix, alRg,d) is a function depending on the distri-
bution of sizes and distances between gesuCalculations of the activation energy
for a typical discontinuous metal structure hatiewn that this value is small, gener-
ally below 0.1 eV [9, 10]. This is consistent with the present results of dc conductivity
measurements for TiN-containing films with less than 40%, TKy. 3 and Table 1).
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Fig. 3. The surfaceomductivity ofxSiO,—(100 —x)TiO, nitrided films & = 20, 40, 50, 60, 80 mol %)
and a TiQ film containing large amounts of TiN versus the inverse of temperature

Table 1. Conductivity parameters of (1L08)SiO—XTiO, nitrided films & = 20, 40, 50, 60, 80 mol %).
The accuracy ofanductivity measurements was about 2%

P 0300 K 0540 K
X [mol %] Activation energy [eV] [Q- e [Q- e
20 0.16+0.002 3210t 5.0x10°%°
40 0.031+0.002 9.9x1077 1.7%10°
50 0.026+0.002 7.3x10°° 1.2<10*
60 0.016+0.002 2.95¢10°* 3.9¢10™*
80 0.003+0.001 2.05¢10°° 2.1x10°°
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Fig. 4. Surface@nductivity versus the inverse of temperature for,Tiltns
with high amounts of TiN metallic granules

TiO, films with high amounts of TiN metallic granules exhibit typical metallic be-
haviour; their conductivity decreases with temperature (Fig. 4).

3.3. Elastic properties of (100 —x)SIO,~XTiO, nitrided films

The nanoindenter technique was applietht@stigate the mechanical properties of
films. Figure 5 presents typical load—unlgadts for a sample containing 80 mol % of
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Fig. 5. Indentation load—disptement data for a nitrided Ti®0%)—-SiQ (20%) film
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TiO,. The elastic moduluk of the indented film is calculated from the slope of the
unloading curve at the peak load. The hardiess defined by the relationshig =

P/A, whereP is the load and\ is the area of the indent calculated from its plastic
depth. The results of calculations for all measured samples are presented in Table 2.
The hardness and Young's moduli for these films are similar to those obtained for
TiN layers by Oliver et al. [11]. It i$ound that Young's modulus and hardness in-
crease with titania content and that thealues are higher than for silida£72 GPa,

H = 8 GPa) [4]. This result appears to tensistent with AFM observations [7],
which indicate that the surfaces of higmtent titania films are almost completely
covered by TiN. Therefore, the displacemehthe indenter at a depth of 30 nm takes
place in TiN and their elastic propertieg aot very different from pure TiN layers.

Table 2. Young modulus and hardness of the (10&iO,—xTiO, nitrided films
(x =20, 40, 50, 60, 80 mol %).

mol% TiG, 80 60 50 40 20
Hardness [GPa] 18.6%1 14+1 13.7+1 13.8+1 15+1
Modulus [GPa] 240+20 180+20 180+20 180+20 140+2(

4. Conclusions

The conductivity of nitrided Tipand Si@Q-TiO, films is related to the amount of
TiO, which is converted to TiN during ammonolysis. In this way, it is possible to
change the electrical conductivity of these films by several orders of magnitude. The
activation energy of nitrided samples is generally below 0.1 eV. This indicates that
the conductivity mechanism may be interpdess the tunnelling of electrons between
metallic TiN granules. Ti@films with a high content of TiN metallic granules exhibit
decreasing conductivity with temperature, typical of metallic behaviour. The me-
chanical properties of titania—silica filnee improved after nitridation. The films
exhibit improved hardness and resistancsctatching. This indicates that TiN nano-
crystals are strongly bonded with the matrix.
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Formation of nanostructureswith a controlled
sizedistribution in Si-based gels by ion irradiation
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C.S.N.SM., Béiment 108, 91405 Orsay Campus, France

Studies of irradiation effects in inorganic polymers and gels performed at CSNSM during the past
10 years are overviewed and examples of precipitations with interesting applications (C, Si, metals) oc-
curring during the conversion into ceramics are presented. The precipitation yield, as a function of irra
diation fluence or annealing conditions, and particle physical properties were investigated by means of
various techniques, depending on their nature. The rates of gel-to-ceramics conversion and of precipita-
tion are determined by the density of electronic excitations produced by ion irradiation (collision cascades
slightly assisting the diffusion of metal atoms). Particles formed by ion irradiation show a narrower range
of sizes and consequently more interesting characteristics for magnetic or optical applications than those
formed in heat-treated gels.

Key words: sol-gel; hanomaterial; ionirradiation

1. Introduction

Materials with nanometric structures not only have technological applications in
various areas, but also are of fundamental interest for studying the changes of phase
properties in this transition regime between the bulk and molecular scales. Sol-gel
chemistry is a very convenient technique for producing nanomaterials with a wide
range of compositions. The rate of reactions occurring during their thermal processing
and the evolution of some components are, however, not well controlled. The ceram-
ics obtained are often porous, heavily cracked, and the particles of the secondary
nanophase tend to exhibit awide range of sizes.

Studies of irradiation effects in inorganic polymers and gels performed during the
past 10 years have demonstrated the interest in using this route instead of thermal
processing for releasing only hydrogen and obtaining ceramic films fully densified
and free of cracks (they are principally due to a mismatch in the expansion coeffi-
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cients of the film and substrate in the case of heat treatments) [1]. The out-of-
equilibrium nature of ion irradiation chemistry also permits selective promotion of
some reactions between gel components, because the formed radicals are able to mi-
grate only at short range, among other reasons. This paper reports the control of the
size of various types of particles formed in Si-based gels under ion irradiation and
their optical or magnetic properties. The first type of precipitation studied isthat of C or
S atoms in excess with respect to the equilibrium composition of glasses, SIO,Cy_y»
(with 1- x/2 < 1/4). The second is the precipitation of transition metals in gels from
triethoxysilane (hereafter labelled TH). Different physical quantities are used to as-
sess the precipitation kinetics as a function of the fluence and mass of ions, depending
on the nature of the particles.

2. Experimental

Silicon ethoxides (TEQOS, MTES, PTES, and mixtures of these precursors) were
hydrolysed as usual by adding 2 moles of water and 10 moles of nitric acid for each
mole of ethoxide in ethanolic solution and stirring for 1 h at room temperature, after
which films with a thickness of 400-500 nm were deposited by spinning the filtered
gel on Si wafers. Triethoxysilane mixed in equimolar proportion with pure ethanol
was simply stirred for 5 min before adding salts of various metals M (M = Fe, Co, Ni,
Cu). The TH:M filtered gels were used immediately for spinning films, in order to
hamper the progressive hydrolysis of Si—H bonds and their possible reaction with
metal ions before treatment (noticed only in the case of Cu™). Analyses of films with-
out salt, by means of ion beam techniques, show that a silicon suboxide SiO; s con-
taining less than 2 at. % C is obtained with this simple procedure, followed by irradia-
tion or heat treatment for removing H. The O/Si content increases a little (up to 1.7
times) in films from sols containing 10-20 mol % MNOzxH,O (M=Fe, Ni, Co) or
20 % CuCl»2H,0 (the addition of CuNO; catalyses the precipitation of silica).

lons of various masses and energies in the MeV range were used for varying the
yields of eectronic excitations and atomic displacements in the films. The electronic
and nuclear stopping powers, S and S, of 3 MeV Au ions are of same order of magni-
tude (1.5 and 3.0 keV/nm, respectively), and the total S, value obtained by adding the
energy lost by recoil atoms and primary ions becomesequals to S.. Si ions of 3 MeV
were selected for producing a comparable linear density of electronic excitations
(S = 1.8 keV/nm) and much smaller atomic displacements (S, = 100eV/nm). 1 MeV He
ions also lose their energy essentially in electronic excitations with a lower density of
300 eV/nm. Agions of 100 MeV were also used in alimited number of experiments for
increasing the S value up to 20 keV/nm while keeping S, at alow level of 300 eV/nm.
Note finally that all these ions stop at some micrometersin the substrate.

The composition of films was analysed by means of ion beam techniques: (i) by
Rutherford Back-scattering Spectrometry (RBS), with 2.4 MeV He at normal inci-
dence, for studying the depth profiles of heavy elements; (ii) by Elastic Recoil Detec-
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tion Analysis (ERDA), with 3 MeV He ions for profiling H, and (iii) by **O(d, p)*’O
and *C(d, p)*®*C Nuclear Reactions Analysis (NRA), with deutons of 920 keV, for
determining the areal densities of these elements more accurately than with RBS.
Their structure was studied by X-ray diffraction at grazing incidence and TEM obser-
vations of cross-sections, prepared by mechanical polishing followed by ion etching.
Nanochemical investigations were carried out on TEM samples containing C clusters,
using a high resolution Philips CM 20 FEG field emission electron microscope, run at
200 kV and equipped with a Gatan Imaging Filter (GIF 200). Besides electron energy
loss spectroscopy at an energy resolution of 0.8 to 1 eV, this filter enables a specific
element to be imaged with a spatial resolution better than 1 nm (energy filtered elec-
tron microscopy, EFTEM). Optical transmittance spectra in the wavelength range
200-800 nm were recorded with a CARY 5 VARIAN UV-VIS-NIR dua beam spec-
trometer. The formation of C and Si nanoparticles was characterized by measuring
photoluminescence (PL) in the visible range, with excitation by a 488 nm line Ar* ion
laser at a power density below 1 W/cm?, and analysing the emitted light by a double
SPEX 1403 monochromator and an EMI 9863B photomultiplier. Electron spin reso-
nance (ESR), with a Bruker spectrometer operating at 9.8 GHz (X-band) and equipped
with 100 kHz modulation, was used for studying the precipitation kinetics of the mag-
netic phases and the magnetization anisotropy of the films at room temperature (RT). In
addition, measurements of magnetization were performed as a function of the applied
field H and temperature T with a SQUID magnetometer S600X from Cryogenic Ltd.

3. Study of H radiolysisand C or Si precipitation

Typical kinetics of hydrogen (H) evolution from Si-based gels with different C
contents are presented in Figure 1, for example under He irradiation. The variation in
H concentration is plotted versus the integrated amount of electronic excitations, S.¢,
where ¢is the ion fluence (ions/cm?), because a comparison of the various ions effects
shows that S, plays no significant role in the process. A detailed analysis of the kinet-
ics shows that the release of H, molecules obeys an exponential law (the retained H
concentration varies as exp(—oSe¢)) up to a given fluence. Above this fluence, the
radiolytic efficiency o decreases and the evolution kinetics is limited by the combina-
tion rate of H radicals inside ion tracks to form molecules [2]. The o value decreases
markedly with increasing C content in the material, whose effect is attributed to the
strength of C—H bonds with respect to O—H bonds (this strength also increases as CHs
groups are partially decomposed).

Energy-filtered TEM images of the C distribution in cross-sections of the irradi-
ated films provides evidence that C atoms or CHy radicals migrate in the structure to
form clusters with a diameter of 3—7 nm, depending on the C content and irradiation
conditions (S value). In the case of phenyl-substituted precursors (PTES and silses-
guioxanes), clusters are also supposed to form on the spot of the radiolysis event [1].
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lons with a low energy per nucleon, such as 3 MeV Au ions, are scattered in random
directions during nuclear collisions, while swift ions undergoing only electronic stop-
ping have a straight path.
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Fig. 1. Kinetics of H release in various gels (TEOS, TH, MTES) under He irradiation and afit of the
initial decrease of H concentration o with the simple exponentid law p = oy exp(-0 S )

Accordingly, one observes C clusters with a random or alinear distribution along
ion tracks, as shown in Figure 2. It is known that regions with a perturbed structure in
swift ion tracks may be spherical and isolated, oblong, or percolating in the form of
cylinders, depending on S, and on ion velocity [53]. The last geometry mentioned
seems to be obtained in the case of 100 MeV Ag irradiation of MTES films, and this
result may find applications in fabricating field-emitting fibres or electric contacts
with a well defined and very small section. Whatever the shape of the C particles,
Raman scattering analyses show that they exhibit a noticeable degree of tetragonal
hybridisation [1]. These semiconducting particles emit a yellow-green luminescence,
with a maximum yield for a defined amount of excitations S.¢ of 30 eVx10% ions/cm®
[4]. The PL emission wavelength and intensity seem to be the same for spherical clus-
ters and cylinders obtained for a given S.¢ value [5]. On the other hand, the peak posi-
tion shifts from 460 to 540 nm with irradiation fluence as the clusters grow under the
cumulative effects of ions in same spot. It is worth noting that films of same nature
annealed at 1000 °C in a vacuum of 10~ torr (for not burning C) exhibit no excitonic
luminescence [5]. Raman analyses indicate that this is due to the graphitic nature of
the clusters [6]. The difference in the hybridisation states of annealed and irradiated
films can be ascribed either to the known formation of sp® rings upon acritical cluster
size or to atendency towards a more stable structure during annealing treatment [1, 6].
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Fig. 2. EFTEM images of the cross-sections of
MTES films &) irradiated with 5x10"* Au/cm?®of 3 &
MeV and b) irradiated with 2.5x10™ Ag/cm? of 100
MeV; ¢c) HRTEM image of the same area
asin b). The EFTEM images were made from elec-
trons that lost energy to carbon atoms

Similarly to C in MTES, PTES and silsesquioxanes, Si precipitates under irradia-
tion in Si suboxide derived from TH, and the semiconducting clusters show a red lu-
minescence with a wavelength correlated to the particle size (~1 nm) [7]. In the case
of TH films, the small departure from SiO, stoichiometry makes particles formed
during annealing treatments at 1000-1100 °C in vacuum have an optimum size of
2-3 nm for the luminescence of confined excitons[8].

4. Studies of metallic precipitationsin TH

Precipitations of Cu, Fe, Co, and Ni are observed by means of TEM in samples
containing 10 to 25 mol % of salt and irradiated with 3 MeV Au ion fluences of
5x10™ to 10™/cm? [9]. Their range of size is relatively narrow (the distribution is of
agaussian type with a standard deviation/mean size ratio of 25%) and their spatia
distribution is homogeneous. On the contrary, the size distribution of particles formed
in films heat-treated at 600 °C in vacuum is of the lognormal type with a half-
width/mean size ratio of 100%. In addition, ovoid porosities are systematically ob-
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served in annealed TH:Ni and TH:Co samples, and the particles are segregated on
pore walls and on some linear defects (which may be nanocracks, see Fig. 3).

Fig. 3. TEM image of the cross section
of aTH Ni film (3 at.% Ni) annealed at 600 °C.
The large axes of porosities
are parallé to the film surface
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Fig. 4. Variation of theintegral of the absorbed power measured in electron spin resonance
from TH films doped with 20 mol % FeNO; (7.5 at. % Fein the glass) as a function of the energy
deposited in electronic excitations under 1 MeV He, 3 MeV Si, and 3 MeV Auirradiation
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X-ray diffraction spectra show that silicides form when the annealing temperature
reaches 1000 °C. The formation of a ferromagnetic phase is detected by means of
ESR for a threshold energy S.¢ of 40 eVx10% ions/cm®. The total volume V of the
magnetic phase, estimated from the integral of absorbed power seems to obey the law
typical of precipitation processes under irradiation for ions producing few displace-
ments (1 — exp(—0S.¢)), and to be linear function of the fluence under 3 MeV Auirra-
diation (Fig. 4). The rates VIS, are, however, very close for the various types of ions.
The different behaviour of Au irradiated films is ascribed to the occurrence of radia-
tion-induced diffusion on short range, assisting the segregation of metal atoms.
A similar change of kinetic law was observed previously for the formation of amor-
phous clusters in metallic aloys, according to the irradiation temperature [10]. An-
other effect of displacements, which can be observed in Fig. 4, is the occurrence of a
magneti zation maximum of the order of 8x10"/cm?for a fluence of 3 MeV Auions. It
is interpreted to be due to a re-dissolution of the clusters by cascade mixing. This
dissolution is confirmed by the observation of a linear decrease in magnetization
when submitting pre-annealed samples to irradiation [11]. A study of the resonance
peak position, H,s, as afunction of the direction ¢ of the applied static field with re-
spect to the surface, shows that the internal field H; is that of an homogenous ferro-
magnetic medium, which is given by the Kittel equation:

2

—=H§ =(His — Hi 0520)x (H/es + H; sin® )
/4

where @, is the angular frequency of the cavity and y the gyromagnetic ratio of the
ferromagnetic electrons. H; is equal to the demagnetising (Zeeman) field Hqy when
there is no other anisotropy factor than the sample shape and Hy is —4nM for a thin
plate or 2nM for arod, M being the magnetization at saturation of the bulk metal mul-
tiplied by the volume fraction f of the metal. Annealed films behave as homogeneous
plates, despite the porosities and segregation of particles on defects. The angular
variation of H, is of same type in irradiated samples (Fig. 5), but H; exceeds —4nM
when the effective precipitation yield f is taken into account. An interesting change in
anisotropy is observed when submitting pre-annealed samples to irradiation with swift
ions producing cylindrical tracks: the film anisotropy becomes similar to that of an
assembly of rods, with the internal field H; exactly equal to 2nM (Fig. 5).

In fact, the apparent excess of magnetization in pristine films directly submitted to
irradiation (H, = |H;| — 4nM) and maybe also the tilt of the easy magnetization axisin
annealed-irradiated films is due to magnetostriction. Nanoparticles of any type un-
dergo a compression, increasing in inverse proportion to their size, under the effect of
interfacial energy (Laplace's law), to which the stress induced by the athermal com-
paction of the matrix and by the limited diffusion of atoms (for accommodating the
volume change due to metal precipitation) must be added in the present case. In an-
nealed TH:Ni or TH:Co samples, these stresses are compensated by the formation of
voids elongated paralld to the surface (Fig. 3). TEM observations show that the
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change in the magnetic anisotropy of annealed films (including TH:Fe films free of
voids) after irradiation with high-energy ions is not due to the rearrangement of
particles in more or less continuous cylinders and that their size distribution remains
the same. Thus, it is ascribed to changes in the stress state related to the creation of
defectsin the matrix, as already observed for single-phased magnetic materials [3].
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Fig. 5. Anisotropy of spin resonance in TH.M filmsirradiated with 3 MeV Au,
and annealed at 600 °C or annealed then irradiated with 100 MeV Agions

There is no place here for a discussion of the superparamagnetic or ferromagnetic
behaviour of samples as a function of temperature, metal content, and type of treat-
ment. Interest in the triethoxysilane matrix being a host of metal particles is more
worthwhile to emphasize. Films formed from tetraethoxysilane exhibit no magnetisa-
tion and X-ray diffraction provides evidence of the formation of antiferromagnetic
oxides (annealed samples) or solid solutions (irradiated samples). The formation of
fayalite, magnetite, or NiO was observed by other authors in TEOS monoliths that
were heat-treated in hydrogen [12]. Irradiation chemistry may also differ noticeably
from thermo-chemistry in some cases, since Cu particles with a plasmon resonance in
the visible are observed exclusively in TH:Cu irradiated samples [13]. Respectively,
the irradiation of TEOS:Ag films or exchanged glasses aready containing clusters
with very energetic ions (100 MeV Ag or Au) induces a re-dissolution of the clusters
[14]. This effect is not yet elucidated nor the absence of detectable precipitation in
TH:Fe or TH:Ni pristine films when irradiated with the same ions. Metallic nuclei
may explode by Coulombic repulsion between ionised M atoms when the yield of
secondary electrons expelled from the track core (always huge) exceeds a threshold
value[3].
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5. Conclusion

lon irradiation of gel films leads to the formation of nanoclusters issued from the
precursor backbone or from a reaction between precursor side groups and dissolved
ions (TH). The driving process is essentially the formation of free radicals via elec-
tronic excitations. A defined value of the radiolytic cross section, oS, for agivenion
species makes clusters exhibit an homogenous size, while they tend to grow by Ost-
wald ripening in the case of gels converted to ceramics by heat treatment. Changes in
the track core dimension (nr’= 0S) and in the energy of the secondary electrons ex-
pelled from the core with increasing velocity of ions[15] seem to induce the gathering
of C, Si, or M atoms into narrow cylinders. This new type of nanostructure is of great
interest for applications such as magnetic memories perpendicular to the surface,
nano-diodes, electric contacts, etc. The density and very good adhesion of irradiated
films are also advantages with respect to thermal processing worth keeping in mind
whatever the nature of the gel, especially when useful fluences are very low and their
cost not prohibitive.
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One of the promising modalities of modern medicahtment is interstitial laser therapy, where
a special fibre-optic applicator is used to ensargroper curing light distribution in the pathological
lesion. Such an applicator can act as a light diffuser, and simultaneously it can serve as a carrier of the
therapeutic medium, e.g. a photosensitive dye for photodynamic therapy in situ. For applicator construc-
tion, silica based sol-gels coatings are proposed in this paper. The sol-gel applicators were prepared from
the silicate precursor TEOS (tetraethylorthosilicate) mixed with ethyl alcohol in acid-catalysed hydroly-
sis. A suitable amount of surfactant (Triton X-100) was used. The carrier matrices were produced with
a solvent to precursor molar ratio of 20. In these studies, optical fibres from Laser Components were used
(core diameter 400 nm, HCS, low OH). The external jacket was mechanically removed at a distance of
25 mm. The modified dip-coating method was exploited to cover the bare fibres with sol-gel material.
Two types of applicators were produced, silica std-géth an addition of chlorophyll-derived sensibili-
sator (Photolon) in two various concentrationswéts proved that the immobilization of Photolon in
a silica sol-gel does not destroy its chemical activity and does not disturb contact with the external envi-
ronment.
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1. Introduction

Photodynamic therapy (PDT) of malignaomours is a treatment method based
on selective accumulation of light-absorbiagents (photosensitisers) in pathologic
tissue, capable of stimulating photoreactiafi®r irradiation by light of a certain
wavelength, which destroy the targeted cells.

Various dyes have already been used in photodynamic therapy. This paper is fo-
cused on chlorin derivatives. A chlorin is a large heterocyclic aromatic molecule,
consisting at the core of 3 pyrrole rings and one reduced pyrrole ring, all coupled by
methine linkages. Magnesium-containindochns are called chlorophylls, and are the
main photosensitive pigments in chloroplasts. A related compound, with 2 reduced
pyrroles, is called bacteriochlorin. Due tteeir strong photosensitivity, chlorins are
used as photosensitising agents in experimental PDT therapies.

Water-soluble derivatives of chlorophyll veefirst introduced as potential drugs
by Snyder (USA) in 1942 [1]. The next jprortant step was done by Allen [2]. He
revealed that the major chemical compowfichative chlorin mixtures is chloring,e
which under oral and intravenous adratration possess low toxicity and demon-
strates hypotensive, antisclerotic, spasitighanaesthetic, and antirheumathoid activ-
ity. The first PDT usage of a chlorin concerns pheophorbiderivatives. Some of
them were patented as prospective photosensitizers for PDT in Japan in 1984 by Sa-
kata et al. [3]. In 1986, an American group reported a photosensitizer meeting crucial
PDT requirements: good tumour affinitpdaintensive absorption in the middle red
part of the visible spectrum [4]. Thmeichoice was mono-L-aspartyl-chlories
(MACE). At present, this compound is at stdlieof clinical trial studies in Japan.

This group has even patented other fuoraily advanced chlorin and bacteriopheo-
phorbidea-derivatives as photosensitizers for PDT [5]. In the 1990s, a Byelorussian
group at first headed by G. Gurinovichpogted research on water-soluble chlorin-
type photosensitizers derived from nettle Bgcently, their work was focused on the
spectral-luminescent characteristics of chlorinarel the newly developed photosen-
sitizer — Photolon — in whole blood [7].

CH
s

CHs

Fig. 1. Chemical structure of

0 the Photolon according to [8]
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Photolon — a chlorin derivative — belantp the class of one-photon-based photo-
sensitizers [8]. The dye is approved for cancer treatment in some countries [9].
Photolon is referred to a group of new sensitizers for treating cancer by means of
photodynamic therapy. It can be adminisdhintravenously or topically. Recently,
some non-oncologic applications have been reported as well [10]. The formula is
shown in Fig. 1.

Interstitial laser thermotherapy is alsoew method designed for minimally inva-
sive therapy of pathologic lesions in emviments difficult to access (e.g. the brain,
liver). Fibre-optics laser applicators are usegerform interstitintherapy with laser
light. The applicator is inserted into tipathologic lesion and curing laser light is
guided through the fibre [11, 12]. We haveeady demonstrated that sol-gel coatings
may improve the characteristics of apptors. Depending on the amount of com-
pounds used for producing sol-gels, differeptical and structal properties could
be achieved [13-15].

Our idea was to combine interstitial theyapith photodynamic therapy. In this
paper, we report on the development of a modified light delivery system — a sol-gel
fibre-optic applicator doped with Photm. The sol-gel was deposited on the optical
fibre core and the influence of immob#d chlorophyll-derived dye on the applica-
tor's spectral properties was investigated.

2. Preparation of sol-gel matrices

2.1. Materials

Solvents and reagents were obtained from commercial sources and used without
further purification: a) solvents, methar(derck, UV-grade), ethanol (Merck), pyri-
dine (Aldrich), b) chemicals, zinc aceggtMerck), Triton X-100 (Aldrich), tetraethy-
lorthosilane (TEOS) (Fluka), hydrochloracid (Merck), phosphate buffered saline
(PBS) pH 7.2 (Biochrom). lidbtolon (Belmedpreparaty icooperation with Haemato
Ltd., Germany) was used as the active photosensitizer. Aqueous solutions were pre-
pared with Millipore water (Milli-Q/USA). Phosphate buffered saline (PBS) pH 7.2
(Biochrom) was used to mimic physiologiaconditions, otherwise aqueous solutions
were prepared with Millipore water.

The sol-gel films were produced from g} hydrolyzate prepared from the sili-
cate precursor TEOS mixed with solvent éetbl, 96 % v/v). The sol-gel material was
prepared with a solverib precursor molar rati® of 20. Hydrochbric acid (37%,
w/w) was added as a catalyst in a prdoporthat ensured acidic hydrolysis (pt2).
The mixture was stirred at room temperat for 4 hours with a magnetic stirrer
(speed 400 rev./min).
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2.2. Preparation of sol-gel coatings on optical fibres

Hard Clad Silica (HCS) fibres of o OH (CFO 1493-12), originating from Laser
Components, were used (fused silica cgre 400um; claddingg, = 430um; ETFE
buffer diameter 73Qm). They feature high transmission values from UV to IR
(200-2400 nm). The fibres were cut into 200 sections. The external jacket was
mechanically removed up to 2.5 cm from one end, then the cladding was treated with
a hot torch. The residuals were removeithviinen cloth and cleaned with ethanol.
A modified dip-coating method was appliedcver the bare fibres with sol-gels. The
fibres were placed vertically in a plastiontainer with a specially designed bottom,
possessing an opening with a controlldidmeter to ensure the required speed
(1 cm/h) of hydrolyzate outflow. The comear was filled with hydrolyzate up to the
non-removed cladding. Just before thepakition procedure, the surfactant Triton
X-100 (Aldrich) was added tthe liquid hydrolyzate (2@l of Triton per 1 ml of hy-
drolyzate).

2.3. Photolon-doped coatings

Aqueous stock solutions (&20* M and 1.&10* M Photolon) were prepared by
dissolving the photosensitizer in water (Millipore grade). Aliquots gil5fiock solu-
tion and 2Qul of Triton X-100 were added to 1 rof the freshly prepared hydrolyzate
to get final Photolon concentrations of 818> M and 7.&10° M, respectively. The
newly prepared hydrolyzate was usegtoduce doped fibre-optic coatings according
to the procedure described above. The stmtlitions and the sol-gel modified fibres
were stored at room temperature in darkness.

For metal insertion, zinc acetate was dissdhat room temperature in methanol
(20 mg/ml) and the fibre was placed in #$wution. The dopant sol-gel fibre was left
there for 72 h. Then the fibre was removedsed with ethanol, dried in air, and its
luminescence and absorption spectra were recorded.

3. Spectr oscopic measur ements

3.1. Apparatus

Fluorescence spectra were obtained rbgans of a fluorescence spectrometer
LS-50B (Perkin Elmer/UK). The spectra warexorded in the wavelength range from
350 to 750 nm (100 nm/min, excitation slit 3 nm, emission slit 5 nm) by using quartz
micro-cuvettes (optical length 0.5 cm, Hellma, Germany). 10 scans were accumulated.

The absorption spectra of Photolon solutiorese obtained by means of a Lambda 2
(Perkin Elmer, UK) spectrophmtneter (optical length 1 cm, wavelength range
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300-750 nm, 250 nm/min). A hand-held UV-lamp{= 365 nm) was used for pre-
detecting and controlling therhinescent sol-gel coating.

3.2. Spectroscopic examinations of Photolon in solvents

The Photolon molecule shows a partially reduced porphyrine moiety (Fig. 1). Its
molecular structure is similar tthve structure of chlorineseamolecule, which can be
isolated after hydrolysing the 5-membered exocyglietoester moiety of pheophor-
bide A. It is well known that the absaign and fluorescence of tetrapyrrolic macro-
cycles are sensitive to changedhrir molecular environment.

401
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— e ]
403
416 ‘/;—‘—
S\’A ‘_//'@

300 350 400 430 500 550 600 630 700 750
Wavelength [nm]

Fig. 2. Absorption spectra of Photolon in various solvents (from the top to the bottom): 1 — in methanol;
2 —in methanol acidified with hydrochloric acid; 3 — in phosphate-buffered saline (pH 7.2);
4 — after addition of zinc acetate in methanol; 5 — after addition of pyridine to 4

The absorption and fluorescence spectrRtadtolon were recorded in various sol-
vents. A stock solution of Phaibn dissolved in methanol X10°® M) was prepared
and visible spectra were recorded (Fig. 2). The Soret band and additional absorption
bands in the wavelength range 500-700 nm (Q-bands) were observed. Two prominent
absorptions, at 401 nm (Soret band) an@6it nm (chlorine-type band), are visible.
The addition of 0.1 ml of the concentratggdrochloric acid to 2.5 ml of the methano-
lic dye solution leads to a bathochromic shifl,¢: = 415 nm). A second strong ab-
sorption band appears at 650 nm. The absorption intensity decreases and the bands
become broader. In phosphate-buffered sa{lPBS), the absorption of Photolon re-
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mains essentially the same as in methanol (403 nm and 655 nm). After adding zinc
acetate, a spectral change due to the insegfi@nc into the macrocycle is detected
within minutes. The Soret band shifts tads 412 nm and the chlorine-type absorp-
tion band undergoes a hypsochromic shift to 637 nm. When pyridine is added to the
zinc complex, a further shift of the Soret baag(= 416 nm) is recorded.
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Fig. 3. Fluorescence spectra of Photolon in solutibrsin methanol; 2 — in methanol acidified
with hydrochloric acid; 3 —in PBS (pH 7.2); 4 — after addition of zinc acetate in methanol;
5 — after addition of pyridine to 4

The fluorescence spectra recorded in the wavelength range of 575-750 nm are
shown in Fig. 3. In methanol, the fluocesce maximum of Photolon is observed at
666 NM 4. = 400 nm). In acidified methanol, the maximum is shifted towards 653 nm
upon excitation at 410 nm. At the same time, the emission intensity decreasesd by a
factor of approx. 4. In aqueous soluti(PBS, pH = 7.2), the emission maximum is
shifted to 661 nmig,. = 400 nm). Compared to tlileiorescence spectrum of Photolon
in methanol, the zinc complex in metlwh shows strong fluorescence at 644 m=
414 nm). The coordination of pyridine to this metal complex, however, leads to the
fluorescence signal at 646 nm.

3.3. Spectroscopic examinations of Photolon in sol-gel applicators

For fluorescence measurements, the sol-gel coated fibres were placed diagonally
inside a cuvette. Spectra were recorded iinimisolvents, and after chemical altering.
In order to avoid artifacts, the spectra wegeorded at various positions on the same
fibre.
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First, the unmodified quartz fibre and g} coated fibres without dopant were
investigated in order to check their spescopic properties. Excitations from 395 up
to 420 nm A4 = 5 nm) using the pure core fibre as a target gave only a very weak
fluorescence emissions in the range of 525+8%5A negligible fluorescence is also
observed in air for the undoped sol-gel codilegs. The addition of solvents leads to
a further decrease in the fluorescence intensity.

Fibres with a sol-gel Photolon-doped cogtimere investigated in air and in the
presence of solvent. Spectra were recofdedibres doped with two concentrations of
Photolon (3.810°M and 7.%10° M) (Fig. 4). Fluorescence and fluorescence excita-
tion spectra were recorded in the wavelength range 550-775 nm and 350-625 nm, re-
spectively.
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Fig. 4. Excitation and emission spectra in air, sol-gel applicator
(A: 3.8x10°° M; B: 7.7x10°° M Photolon)

The fluorescence intensity of the sol-gel applicator was found to depend on the
Photolon concentration (Fig. 4). A simildependence (not shown here) was observed
in absorption spectra. The fluorescence was determined in the range of 620—-750 nm.
The excitation spectra were recorded in a step-by-step mdde § nm) withAe,cin
the range of 395-420 nm. In Fig. 4, the fluorescence spégira 410 nm) are shown
for fibres measured in air just after theating procedure. For the fibre referred to as
A (3.8x10°° M Photolon) in Fig. 4, the emissi maximum at 646 nm and a shoulder
at 671 nm were recorded. For the &bwith a lower dye concentration (ZZ0° M
Photolon), assigned to Bpaxima at 647 nm and 667 nm were detected. The excita-
tion spectrum shows a stroafysorption at 406 nmid,= 646 nm).
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Photolon dissolved in methanol shotte absorption maximum at 401 nm and
a strong emission at 666 nm. The wavelesgthabsorption and emission maxima in
PBS (pH 7.2) are similar — 403 nm and 646 nm, respectively (Figs. 2 and 3). Both in
methanol and PBS only the free base of Blootis present. Addig hydrochloric acid
to the methanolic solution, however, ledadsa protonated form of the dye (emission,
Amax = 646 nm). The addition of acid is cruciat sol-gel preparation, in order to initi-
ate polymerisation, hence this will alsadeto a protonation of the chromophore.
Therefore, as indicated ke emissions at 647 and 667 nm, two different species
— the neutral and a protonated form — seem to be present in the sol-gel matrix.

3.4. Spectroscopic examinations of Photolon-doped
sol-gel applicatorsin various environments

Due to a high solubility of Photolon iarganic solvents, fluorescence measure-
ments were done in order to check whether the dopant leaks from the coating and to
detect changes in the spectral propertieshefapplicator. The release of Photolon
from the sol-gel matrix was also checKed aqueous solutions of PBS and Millipore
water as described above, but no fluoresearmuld be detected. Therefore, after the
measurement was completed, the modified fibre was removed and the remaining sol-
vent was examined again.

Figure 5 shows the spectra for a doped filRe 0, 3.&10° M Photolon) placed
in methanol. Compared to the measuremerdiinthe overall intensities are slightly
lower. The fluorescence is recorded in the wavelength range of 620-750 nm. The
emission spectraid,.= 395, 407, and 420 nm) do not differ from the spectra in air
(Fig. 4). Emission maxima appear at &d 668 nm. Excitation at 395 nm leads to
strong fluorescence at 668 nm. Upon exaitatit 420 nm, the intensity decreases by
up to 50%. Emission at 647 nm leads t8aet band at 408 nm, whereas emission at
667 nm leads to a Soret band at 404 nnmiAor absorption in the Q-band range at
500 nm (Aem= 667 NM) is also observed.

An example of the protonain of a Photolon-doped fibre $hown in Fig. 6. In or-
der to determine the protonated specie®lobtolon encapsulated in the sol-gel ma-
trix, 100ul conc. hydrochloric acid was addefifter 10 minutes, the spectra were
measured (Fig. 6), then the solvent wadaeed by a PSB-buffer. The emission spec-
tra were immediately recorded and theqass of neutralization was monitored. An
excitation spectrum was recorded before and after protonation.

The emission spectrum of Photolon oats shows strong fluorescence at
Amax= 649 nM fexc= 410 nm) and a Soret band at 407 rgy€ 50 nm). In PBS, the
fluorescence is shifted toward 667 nm,{= 405 nm) and the Soret band is deter-
mined to be at 405 nnmid,= 666 nm). In accordance to the absorption spectrum of
Photolon in PBS (Fig. 2), the excitation sfpem in PBS shows an additional absorb-
ance at approximately 506 nm.
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Fig. 5. Fluorescence excitation and emission spectra of eibr20
(3.8x10°° M Photolon) placed in methanol

To monitor the chemical reactivity of the embedded Photolon, the fibre was left in
a solution of zinc acetate (20 mg/ml) in nagtbl for 12 h at room temperature. Prior
to this, it was placed in PBS to ensure firesence of the neutral species. After 12 h
the fibre was removed and the solution, as wasglthe fibre in the dry state, were ex-
amined. No fluorescence was detal in the organic solution.

In result, there is another strong fluorescence at 667.88F 395 nm), which is
assigned to the free base of Photolonother emission band is observed at 646 nm
(exc= 415 nm) — this may be caused by [tlagtial protonation of Photolon. The emis-
sion at 646 nm, however, leads to an eficitaspectrum with a broad Soret-band at
407 nm and a shoulder 416 nm (not shown).

We conclude that no metal insertion talkdace. Neither a longer reaction time,
gentle heating of the reaction solution, fdgh concentrations of zinc acetate en-
forced metal insertion.

Due to the initial preparation conditionsdato sol-gel polymerisation, the neutral
and the cationic species dfiétolon are present in different amounts. The ratio can be
changed with protonation and by using différeolvents. While the insertion of zinc
into the dye is observed within minutesewhPhotolon is dissolved in methanol, the
doped fibre remains unchanged. It is welbwn [16] that porphyrin monomers exist
only at very low dye concentrations oranstrong acidic medium. Usually, at normal
conditions, porphyrins as well as chlorin wilimerise. Therefore, we conclude that
besides the limitation due to the pore dianetf the sol-gel, the embedded Photolon
molecules (preferred species: dimer) cannot be reached by the zinc cations in the sol-
gel matrix. Also, no phenomenon of dye aggation (which happens through a self-
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enforced process that builds up supramolecstiarctures, namely H- (stacked) or J-
(side by side) complexes [17], was not@tved during spectroscopic examinations.

667

exc. 405 nm

a.u. \ 407 649 1y
’\ em. 650 nm exc. 410 nm

40] 405 h\

em. 666 nm

~

0 P Anl b S
350 400 500 600 700
Wavelength [nm]

Fig. 6. Excitation and emission spectra from applicatos<@8 M Photolon)
placed in 0.5 M HCI (dashed line) and PBS-buffer (pH 7.2). Inset: fluorescence
spectral evolution by timel{,. = 405 nm) duringeaction in PBS

4. Conclusions

Our work was focused on the examination of the optical properties of doped silica
sol-gel coatings, which may be used for photodynamic therapy in situ. It has already
been proved [18] that Btoporphyrine IX-doped sol-gel coatings deposited on the
fibre core changes the light propagation conditions, depending on the sofegtor
(solvent to precursor molar ratio) and on the coating technology as well. These obser-
vations should be considered in the ¢omdion of sol-gel based applicators.

In this paper, we have shown thadtd®lon entrapped in sol-gel preserves its
chemical activity and may contact with teeternal environment. Chemical reactions
like protonation occurred quite fast. ThHizdicates that the interconnected porous
network could be easily penetrated by relatively small molecules. On the other hand,
reactions with zinc cations cannot be digabserved by spectroscopic examination.
The silica sol-gel structure was modified dagding Photolon in such a way that pores
are too small or there is a kinetic effect. The insertion of zinc ions into the sol-gel
matrix might take more time than the duration of our experiments, 72 h at room tem-
perature, and 6 h at SC€. The diameter of the zinc ion is about 83 pm, and a solva-
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tion sphere has to be taken into account. Solvation phenomena make necessary prepa-
ration of the silica sol-gel matrix with a diaraebf pores much larger than that of the
introduced molecule.

The absorption peak of zinc-Protoporphyigri2 times higher and shifted as com-
pared the absorption peak of ProtoporphyKn[18]. We did not observe a similar
phenomenon in the case of Photolon with aithout Zn ions — the intensity of ab-
sorption is approximately the same. Thauld explain lack ofa clean signature of
metallation of the chlorin derivative. The Zn-Photolon complex is not so easy distin-
guishable in absorption spectrum.

Photolon molecules did not leave the pores of the silica sol-gel coating and no ag-
gregation was observed. The protonatiorPbbtolon occurred slowly when the con-
centration of H ions was low. The higher the concentration 6fibhs, the faster
appeared the protonated form of Photolbime deprotonation of the dye, conducted in
a PBS environment (pH~7.2), occurred after 15 min.

Structural changes caused by the additbiPhotolon to the sol-gel matrix influ-
ence not only the optical properties, but dts® durability of the coatings. During the
examinations described in this paper, lasting a few days in various conditions (various
solvents, drying in air), no changes i tstability of coatings were observed. We did
not notice any alterations in the Photolon-doped silica sol-gel coatings.

Further investigations will involve studies on dye metallation (the insertion of Zn
ions) and oxidation (under ;0and HO, conditions). We are going to prepare
Photolon-doped silica sol-gel coatings with various valud® obt onlyR = 20 (cho-
sen because of the quality of the coating, stability, and optical properties).
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Four kinds of gel-derived materials of the Cagaf-SiO, (S2, Il, I, A2) system were obtained in the
form of thin coatings on microscope slides. The obtained materials differed from each other in the ratio of
the basic components (CaO and Sihe coatings were characterised with regard to the state of the
surface as well as to the phase composition of the materials. In order to determine any bioactive proper-
ties of the gel-derived coatings vitro, tests in simulated body fluid (SBF) were made and biochemical
examinations using cultured human marrow stromal cells (hMSC) were conducted. It was found that
surface crystallisation of hydroxyapatite (HAp) indicgtihe bioactivity of the material occurred in SBF
only in the case of A2 coatings, which are characterised by the highest ratio of GaOs%tS with
hMSC showed that the A2 biomaterial promotes both the osteogenesis and remodelling of bone (osteo-
clastogenesis).

Key words:biomaterials; bioactivity; sol-gel method

1. Introduction

Bioactive ceramic materials are based on the CaQ8i0, system [1, 2]. They
comprise both glasses and glass-ceramic materials with hydroxyapatite and wollaston-
ite as the main crystal phases. They asumed to satisfy the following requirements:

* biocompatibility,

e suitability for clinical applications,

« ability to form a stable connection with the bone as well as to promote bone re-
generation.

' Corresponding author, e-mail: aszka@poczta.fm.
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When in contact with body fluid, these materials form layers of hydroxyapatite
(HAp) on their surfaces, through whichetimplant materials form permanent bonds
with the bone in a living organism. Theilélp to form HAp on the surface of bioma-
terials is usually indicated by resultssifnulated body fluid (SBF) tests, which allow
in vitro character of changes on the biomatesiafface to be estimated after contact
with SBF [3]; biomaterials are preliminarityefined by this basic bioactive property.

In recent years, great interest has ari®@era new generation of bioactive materi-
als with increased bioactivity, interpreteding as the ability to stimulate faster re-
generation of natural tissues [4, 5]. Inder to obtain such materials, the sol-gel
method is used, which enables biomateneth a high degree of both chemical and
biological surface activities to be produdé§l This method allows the production of
biomaterials in the form of powders andugules, dense and porous sinters, thin coat-
ings, on bioinert substrates. So far, hoare\t has not been fully recognized which
material parameters, such as the statehefsurface, pore structure, chemical and
phase composition, etc. affect the bioactiveperties of these biomaterials. The lack
of this knowledge does not permit fully controlled production processes to be carried
out.

The aim of this study was to obtain bitime gel-derived coatings with various
characteristics (chemical properties, phasenposition, surface roughness) and to
evaluate their bioactive properties underitro conditions from the point of view of
material parameters.

2. Materials and methods

Biomaterials from the system CaQ&R-SiO, have been chosen for the investiga-
tions. Their chemical compii®ns are given in Table 1.

Table 1. The chemical composition of the investigated materials

Chemical Symbol
composition s2 1 | A2
SiO, 80 72 64 40
CaO 16 24 30 54
P,Os 4 4 6 6
Ca0/SiQ 0.2 0.33 0.47 1.35

Such a choice of chemical compositicfowed materials to be obtained with
various molar ratios of the components having considerable influence on the bioactive
properties, i.e. CaO and SiO

To prepare the starting solutions, #odlowing reagents were used: Si(gHz),
(TEOS) (Merck), OP(OgHs)s (Merck), and Ca(Ng), 4H,O (POCh). In addition to
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distilled water, ethanol was used as a solvent and hydrochloric acid (HCI) as a cata-
Iytic agent. The scheme of preparing the starting solutions is given in Fig. 1.

‘ Si(OC 2Hs)s | | C,H<OH

[
HCI, H,0

OP(OC;Hs)s

Ca(NO_\)3‘4H30

1 g g
UUUi

final solution

COATING

I

Fig. 1. A scheme for the preparation of coatings

The solutions were used to deposit coatings on bioinert substrates (microscopic
glass slides). Thin coatings were deposhgdlip coating, using a specially designed
apparatus. The glasses with the depositedirngs were dried at ambient temperature
and subsequently heated in an ealedurnace at the temperature of 480 The coat-
ings obtained were either opaque or transparCoatings prepared in this way were
subject to the following observations and investigations:

¢ evaluation of the quality of the coatinlgg visual and microscopic methods,

¢ determination of the phase composition of the coating materials by X-ray diffrac-
tion analysis (XRD), using a Seitkdiffractometer and applying Cykadiation;

e determination of layers roughness acauogdo 1ISO (DIS H287/1), using a pro-
filometer (Hammel Tester T50jommelwerke GmbH, Berlin),

o testing bioactivityin vitro (the simulated body fluid (SBF) test) comprising:

e investigation of the solubility of the ctiag materials in SBF within a period of
1-21 days; to this end, the concentration€afions in SBF were measured by the
complexometric method (applying a solutiondidodium versenate in the presence of
calcess as an indicator),

¢ evaluation of the changes on the surfaces of the coatings after 1-21 days of con-
tact with SBF by means of SEM obsgations (JEOL 5400, Tokyo, Japan), EDAX
analysis (LINK ISIS 300), and XRD diffrtion phase analysis (Seiferd diffractome-
ter),

ein vitro tests of the A2 material ith cultured human marrow stromal cells
(hMSC); the aim of this test was to chei€khe obtained gel-derived material pro-
motes both osteogenesis and bone remodelling (osteoclasogenesis). Three independ-
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ent samples of human marrow cells, isolated from the femurs of individuals undergo-
ing total hip replacement, were cultured in a mediogrMEM + 15% bovine serum
FBS). When confluent, the adherent lagéhMSC was re-plated on either the A-2
gel-derived coating or on a tissue-cultured plastic. Cells were harvested for mRNA
assays after 7 days with either ascasbP (Asc), Asc with bone morphogenetic
protein BMP2 or dexamethasone (a syntheticocorticoid) Dexpr with both BMP2

and Dex. Alkaline phosphatase (ALP) anfiNRK-L were localised with immunocyto-
chemistry. ALP was treated as a marker of osteogenesis and RANK-L as a marker of
the promotion of bone remodeljr{osteoclastogenesis) [7-9].

3. Results

3.1. Characteristics of the coatings

The coatings deposited on the microscope slides tightly covered the substrate and
were characterized by very good adhesion. Coatings S2, I, and Il were translucent,
while coatings made from the A2 material were opaque (Fig. 2).

Fig. 2. Thin coatings of the A2 and S2 materials
on microscopic glass slides

It can be inferred from SEM observations (Figs. 3, 5) that the quality of the ob-
tained coatings was good. At some places a few cracks, typically in the boundary area,
were visible. In the case of the A2 coatirspherical micro areas could be observed,
uniformly distributed on the entire surfa@yidence of liquation and/or crystalliza-
tion. The chemical compositions of the cogtirwere in agreement with the expected
compositions of the gel-derived materi@issults of EDAX analysis — Figs. 4, 6).
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Fig. 3. SEM image of the surface of a gel-derived A2 coating
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Fig. 4. Results of EDAX analysis for the surface of a gel-derived A2 coating
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Fig. 5. SEM image of the surface of a gel-derived S2 coating
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Fig. 6. Results of EDAX analysis for the surface of a gel-derived S2 coating



Bioactive glass coatings 129

Intensity [a.u.]

15 20 25 30 35 40 45 50 55 6C
26
Fig. 7. XRD patterns of gel-derived A2, Il, I, and S2 coatings

X- ray diffraction analysis showed (Fig. fHat the coatings S2, |, and Il are com-
pletely amorphous, while the coating madéhaf A2 material contains a crystal phase
(phases) with calcium. On account of the limtensity of the reflexes, however, it is
difficult to identify the character of these phases (phase).

Table 2. The surface properties of the investigated materials

Gel-derived layer
Coefficient
S2 A2 I Il
Ra 0.06 0.96 0.06 0.12
R, 0.59 10.19 0.80 1.83
R 1.72 11.71 1.10 4.17

Three parameters defining the statdéhaf surface coatings (roughness and topog-
raphy) have been measured (Table 2):

¢ R, — the arithmetic mean of the deviation of the filtered roughness profile from
the centre line within the measured length;

¢ R, — the vertical distance between the maxin and the highest points in the fil-
tered roughness profile within the reference length;

¢ R,— the height of ten points (upper level of the absolute values of the five highest
peaks and five lowest valleys within the measured length 1m).

From the data given in Table 2, it appears that the A2 coating, in which crystalli-
zation occurred, was characterized by the largest roughness. In the case of the amor-
phous coatings S2 and I, the roughness was considerably smaller, whereas the amor-
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phous coating Il exhibited a roughness that could be defined as intermediate between
that of A2 and the materials S2 and I.

3.2. Test in SBF

Treatment of the gel-derived coating®h simulated body fluid (SBF) induced
some changes in the chemical compositiotheffluid (Fig. 8) as well as on the sur-
face of the coatings (results of EDAX analysis — Figs. 10, 12).

—— A2
—8— 52
—h— |

-

mmol/l

30
days

Fig. 8. Ca concentration of glass slides covered with
the gel-derived A2, Il, |, and S2 matas after various immersion times in SBF

Fig. 9. SEM image of the surface of a gel-derived
A2 coating after 7 days contact with SBF
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Fig. 10. Results of EDAX analysis for the surface
of a gel-derived A2 coating after 7 days contact with SBF

Fig. 11. SEM image of the surface of a gel-derived
S2 coating after 7 days contact with SBF
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Fig. 12. Results of EDAX analysis for the surface
of a gel-derived S2 coating after 7 days contact with SBF

Changes in SBF composition were causedhgysolubility of the coating materi-
als. This solubility was evaluated only withspect to the calcium content in SBF. In
the case of other components of the coatings, ho measurable solubilities have been ob-
served. From among the four examined gel-derived materials, only the A2 coating, for
which the CaO:Si@ratio is the highest, exhibited a considerable loss of calcium already
1 day after contact with SBF. The consequence of this was an increase in the Ca concen-
tration in the SBF. With further contact, tbentent of Ca in SBF showed a tendency to
fall, which might be connected to the surface crystallization of hydroxyapatite. In the
case of other coatings, the Ca concentratioBBF, independently of the duration of
contact with the biomaterial, watose to the starting concentration.

Changes in chemical composition and SEM images (resulting from contact with
SBF) were observed only in the case af &2 material (Figs. 9, 10). From EDAX
analysis (Fig. 10) it appears that alreadier 7 days after immersion, the concentra-
tion of calcium and phosphorus in the surfloger of the material increased. This is
an indication of the surface crystallizati of calcium phosphates. With prolonged
contact time with SBF (up to 21 dayshe content of Ca and P on the surface
increased, while the content of silicon decreased.



Bioactive glass coatings 133

A2

o gt

Intensity (a.u.)

20 30 40 50 60 7C
20

Fig. 13. XRD patterns of gel-derived A2, Il, I, and S2 coatings after 7 days contact with SBF

Changes in the chemical composition waceompanied by a distinct change in
the morphology of the layer surface. The surface became covered with spherical
forms (Fig. 9), which after 21 days completely covered the primary layer. XRD inves-
tigations (Fig. 13) showed that the spbal forms appearing on the surface were
composed of hydroxyapatite. The described phenomenon was observed for layers
characterized by a lower ratio of CaO to S{Bigs. 11-13). Since the results of the
tests with SBF show that only the A2 material is able to produce hydroxyapatite on its
surface, it was chosen forvitro tests with human marrow cells.

3.3. In vitro test with human marrow stromal cells

Cells cultured directly on the A2 surfasbBowed a stimulation pattern for alkaline
phosphates (ALP) similar to that of cedigltured on plastic, though the levels on A2
were slightly lower (Fig. 14a). The A2 glass, however, had a far more profound effect
on the expression of osteopontin and RANK-L (Fig. 14b). MSC cultured on a A2
surface had osteopontin and RANK-L mRNA levels 5-10 times higher than those of
cells on plastic, and addition of BPM caused a further increase in the mRNA levels.

4. Discussion
The sol-gel process enabled coatings wihous chemical compositions to be ob-

tained in a relatively simple way on glass plates. The phase composition of the layers
depended on the molar ratio CaO:gi@t the highest value of this ratio (ca. 12), the



134 R.SINDUT et al.

liguation and crystallization of the phase ehdd with calcium probably took place.
The effect of crystallization was the déteation of surface smoothness, resulting in
an increase of the paramet&sR,, andR.
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Fig. 14. Expression of mRNA in hMSC, cultured for 7 days on a tissue culture plastic (plastic)
and on A2 gel-derived coating (A2 glass, black bars). Cells were cultured with a media containing
100ug/ml ascorbate (control), a control media with 100 nM Dex, a control media
with 100ug/ml BMP-2, or with Dex + BMP. Comparison of ALP mRNA in cells on plastic
or A2 glass with various inducers (A). The effect of A2 glass, with and without BMP treatment,
on the expression of MRNA for steopontin and RANK-L (B)

When considering the chemical compositajrthe examined layers from the point
of view of its influence on the bioactiveqperties of the materials, it should be ex-
pected that increasing the Si@ncentration would favour HAp crystallization due to
an increase of the number of active nucleation centres in the form of Si-OH groups
[10, 11]. On the other hand, HAp crystallization can occur at an appropriate concen-
tration of calcium in SBF, exceeding thelubility HAp. Thus, the increased concen-
tration of calcium in the material should adactor promoting HAp crystallization in
this case.

As a result of the test in SBF, it has béeund that within the investigated period
of 21 days HAp was formed due to cortaith SBF only on the surface of the A2
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material, which is characterized by the highest CaQ:&ifb. At the same time, only

in A2 layers a considerable solubility of Ca in SBF was observed. Thus, it can be
assumed that an appropriate level of caicaolubility, determined by the value of the
Ca0:SiqQ ratio in CaO-BFOs—SiO;, gel-deriveccoatings, is the factor that determines
the ability of HAp to form on the surface. éardingly, it can be expected that coat-
ings with appropriately high CaO:Si@atios can be bioactive. This statement, how-
ever, needs to be verifiediinvitro conditions.

At the same time, oun vitro study identifies the bioactive gel-derived A2 mate-
rial to potentially support the growté osteoblast differentiation of human bone
marrow stromal cells. Surfaces coated with A2 sol-gel glass were found to permit
the adherence, proliferation, and differetitia of hMSC at levels comparable to
those seen for tissue culture plastics. lkenmore, the A2 glass induces the expres-
sion of both osteopontin, whigiromotes the migration of osteoblast precursors, and
RANK-L, which induces the differentiation okteoclast precursors. Our data indicate
that those MSC that exhibit increased ALP levels are the same cells that show
elevated RANK-L levels. There may be, however, an inverse relationship between the
levels of ALP and RANK-L. The ability to promote both osteogenesis and osteoclas-
togenesis may facilitate not only new bonenfation, but also the subsequent remod-
elling of the new bone. Since hMSC are believed to be stem cells that play a key role
in providing new osteoblasts for bone repair and remodelling, A2 gel-derived glass is
significantly promising as a coatirfigr orthopaedic and dental implants.

5. Conclusions

The bioactive properties of CaO2-SiO, gel-derived coatings, determined on
the basis of HAp surface crystallization capability caused by contact with simulated
body fluid (SBF), are determined for different CaO:Si@tios. The increase of CaO
content at the expense of Si@ads to a higher solubility of Ca in SBF gmdmotes
the surface crystallization of HAp.

The material for which the surface crjybtation of Hap occurs as a result of
contact with SBF, promoteboth osteogenesis and osteoclastogenesis, which may
facilitate the formation and remodelling of the newly formed bone.
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The effect of heat treatment of TiO, coatings
obtained by the sol-gel method
on the corrosion resistance of chromium steel
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The corrosion resistance of chromium steel without coating and with a four-layer one-component
TiO, coating has been examined in acidic sulphatic solution at pH 3.0 and the temperatt®& 2f@5
TiO, coatings were obtained by the sol-gel method. sH{O), (tetraisopropyl orthotitanate) was used as the
titanium precursor. Chromium steel was coated with the dip coating method. The structure and phase compo-
sition of the TiQ coatings were determined from X-ray diffraction data. The topography ofchiings
before and after corrosion tests was examined by scanning electron microscopy. The protective effect of one-
component coatings was evaluated based on polarization curves. The heat-treating of the coatings influ-
ences their protective properties. In the solution examined, the best protective properties exhipited TiO
coating (4 layers) heat-treated at 500 °C for 10 minutes.

Key words:sol-gel method; potentiodynamic curves; X-ray diffraction; TiO,; stainless steel

1. Introduction

TiO, is a ceramic material that can be deposited in layers on different metallic
substrates. TiQlayers are hard and chemically resistant and also possess a high di-
electric constant and a high index of refime. Thus, they are widely applied in elec-
tronics and optics [1-4]. They are also ugethe form of coatings as corrosion pro-
tection and wear-resistant matesialhe most common methods of Fid@position
are CVD and PVD [5-7]. The sol-gel e, however, is also used to obtain JiO
layers [8-12].

"Corresponding author, e-mail: ewas@mim.pzest.pl.
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Grain boundaries have crucial influenge the final properties of ceramic sys-
tems, regardless of the method by whichy are obtained. Grain boundary properties
are in turn defined by the porosity andysmation of impurities. The structure and
composition of grain boundaries have griédiluence on surface properties. This is
directly connected to surface functionabjperties such as corrosion and wear resis-
tance. Porosity as well as pores size depend on many mutually dependent factors, i.e. the
precursor used, the pH of the solution, ¢agalyst used, the solvent, time and tempera-
ture, reactor type, and finally component camtration in solution. One of the ways to
achieve smaller pore size is to mix reatsamy means of ultrasounds [13]. The pore
volume (porosity) of coatings obtained by the sol-gel method may vary between 0 and
65%, pores size between 0.4 and 5 nmd, the specific surface between 1 and 25@ m
[14, 15]. The sol-gel method enables precatrol of the microstructure of the depos-
ited layer, i.e. the control over pore size and volume as well as specific surface.

Research conducted to date by the astlib—19] has shown that a considerable
improvement of the corrosion resistance of chromium steel can be achieved by using
a protective oxide coating produced by the sol-gel method.

2. Experimental

One of the steps of the sol-gel methodigh-temperature treatment of oxide coat-
ings. The steel substrate might show a plrasesition during this operation if iron steel
is used. To avoid it, chromium steel (adification of AlISI 403)was chosen. The addi-
tional elements — molibdenium and vanadi(absent in AlSI 403) — stabilize the pre-
cipitated carbides, making the steel moragerature-resistant. The chemical composi-
tion is given in Table 1. Samples were in the form of discs 12.0 mm in diameter and
1.0 mm thick. Before coating, the surfaces were ground with emery paper #1000, rinsed
with distilled water, and degreased wittrdehloromethane in an ultrasonic washer.

Table 1. Chemical composition of the stainless steel used (% w/w)

C Mn Si P S Cr Ni Mo \% w Cu

0.12 0.51 0.35 0.026 0.02¢ 42.| 0.43 0.11 0.04 0.13 0.12

To obtain the Ti@sol, a solution containing 6.0 érof tetraisopropyl orthotitan-
ate Ti(GH,0), and 45.0 crhof anhydrous ethanol wasegs to which a solution con-
taining 6.0 cm 30% (m/m) of hydrous acetic acid and 45.G afanhydrous ethanol
was added during stirring. The solution obtdirveas left in a closed vessel to age.
After 3 to 5 hours, the solution became turbid, yielding 2.0% (m/m) of 3aD The
hydrolysis of tetraisopropyl orthotitanate proceeds as follows:

T|(C3H70)4 + (2 +n) Hzo — TiOZ'nHzo + 4GH,OH (1)
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The viscosity of the solution at 20 as 3.4-3.5 cP, as measured with a Hoppler
viscosimeter.

Films were deposited on the samples by dip coating. First, the sol was homoge-
nized for 45 minutes in an ultrasonic washer, then the samples were dipped in the sol
for 2 minutes in order to establish the equilibrium at the boundary of the sub-
strate/solution phases. The dipping anithdrawing of samples was performed at
a constant rate of 1.0 mm/s. The samples were then képt 25 °C for 24 hours
and heat-treated in an electric furnaceatied to a maximum temperature of 300 °C,
400 °C,500 °C, or 750 °C at a rate of 2.0 °C/naind kept at that temperature for 10
minutes. The process was repeated 4 times. Each following layer was deposited on
a previous one heat-treated at the ssangperature. For comparison, uncoated steel
was examined in the same conditions.

X-ray diffraction of TiQ coatings was performed with MRD-Philips equipment
(Materials Research Diffractometer), with a parallekCheam falling on the layer at
a constant angles = 4°). The intensity of the diffracted beam was measured within
the angle range @ = 20-100°. In the analysis of the experimental data, the PC-
Identify program was used. The program was linked to the crystallographic database
“Database — PDF1". Phase idertiftion was done by comparing tBe diffraction
angle values and the reflex intensity (I) pd®d by the X-ray diagrams with the table
data included in the ,PC-Identify” program.

Electrochemical examinations were alperformed. Polarization curves were
measured in a conventional three-electriormostated system at 25+0.2 °C. In the
potentiodynamic tests, a platim electrode was used as an auxiliary one and a satu-
rated calomel electrode (SCE) as a refezemge. An analysis of the dependence of
current density on the potential applied in acidic sulphate solution (pH 3.0) was per-
formed by means of an automated meagusiystem consisting of an EP-20 potentio-
stat, an EC 20B generatar 5D logarithmic amplifier (ELPAN, Poland), and a system
for signal recording (AMBEX, Poland) coreted to a PC. The potential was changed
from cathodic to anodic values with respecSIBE at a small rate (1.0 mV/s), since
the passivation process is typically slow.

For the polarization curves of uncoataad untreated chromium steel, 10 repeti-
tion scans were carried out, while 3 repetitions were performed for uncoated and heat-
treated as well as for coated and heaaéted chromium steel. Differences between
repetitions for the same type of samples did not exceed 5%. In some cases, when dif-
ferences were bigger, additional repetitions were carried out.

The surface topographies of coatingpatted on chromium steel were obtained
using a JEOL JSM-5400 scanning micize before and after the experiment.

3. Results and discussion

The main objective of the X-ray analysis was to determine the structure and phase
composition of TiQ coatings. X-ray diagrams are shown in Fig. 1. Significant re-
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flexes are visible. Those due to the stedistrate are marked with asterisks and those
caused by the Tigayer with arrows.
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Fig. 1. X-ray diffraction of TiQcoatings on chromium steel coatings heat-treated at:
300°C, 400°C, and 500°C a coating heat-treated at 78D

As far as the the phase structure is eoned, the coatings heat-treated at 300 °C,
400 °C, and 500 °C (Fig. 1a) are identical, i.e. they all possess the crystallographic
structure of anatase (ASTM identificatioard 21-1272). As the heat-treatment tem-
perature rises, however, an increase of the reflex intensities can be observed (Fig. 1a).
The TiQ, coating heat-treated at 750 °C (Fldp) exhibits the crystallographic struc-
ture of rutile (ASTM identification card 21-1276) as well as weak reflexes originating
from another phase, which cannot be identified due to their low intensity.
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In order to determine the anticorrosieffectiveness of coatings, potentiody-
namic polarization curves in an acidiclghatic solution with pH 3.0 were meas-
ured (Figs. 2-5).

The analysis of the curves for uncahtgeel indicates that the cathodic oxygen
reduction takes place at a slower rate on heated than untreated steel. During the
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Fig. 2. Polarization curves recorded for chromium steel (uncoated and untreated, uncoated and
heat-treated at 30, TiO,-coated and heat-treated at 3@) in a sulphatic solution with pH 3.0

10' |
=
Q
< 0
£ 10F
=
3
c
o]
e}
= 10'F
o
5
2 0 i ——AISI 403

107 | " ——— AISI 403 400 °C/10 min

F Y e AlSI 403 + TiO,
' 400 °C/10 min
1 " 1 N 1 " 1 1 1 N 1

-1.0 0.5 0.0 05 1.0 15
Potential (SCE), V

Fig. 3. Polarization curves recorded for chromium steel (uncoated and untreated, uncoated and heat-
treated at 400C, TiO,-coated and heat-treated at 4@) in a sulphatic solution with pH 3.0
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Fig. 4. Polarization curves recorded for chromium steel (uncoated and untreated, uncoated and
heat-treated at 500, TiO,-coated and heat-treated at 5@) in a sulphatic solution with pH 3.0
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Fig. 5. Polarization curves recorded for chromium steel (uncoated and untreated, uncoated and
heat-treated at 75, TiO,-coated and heat-treated at P& in a sulphatic solution with pH 3.0

steel heat-treatment in air, chromium spiappears on its surface. Its general formula
is FeFe.CrO,4, wherex represents values close toZD]. It is therefore highly prob-

able that the chromium—iron spinel tre steel surface slows down cathodic reduc-
tion. Heat-treatment temperature has dluémce on steel behaviour in the corrosion
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solution. A decrease in the cathodic and anadirrent density is observed when the
steel is heat-treated at 500 °C or 750 T@e best corrosion resistance was shown by
steel heat-treated at 750 °C and theswby steel heat-treated at 400 %3 can be
seen in Figures 2-5, Ti@oatings also slow down tleathodic processes, the most
effective being observed for the layer heat-treated at 50Bd1Ccoatings heat-treated
at 300°C or 400°C (Figs. 2 and 3), deterioration the passive state properties is ob-
served. On the other hand, a considerdglerease in both cathodic and anodic cur-
rent density could be achieved for coatitgsat-treated at 500 °C or 750 °C, and the
speed of the anodic process decreasedfagtar two at the ahodic-anodic transition
potential as compared to the steel substrate.
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AIS| 403 A B c D
Sample

Fig. 6. Comparison of the polarization resistaRgef a) coated and uncoated AISI 403:
A) coating heat-treated at 360G, B) coating heat-treated at 490, C) coating heat-treated at 5TD,
D) coating heat-treated at 750; b) treated and untreated AlSI 403 steel: A) steel heat-treated 4300
B) steel heat-treated at 400, C) steel heat-treated at 58D, D) steel heat-treated at 75D
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A larger decrease in Ti&oating corrosion speed wheealrtreated at 750 °C is diffi-
cult to obtain since the coatings are porouselvhigher heat-treatment temperatures are
applied, an increase in the,Oxcrystalline layer on the border of steel/coating phases was
observed, increasing the number of cegatoduced at lower temperatures.

To evaluate the quality of the do®s, the polarization resistan&g was deter-
mined. Experimental points close to thathodic-anodic transition potential were
used. In are—i plot, they form a straight line, whoseogk is directly connected to the
polarization resistanc&/alues ofR, were determined using linear regression (Fig. 6).
A change in the heat-treatment temperatfréhe coatings causes alterations in the
polarization resistance of 81 403 steel with coatings. From Fig. 6 it can be con-
cluded that the heat-treatment temperatfrdiO, coating influences its protective
properties. This is due to the removal gfHandROH, as well as to the densification
of the gel structure. The best protectimmperties were shown by coatings heat-
treated at 500 °C and the worstdmatings heat-treated at 300 °C.

y
’ l !
. Sum ©30107

-]

Fig. 7. The microstructure of Ti&oating on chromium steel: a) heat-treated at°8)0
b) heat-treated at 50C, c) heat-treated at 30C after corrosion tests in a sulphatic solution
with pH 3.0, d) heat-treated at 500 after corrosion tests in alpbatic solution with pH 3.0

Coatings heat-treated at 300 °C or 500Weére subject to microscopic examina-
tion before and after corrosion tests. Duehtir relatively small thickness, the coat-
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ings reflect irregularities and scratches on the substrate resulting from the use of
sandpaper (Figures 7a and b). The coating heat-treated at 500 °C showed the same
thickness on the entire substrate surfadg. (Rb). After the corrosion test performed

in a sulphatic solution witlpH 3.0, the coating partially dissolved but preserved its
continuity. The coating heat-treated 300 °C shows local discontinuities (cracks)

(Fig. 7a), which may be due to the heattmeent process. After the corrosion tests,
considerable losses were observed (Fig. 7c)tdw@efast dissolution of the coating at

the cracks. The coated substrate heatdrbat 300 °C shows a significantly higher

level of corrosion than that heae#ited at 500 °C (Figs. 7¢ and d).

It is therefore necessary to improve or to modify the sol-gel method used to obtain
TiO, coatings. Such coatings are porous dadot protect the metallic substrate from
water and oxygen penetration, althougbrmal treatment leads to a certain decrease
in porosity.

4. Conclusion

TiO, coatings have been deposited on chromium steel by means of the sol-gel
method. These coatings improve the corrosigistance of steel in acidic sulphatic
solution with pH 3.0, but the protective profes of the coatings depend on the heat-
treatment temperature. This is due to the vaporization,6f #hd ROH and to the
densification of the gel structure. Thmest protective properties were shown by
a four-layer TiQ coating heat-treated at 500 f@ 10 minutes. The temperature of
heat-treatment of steel algdluences its behaviour in the corrosion solution. The best
corrosion resistance was found for AISI 4€t8el heat-treated at 750 °C for 10 min-
utes.On the basis of X-ray diffraction, thersttures and phase compositions of the
investigated oxide coatings were obtained. ;Té@ating produced at 750 °C exhibits
a rutile crystallographic structure. Coatirfgsat-treated at lower temperatures, on the
other hand, show an anatasgstallographic structure.
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Samples of xerogels containing organic polymers were prepared by the sol-gel method eéa-the r
tion of tetraethoxysilane (TEOS) and organic monomers with an acidic catalyst. These materials were
obtained as transparent and homogeneous bulk materials. The samples were characterized by Raman and
IR spectroscopies, Madsorption (77 K), and atomic force microscopy (AFM). Specific surface areas and
porosities of the samples were estimated from nitr@gimorption-desorption isotherms at 77 K. Textural
properties such as specific surface ar&€sr), pore volume\(,), average pore sizeRj), and micropore
volume {/pr) were obtained. The complete adsorption-desorption isotherms and pore size distributions
were analysed following the Dollimore—Heal method. Atomic force microscopy was used to investigate
the morphology and roughness of the samples.

Key words:organic-inorganic polymer hybrid materials, sol-gel process, photo-polymerisation, organi-
cally modified silicates, porosity, roughness

1. Introduction
Organic-inorganic polymer Hyids are a new type of composite materials, in
which the organic and inorganic components @mbined at the molecular level [1].

There has been much research on the apigicaof these hybrid materials as func-
tional coatings on glass, ITO (indium-tin dg)), and polymer subrates (bulks, pow-

"Corresponding author, e-mail: krzysztof.maruszewski@pwr.wroc.pl.
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ders, and fibres). In particular, thesgamic-inorganic polymehybrids could poten-
tially yield transparent, abrasion-resistamterials. They possess interesting proper-
ties such as molecular homogeneity, sgarency, flexibility, and durability. Such
materials could be employed in various laggtions, e.g. solid state lasers (optical
components), replacements for silicon dioxidean insulating material in the micro-
electronic industry, anti-corrosion coatingstasch resistant coatings, contact lenses,
host materials for chemical senspgand membrane materials [2—7].

In these organic-inorganic polymer netk®yformation of an inorganic network
occurs through sol-gel processes [8].eTbrganic phase of the organic-inorganic
polymer hybrid is synthesized “in situ” liquid hydrolysed silica. The sol-gel method
is widely used to prepare hybrid matesiadince it has the advantage of being a low-
temperature process and potentially givimghly homogeneous nanomaterials. The
chemical reactions involved indtsol-gel process are as follows:

| hydrolysis |
—Si— OR + HOH —Si—OH + ROH
| esterification |

| | water condensation | |
— Si—OH + —Sj— OH —Si— O —Si— + HOH
| | hydrolysis | |

| | alcohol condensation | |
— Gi— OH + —Si—OR —Si— O —Si— + ROH
| | alcoholysis | |

During these reactions, the hydrolysiglacondensation of metal alkoxides (based
on, e.g., Si, Ti, V, or Zr) such as tetfa@tysilane (TEOS) takes place and a network
is formed in the process. During the bdild of the inorganic network, appropriately
functionalised organic (or organic-inorganimpieties can also be incorporated. This
method can lead to either an alloy-like nnetle(if a molecular dispersion is obtained)
or a system with a morphology definedthg presence of several microphases [1].

Mechanical durability and reliability belonp the most important features of
these materials. Thus, it is practically imjamt to characterize and, if possible, con-
trol and improve these properties. The retévaechanical parameters are: hardness,
elastic modulus, residual stress, fractuneghness, and interfacial fracture toughness
(or adhesion energy) [9]. For certain maikriit is also possible to measure such
properties as surface roughness and porosity.

Surface roughness is of crucial importanioe applications in many fields
[10-12]. Multilayer coatings prepared from sol-gel films over polymeric substrates
have found use in areas such as phopdgraradiography, holography, reprography
(materials for printers and photocopiers), aptical or protective coatings [8]. Most
of these materials must have a specific surface roughness in order to guarantee
optimal adherence for retaining various active agents (e.qg., inks) [13].
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Porous materials with controlled porositythe micropore (<2 nm) and mesopore
(2-50 nm) ranges have received great attention due to their potential use as filters and
sorbents in separation systems, catalgtipports in full cell electrodes, as well as
double layer supercapacitors for energyager Numerous techniques for preparing
micro- and mesoporous materials canfdund in literature [14—18]. The preparation
of micro- and mesoporous silica using orgaagents as templates is a good example.
By means of this technique, it is possibletiain porous materials with large surface
areas, high porosities, and controlled narppove size distributions (PSDs) in the
micro-and mesopore ranges.

The preparation of these materials considtthree stages: (1) the infiltration of
the porous structure of inongia materials (templates) lmrganic components, (2) the
polymerisation of the infiltrated materiak8) the elimination of templates [19]. The
procedure of core/template removal by gations was first introduced by Kawaha-
shi and Mitijevi during their search foroduce hollow spheres from yttrium com-
pounds [20]. There exist many examplegdeshplates employed in inorganic materi-
als, which are usually SO TiO,, or other common oxides. Synthetic polymers,
surfactants, organogels, carboanotubes, or organic crystals and biomaterials have
been used successfully as templates [21].

In this work, following our preliminaryeports [22], we present hybrid organic
-inorganic materials of the interpenetratestwork (IPN) character. The relationships
between the synthetic process and the takfpmoperties of the sol-gel materials are
discussed as well. The obtained matertadse been investigated by spectroscopic
(IR, Raman), microscopic (AFM), andtnogen adsorption-desorption techniques.

2. Experimental

2.1. Synthesis

The syntheses of silica-based organic-gramic polymer hybrid xerogels were car-
ried out in ethanol solutions by comimg the sol-gel [8] and organic photo-
polymerisation [24] methods [22]TEOS (tetraethoxysilane, Si(Gids);, Sigma
-Aldrich) was mixed with distilled water with hydrochloric acid (H¢Polish Chemi-
cal Reagents) as a catalyst. The reagent molar ratio TEOSvES 1:16. The solution
was stirred for 1 hour at room temper& The organic monomers, acrylamide
(CsHsNO) or 2-hydroxy-ethylmethacrylate {&,,0;, HEMA), and the photo-initiator,
benzil (G4H100,), were purchaseffom Sigma-Aldrich. The monomers and the initia-
tor were introduced to the liquid hydrolyssiticate solutions. The molar ratios of the
components are presented in Table 1. ¢bmpositions of silica/organic monomers
were irradiated by UV light (a Hg lam@PTEL Opole, Polandjt room temperature
for 5 h [24].
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Table 1. Molar ratios of the components

Molar ratio
No.
TEOS Acrylamide HEMA Benzil
1 1 - - -
2 1 - 0.3 0.0025
3 1 0.3 - 0.0025
4 1 0.15 0.15 0.0025

2.2. Characterisation

Raman spectra were measured onak8r RFS100/S FT-Raman spectrophotome-
ter. IR spectra were measured on alRTBiorad FTS 575Gpectrophotometer. The
morphologies and structures of the materiakre characterized by an Atomic Force
Microscope (DME Rasterscope 3000). Teeghness of the orge-inorganic poly-
mer hybrid samples were calculated using the European/Polish Norm ISO 4287:1997
[25]. The roughness scaling characteristics whrermined by statistical analysis of
the AFM surface images using homemade scaling analysis software. The specific
surface areas and porosities of the samples were obtained from nitrogen adsorption
-desorption isotherms measured on a gwonatic 1900 FISONS system at 77 K. The
samples were evacuated at 2@0(using a rotary pump) in order to remove the liquid
from the pores. The pore size distributiomere analysed following the Dollimore
—Heal method [26]. For microporous matesjahe specific surface areas and micro-
pore volumes\(pr) Were calculated by the Dubinin method [27]. Pore voluig (
was calculated from the adsorbed volumeg/p = 0.95. Pyrolysis of the organic
-inorganic polymer hybrid samples was performed at®@DQnder oxygen flow (heat-
ing rate = 5°C/min). In order to remove residual water, alcohol and all organic com-
ponents from the silica glass, the inorgaiiica sol-gel polymers were heat-treated at
600°C, 750°C, 900°C, or 1050°C under oxygen flow (heating rate was&1min).

The porosities of all the organic-inorgamiclymer hybrid samples and the inorganic
silica polymer were also measured before and after calcinations.

3. Results and discusion

FT-IR and FT-Raman spectra of the Za@rylamide polymer hybrid (a), the
SIO/HEMA polymer hybrid (b), and the Sifacrylamide—HEMA copolymer hybrid
(c) are presented in Figs. 1 and 2, retipely. FT-IR and FT-Raman spectra (not
shown) were obtained amtmpared for the pure Sji@ample and the independently
made organic polymers andpgolymers as well as for the free organic monomers. The
analysis of these spectra is described in [22].
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Fig. 1. FT-IR spectra of SiZacrylamide polymer Fig. 2. FT-Raman spectra of Siécrylamide polyme
hybrid (a), SIQIHEMA polymer hybrid (b), hybrid (a), SIFHEMA polymer hybrid (b), and
and SiQ/acrylamide-HEMA copolymer hybrid (¢)  SiOJacrylamide-HEMA copolymer hybrid (c)

The surface texture is defined as the local deviation of a surface from its ideal
shape. The deviations may be repetitive or random and may result from roughness,
wavinessJay, and defects. Roughness comes from the finer irregularities of the sur-
face, usually including those that resfittm the inherent action of the production
process [28, 29]. Porosity is defined as thigo of the void space volume to the bulk
volume of a sample (expressed as a fraction or percentage) [27].

AFM was used to measure the surface hmags of the organic-inorganic polymer
hybrid samples. Parameters such as the roughness avBgge@t mean square
roughness R;), maximum profile peak heighR(), maximum profile valley depth
(R), and average maximum height of the profiR),(obtained from these images, are
listed in Table 2R, andR, are two of the most often used parameters concerning
surface roughness [30, 31].

The average roughneBsis defined as:

1 L
== 6ﬂY(X)|dX (1)

where: R, is the arithmetic average deviation from the mean line,the sampling
length,Y — the ordinate of the profile curve.
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Table 2. Roughness parameters

. . Sio,
SiIo, SiIo, .
Name . Ipoly(acrylamide
Ipolyacrylamide | /polyHEMA “c0-HEMA)
Average roughnesR, (nm) 0.707 4.002 4.442
Root mean square roughndgg(nm) 0.956 5.122 5.555
Maximum profile peak heighR, (nm) 4.649 17.055 22.235
Maximum profile valley depttR, (nm) 3.335 14.858 13.329
Average maximum height of the profil, (nm) 7.984 31.914 35.564
Percentage distribution of the heighi{%6) 38.2 26.2 26.4
Material ratio of the profil& s, (%) 100 100 100

Fig. 3. AFM image (a), height distribution profile 1
of surface roughness (b), anth#ott—Firestone

Rz [nm]

Rz [nm]

curve (bearing ratio analysis) (c) of a sample 0

silica/acrylamide polymer hybrid

The parameteR, is defined as:

10 60
Rmricr] [%]

g0 100
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1%
R, = /onv(x) dx )

Ry is the root mean square average of the measured height deviations, taken within the
evaluation length or area and measured from the mean linear siRfaepresents

the standard deviation of the profile hemlaind is used in the computation of skew
and kurtosis.
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Fig. 4. AFM imagga), height distribution profile ¢

surface roughness (b), ant#ott-Firestone curve

0 90 40 6O 80 100 (bearing ratio analysis) (c) ofsample silica/HEM/
Rmr(cr) %] polymer hybrid

Figures 3a—5a show the topographiesyithetic organic-inorganic polymer hy-
brids obtained by the sol-gel method. It can be seen that the AFM images of
polysilica/polyHEMA and polyi§ica/poly(acrylamide-co-HEMA) are a little different
from that of polysilica/polyacrylamide. Th&FM pictures demonstrate that the crea-
tion of polyacrylamide “in situ” in the siliceatrix results in a surface less rough than
that obtained by addingther organic polymers.
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Figures 3b-5b show the height distrilomtiprofiles of surfaces roughness. The
histograms of the surface height distdion profiles, obtained from AFM images,
show that all of the organic-inorganic poler hybrid samples have surfaces with
irregularities of quite small height. In the cases of polysilica/polyHEMA and
polysilica/poly(acrylamide-co-HEMA), the figest observed heights were 15 nm and
11 nm, respectively. The sample of polysilica/acrylamide displays an even smaller
amplitude of the irregularities — 3,5 nm. This trend is also followed by the widths of
irregularity height distribution peaks. &@hsample of polysilica/acrylamide displays
a distribution peak much narrower thtdrat of polysilica/polyHEMA and polysilica
/poly(acrylamide-co-HEMA) samples.

Rz [nm]

36

kil

27

22

Rz [nm]

k]

Nn

27

22

Fig. 5.AFM image (a), height distribution profile

surface roughness (b), antidott-Firestone curve

0 20 40 &0 80 100 (bearing ratio analysis) (c) of a sample sil-
Rmr(cr) [ ica/acrylamide-HEMA copolymer hybrid

Figures 3c—5c show bearing ratio analysgedearing ratio analysis indicates the
percentage of a surface that falls aboviedlvea particular depth. The material ratio
Ru(e IS the ratio expressed in percent o thaterial-filled length to the evaluation
lengthl, at the profile section level c:

R [a] =i(l_1+L2 +...+ Ly ) x 100% )

m
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The material ratio curve (thebhott—Firestone curve — AFC) shows,[«] as
a function of the profile section level the Abbot-Firestone curve plays an impor-
tant role in contact mechanics and wettfdn applications. Based on Figs. 3c-5c, it
has been found that about 50% of the mat@mialch sample resides in medium-sized

surface irregularities.

Table 3. Analysis of porosity

Sample SgeT vV, R, Vpr Class

(obtained by the sol-gel method) [m%g] | [mi/g] | [nm] | [ml/g] of the pores
Sio, 190 1.32 8.5 0.08| meso
Si0, (600°C) 196 1.02 19 0.08| meso
Si0, (750°C) 74 0.24 23 0.03| meso
SiG, (900°C) 83 0.27 22 0.03| meso
Si0O, (1050°C) 118 0.69 15 0.045 meso&macro
SiO./polyacrylamide 17 0.02 - - -
SiO,/polyacrylamide (600C) 534 0.27 <2 0.19 | micro
SiO./polyHEMA 7 0.01 - - | -
SiO./polyHEMA (600°C) 682 | 0.29 <2 0.24 | micro
SiO./poly(acrylamideco-HEMA) <1 - - - -
SiO./poly(acrylamideeo-HEMA) (600°C) 805 0.34 <2 0.29 | micro

Table 3 and Figures 6, 7 summarize the ptraelated data for silica heated at
different temperatures and the organic-gaoric polymer hybrid. As can be seen, the
sol-gel SiQ sample, heated at all temperatures, is mesoporous and the isotherm
resembles the IUPAC type IV [26] class#iion with a closed and well-defined hys-
teresis loop. On the other hand, the hyls@gnple is not porous before calcination.
After the burnout of the organic comporgnhowever, the sample becomes micro-
porous with an averag®, value smaller than 2 nm and a high specific surface area.
The isotherm curve (Figure 7) obtained for the calcinated hybrid sample follows the
IUPAC type | curve [26], indicating thmicroporous character of the sample.

The porosities of the polysilica samplesaafsinction of temperature are shown in
Fig. 6 and Table 3. It has been found that the porosity remains constant up°@. 600
This may be due to the reversible dehydroxylation. Further increase in temperature
within the range 600-90TC lead to a decrease in porosity. This may be due to irre-
versible dehydroxylation. Above 90, the densification process begins. It is en-
hanced by three mechanisms: condensativoctural relaxation, and viscous sinter-
ing. The effect of temperature on the pomediistribution (PSD) of xerogels for five
different temperatures is shown in the insert of Figure 6. It is clearly seen from this
figure that the pore size distribution for gtesilica (dried at room temperature) and
silica heated at 608C is narrow and uniform. This may be due to the elimination of
physically adsorbed species of waterdaorganic compounds through gel without
affecting the silica network. The figurd@ws that pores are uniform for particles
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heated at both temperaturéd. medium temperatures (75C and 900°C), the pore

size distributions are widend shifted towards larger pore sizes. At a higher tempera-
ture (1050°C), the PSD is uniform and narrow compared to the PSD at a lower tem-
perature (600C). It is interesting to note that the narrow PSD at the higher tempera-
ture is shifted towards smaller pore sizesisTi& due to the formation of a continuous
network, attributed to the condensationtleé silanol groups and leading to a com-
plete formation of Si—O-Si bonds. Heating xerogels above 1036d to the forma-

tion of a continuous Sihetwork without any porosity.

4. Conclusions

Organic-inorganic polymer lyids were investigated by FT-IR, FT-Raman, AFM,
and N-adsorption (77K) methods. AFM microgies of the organic-inorganic polymer
hybrid samples show that the obtaimadterials are homogenous. Based on the AFM
micrographs and the Polish Standards dedingi[25], it has been established that the
sample surfaces are randomly isotropic andatoexhibit periodicity or any other regu-
larity. The height distribution profile asurface roughness indicates that the greatest
contribution to roughness comes from profi@ith medium heights. The pore size of
the inorganic silica polymers can be contmllg varying the heating temperatures. The
template method can be used to premaicroporous silica of various specific surface
areas and pore sizes.
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Internal friction related to the mobility
of domain wallsin sol-gel derived PZT ceramics

ALDONA ZARYCKA*, RADOSEAW ZACHARIASZ, JAN |LCZUK, ARTUR CHROBAK

University of Silesia, Faculty of Computer and Materials Sciences, Department of Materials Science,
ul. Zeromskiego 3, 41-200 Sosnowiec, Poland

Internal frictionQ™ and Young's modulug were measured as functions of temperature for undoped
Pb(Zr 657193505 ceramics obtained by the sol-gel technique. Experiments were performed with a RAK-3
resonant mechanical spectrometer. HGE) curves show two anomalies associated with two peks,
and P, in theQ™{(T) dependence. Moreove®™(T) curves recorded for two different frequencies show
that thePr peak has a relaxation character. It was found that its activation energy and relaxation time
should be attributed to the interaction of domains with point defects.

Key words:sol-gel method; ferroelectric ceramics, PZT; internal friction; domain structure

1. Introduction

Lead zirconate titanate Pb(Zi,,)Os; ceramics (PZT) are one of the most com-
mon industrial piezoelectric materials: theme used as transducers between electrical
and mechanical energy in phonograph pick@stransducers, underwater sound and
ultrasonic generators, delay-line transducers, wave filters, etc. [1-3]. Generally, all
such applications require a high piezoaiectonstant as well as low electrical and
mechanical loss. Variations of internal fran and the elastic modulus as functions of
temperature and excitation frequency caovjate direct information on energy dissi-
pation in the material. For example, Postrilat al. [4] have shown that the internal
friction in PZT is not only associated wittomain walls, but alswith point defects.

The chemical composition and structurepiézoceramics, which can essentially
influence the stability of their parameters, ptayimportant role in the application of
piezoceramics. Changes in their real strugttexture, and properties are possible, for

*Corresponding author, e-madlzarycka@us.edu.pl.
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example, by inserting point structural defs. These defects can be the result of me-
chanical treatment of the ceramics, ireditin with molecules or photons with high
energy, or annealing in vacuum.

With their many applications and conltiog factors, PZT materials have been
subject to continuous research over thetgaw decades. In the present study, the
temperature dependencies of the internal fric@hand dynamic Young’s modulus
E of PZT 65/35 ceramics obtained the sol-gel method were measured.

2. Experimental

The technological process of fabricafifPZT ceramics consists of two basic
stages. The first is the preparationamhorphous nanopowders of the solid solution
Pb(Zr65Ti0.3503 by the sol-gel method, and the other is the consolidation of these
nanopowders and preparing fine-grained PZT ceramics by conventional ceramic sin-
tering (CCS). The powder was obtained bydducing lead in the form of trihydrate
lead acetate into the environment of therolcal reaction during the sol-gel process.
Titanium and zirconium were introduced in the form of aloxides, namely
Ti(OCH,CH,CHjy)4-titanium(lV) propoxide, and Zr(OCKH,CHjz)4-zirconium(lV)
propoxide. To dissolve all compounds and form a solutmpropanol was used.
Synthesis was carried out in an argon apm@re by heating the solution for 2 hours
below the solvent boiling point, forminglkoxide complexes. The by-product ob-
tained (propyl acetate ester) was removed from the solution by distillation. After cool-
ing the reaction mixture to room temperatunggropanol and acetyloacetone were
added. The mixture was then hydrolysem gttivate the hydrolysis reaction, distilled
water was used) and a colloid solution viasned. After a few minutes, the sol-gel
system was formed. The sol-gel derived powder obtained in this way was ground in
a mortar with the addition of a softeniagent, and annealed at 573 K for 2 hours.
The powder obtained after disintegrating #dmnealed pallets was mixed with liquid
paraffin and finally used for preparing the ceramic samples [5, 6]. Ceramic bodies
were fabricated by conventional ceramiasiesiing (CCS) [7], after which samples in
rectangular bars (80x1) mn? were received. The samples were annealed at
T =873 K fort = 4 h and then ground and polished. Electrodes were deposited on
their surface by the silver paste burning method.

The temperature dependenciesQf(T) andE(T) were determined while heating
at a constant rate of 3 K/min. Additionally, the temperature dependec{@s and
E(T) were determined at two different frequencies: 524 Hz and 555 Hz (at a constant
heating rate of 3 K/min.).

All measurements were done with a IRA resonance mechanical spectrometer
controlled by a computer [8]. In order quantify internal friction, a logarithmic dec-
rement of suppression was used:
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_1lnh
o= N In A, (1)
where: A, — the initial amplitude of deformatiory — the amplitude afteN vibra-
tions.
Young’'s moduliE were calculated from the resonance frequénggration of the
sample, measured simultaneously with iternal friction measurements, from the
dependencd:

I ¥m
E=94,6E{ﬁ] Tdf2 (2)

where:l;, h, b, andmy — respectively: length, thickness, width, and mass of the vibrat-
ing part of the sample.

3. Results and discussion

The crystal structure of PZT 65/35 samples was investigated by XRD using a Philips
PW 3710 diffractometer. Diffraction da(@able 1) were collected for@between 20
and 65 and Cuk radiation was used. Figure 1 shows the XRD pattern recorded for
a PZT 65/35 sample. PZT 65/35 piezocerarstitsws an XRD pattern typical of the
perovskite-type structure. No pyrochlore-type phase was observed. In general, the acti-
vation energy of nucleation for perovskite Pddcreases with increasing Ti content [9].
Therefore, the crystalline structure depestilengly on the composition ratio of Zr/Ti.

The structure was identified as a rhomboheRB8xah phase (space group number 160),
with the following parameters of the elementary @lk 0.5756 nmg, = 0.7058 nm. It
can be seen that PZT materials with the yekite structure were formed (a good corre-
spondence with the PZT phase diagram was found).

Figure 2 present®(T) andE(T) curves obtained for PZT 65/35 ceramics for five
heating cycles, with a temperature ramp of 3 K/min in vacuumE{Recurves show
two anomalies, callelg andMg. The minimumMg, is located at 385, 391, 395, 383,
and 379 K for the 1st, 2nd, 3rd, 5th, and 8th heating cycle, respectively. It is corre-
lated to a sharp internal friction peak calfgd TheMg anomaly in Young’s modulus
E and thePr peak are due to the phase transition from the rhombohedral to the cubic
(ferroelectric to paraelectric) phase.

In the Q(T) curve shown in Fig. 2, it is possible to divide the temperature range
according to the level of internal friction. From 293 K to 355 K, ®mains constant.
Above 355 K,Q " increases and thes peak is formed. Above 450 K3 increases
strongly up to a maximum at thi& peak (at the Curie temperature). In the paraelec-
tric region, the drastic decrease@mi reminds us that the mechanisms of energy dis-
sipation in the ferroelectric state are amagly linked to the motion of domain walls.
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The same shapes of tRe'(T) andE(T) curves are obtained for all five heating proc-
esses.

Table. 1. The Miller indices, pii®ns of diffraction peaks,
and interplanar distances for PZT 65/35 sol-gel ceramics

Indiceshkl 26 [deg] A [A]
101 21.810 4.07176
012 31.023 2.88032
110 31.049 2.87802
003 38.223 2.35271
021 38.265 2.35271
202 44.464 2.03588
113 50.034 1.82153
211 50.068 1.82037
104 55.173 1.66340
122 55.221 1.66207
300 55.237 1.66163
024 66.670 1.44016
220 64.728 1.43901
100
9&; | —— PZT65/35
=
3B i
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- o
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Fig. 1. X-ray diffraction pattern of PZT 65/35

Around thePg peak, a decrease in the background value of internal fri€idn
and a displacement of the temperature of Ragpeak towards higher temperatures
were observed for the 1st, 2nd, and 3rd cyoleleating. In the 5th and 8th heating
cycles, thePg peak moved towards lower temperatures.
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Fig. 2. Temperature dependences of the internal fri€id¢T) and Young's modulug(T)
obtained during five heating cycles, with a temperature ramp rate of 3 K/min in vacuum

From the above results concerning the peak temperature, the activation ldnergy
and relaxation timey of thePg peak are determined and shown in Table 2. According
to the Arrhenius equation, the relaxation time can be written as [10]:

r=1 exp(kH_T) 3)

where: iy — the inverse of the frequency factét,— the activation energk — the
Boltzmann constani, — absolute temperature.

The activation energy was obtained on Basis of the half width of the T)
curve:

~ 2. 63leT2

H= (4)
Tz _Tl

whereT, andT, are the temperatures ¢t/ 2)Qmax, respectively.
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Table 2. Activation energy and relaxation time of Bagrelaxation peak

Cycle
of heating Ter [K] H [eV] 7 x104s]
First 385 1.05:0.03 | (0.10t 0.06)
Second 391 | 0.93t0.03| (1.22+0.06)
Third 395 0.90t0.03 | (4.28t 0.06)
Fifth 383 0.85t0.03 | (8.13t0.06)
Eights 379 0.82t0.03 | (9.94+ 0.06)
020 —w—f=524Hz p
—o—f=555Hz £
0.16 |
_ 012
o
0.08 |-
0.04 |-
L M ]
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Fig. 3. Temperature dependences of the internal fri€¥d(T) and Young's modulug(T)
obtained for two different frequencies while heating with a temperature ramp rate of 3 K/min

For thePg peak, the magnitude of the relaxation ting% (0.1-9.94)10 s) is
coherent with a point defect relaxation and Byepeak could be due to interaction
between domain walls and oxygen vacancies, because the activation energy
(H = 0.82-1.05 eV) for the diffusion of oxygen vacancies in PZT materials is about
0.9 eV. The displacement of the temperature ofPhpeak towards higher tempera-
tures, observed for the 1st, 2nd, and 3rd eydf heating and subsequent displace-
ment towards lower temperatures for the 5th and 8th heating cycles is caused by the
interaction of the domain walls with poimtefects (oxygen vacancies), anchoring
them. It is confirmed that thié; peak originates from a thermally activated relaxation
process, and we think that the motiordofmain walls should have a dominant role in
the mechanism of the; peak in PZT 65/35 ceramics [11].
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To attain more evidence of the dependence oPgeak on oxygen vacancies, in-
ternal frictionQ™" was measured at two frequencies: 524 Hz and 555 Hz. The results
obtained with PZT 65/35 ceramicrsples are shown in Fig. 3. TI&T) curves show
the Mg andMg anomalies in the Young's modulus due to two peBksindPe, in the
Q(T) curves. During measurements at various frequencies, changes in the temperature
position of thePg peak were observed — a displacement of this peak from 385 K (524
Hz) to 393 K (555 Hz). Therefore, tify peak has a relaxation behaviour, because it is
frequency-dependent and related to oxygarancies and domain walls [12]. The nature
of the Py peak can be explained in terms of Postnikov’'s model, which involves interac-
tion between mobile poimtefects and stationary 98omain walls [4].

The Pr peak originates from a ferroelectrfraraelectric phase transformation, be-
cause no change in its position was observed with changes in the measurement fre-
guency. Only a rise in the: peak height with decreasing resonance frequency of the
sample’s vibrations were observed [13].

4. Conclusions

Two maxima of the internal friction we observed in the temperature dependen-
ces obtained for PZT 65/35 cerami€%;, connected with the transformation phase
and the relaxation maximum in the ferroelectric phHRseThe temperature displace-
ment of thePr peak’s position towards higher temperatures with an increasing reso-
nance frequency of the sample’s vibratisnggest a relaxation character of the peak.
ThePg peak could be attributed to the irgetion of domain walls and oxygen vacan-
cies, induced during temperature annealing in vacuum.

References

[1] JaFFeB., Cook W.R.Jr.,JaAFFEH., Piezoelectric Ceramics, Academic Press, London, 1971.
[2] SHEPPARDL.M., Silicates Industriels (Belgium), 58 (1993), 118.
[3] ARLT G., DEDERICHESH., Ferroelectrics, 29 (1980), 47.
[4] PosTNIKOVP.V.,PavLov V.S.,GRIDNEV S.A., TurKov S.K., Soviet Phys.-Solid State, 10 (1968), 1267.
[5] ZArYcKA A., ILczuk J.,CzEKAI D., Mat. Sci.-Poland, 21, (2003), 439.
[6] SurowiAK Z., KuPRIANOV M.F., CzekAI D., J. Europ. Ceramic Soc., 17 (2001), 1377.
[7] ZArRYCKA A., ZACHARIASZ R.,BRUS B., ILczuk J., Mol. Quant. Acoustics, 24 (2003), 255.
[8] ZAcHARIASZ R.,ILCczUK J.,CHROBAK A., Ceramics, 66 (2001), 710.
[9] WiLLEMS G.J.,WouTERSD.J.,MAESH.E., Integr. Ferroelectrics, 15 (1997), 19.
[10] Nowick A.S., BERRY B.S., Anelastic Relaxation in Crystalline Solids, Academic Press, Chap. 3,
New York,1972.
[11] CHENGB.L., GABBAY M., MAGLIONE M., JORAND Y., FANTOZZI G., J. Physique IV, 6 (1996), 647.
[12] BRus B., ZAcHARIASZ R.,ILCczuk J., Phys. Stat. Sol. (a), 201, (2004), 798.
[13] BouriM E.M., TANAKA H., GABBAY M., FANTOZZI G., Jpn. J. Appl. Phys., 39 (2000), 5542.

Received 16 July 2004
Revised 28 September 2004



166 A. ZARYCKA et al.



Materials Science-Poland, Vol. 23, No. 1, 2005

The sol-gel synthesis of bismuth titanate
electroceramic thin films

ALDONA ZARYCKA*, AGATA LISINSKA-CZEKAJ, JUSTYNA CZUBER,
ToMASz ORKISZ, JAN ILCZUK, DIONIZY CZEKAJ

University of Silesia, Department of Materials Science, ul. Sniezna 2, 41-200 Sosnowiec, Poland

The present study reports results of the synthesis of randomly oriented Bi4TisOq, (BTO) thin films by
a modified hybrid sol-gel process. Bismuth nitrate and titanium(1V) butoxide were used as the starting
materias. Crystalline films were deposited on silicon and stainless steel substrates by spin coating and
subsequently annealed at 650 °C. The structure of the films was investigated by X-ray diffraction. The
formation of a layered perovskite-like structure with orthorhombic symmetry was confirmed. Scanning
electron microscopy showed that the surfaces of the films were smooth, dense, and crack free. Conserva
tion of the chemical composition was confirmed by energy dispersive spectroscopy.

Key words: Bi,TizO,,; ferroelectric thin films; sol-gel method; X-ray studies

1. Introduction

In recent years, considerable attention has been devoted to the development of thin
film technologies for perovskitic materials due to their technically important proper-
ties [1]. Depending on the stoichiometry used, such materials exhibit ferro-, piezo-
and pyroelectric, or electrostrictive properties. Their composition can also be adjusted
to attain electronically conductive materials.

We will concentrate on thin films of materials from the Aurivillius family. Atten-
tion to the Aurivillius phases, which constitute a wide family of layered compounds,
has increased due to their potential use in electrooptic devices. They are generically
described as intergrowth structures of fluorite-like (Bi;O,)** units and perovskite-like
(An_1BOs:1)* Slabs, where n = 1-5 or 8 [2]. The 12-fold perovskite A sites can be
occupied by mono-, di-, or trivalent cations like Na* Ba®*, Ca®™*, Sr**, Bi**, and rare-
earth cations. The 6-fold B sites are usually occupied by smaller cations like Ti*,
Ta™*, Nb>*, and W®, leading to BOs octahedra[3].

' Corresponding author, e-mail: azarycka@us.edu.pl.
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Bismuth titanate Bi,TizOq, (BTO) was synthesized by Aurivilliusin 1949 [4]. Due
to its structural characteristics, BTO single crystals are strongly anisotropic in terms
of ferroelectric properties such as polarization and coercive field. The polarization
direction of BIT is 4.50 of its cell structure base plane, thus giving rise to a much
larger a-axis polarization (Ps = 45-50 uC/cm?) than c-axis polarization (Ps = 4.5
uClem?) [5]. If bismuth-layered perovskite films are to be used in ferroelectric thin
film capacitors with plane electrodes on the top and bottom (as in the geometry used
for dynamic random access memories), however, a polarization component oriented
normally to the electrode plane is essential. The preparation of randomly oriented thin
films of this family has thus become a challenging issue, since the anisotropy phe-
nomenon is expected to be critical for high-density devices [6]. Therefore, we concen-
trate on the growth of randomly oriented BTO thin filmsin the present study.

The idealized structure (space group (SG) [4/mmm; ar = 3.86 A and ¢t = 32.8A) of
the n = 3 Aurivillius compound Bi,TizO;, isshownin Fig. 1.

: 06% _0,063

-—OO

40‘99@*63

“ 99‘

o. 0
dﬁ fé\go Fig. 1. Half of the pseudotetragonal unit cell of Bi,TizO1,
© (for z=0.25-0.75): A —the perovskite layer Bi,Ti,O% ,
b Ti Bi O C —the Bi, 03" layers, B —the unit cell of the
e O O hypothetical perovskite structure BiTiO, (after [4])

Quite different chemical and physical methods have been used to deposit
Bi,Tiz0s thin films, e.g., RF sputtering, sol-gel processing, laser ablation, and metal-
organic chemical vapour deposition [7]. These methods are competitive and each of
them has advantages and disadvantages in terms of homogeneity, processing tempera-
tures, and processing costs.

Processing high-quality thin films requires low-temperature synthesis, high repro-
ducibility, simplicity in all processing steps, and low cost. Due to these requirements,
the search for new routes of films preparation remains an interesting and open subject,
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in order to improve the stability of complex solutions, enhance stoichiometry control
in film composition, or reduce the cost of the process.

In the presented research, we succeeded, using a hybrid sol-gel spin coating
method, in growing randomly oriented Bi4TizO;, thin films on silicon and stainless
steel substrates. Their microstructures, structures, and chemical compositions were
studied.

2. Experimental

A modified sol-gel process was employed to prepare Bi,TizO;, thin films. Bismuth
nitrate Bi(NO3)x5H,0, instead of bismuth acetate, and titanium(IV) butoxide
Ti(OC4Hg), were used as the starting materials [8]. Bismuth nitrate was dissolved in
2-methoxyethanol to form bismuth solution, while titanium(lV) butoxide was stabi-
lized by acetyloacetone to form titanium solution. An excess of 10% Bi was used to
compensate the evaporation of bismuth during annealing. Bi,TizO1, precursor solution
was then obtained by mixing the two solutions. After that deionised water was added
to this mixture while stirring. The advantage of using 2-methoxyethanol as the solvent
of bismuth nitrate in the present study (over the generally used acetic acid) is that it
dissolves bismuth nitrate at room temperature. After thorough mixing, the precursor
solution was used to deposit Bi,TizOs, thin films on silicon, glass, and stainless steel
substrates by spin coating at 3500 rpm for 30 s.

Amorphous films were kept in a preheated furnace at 350 °C for 5 minutes to re-
move the volatile organic components. The coating process (i.e., spinning — drying
— pyrolysis) was repeated up to 10 times. The as-deposited films were then hest-
treated at 650 °C for 2 hoursto form agood crystal structure[9].

The crystalline structures of the annealed thin films were examined by X-ray dif-
fraction (XRD) analysis, using a Philips PW 3710 X-ray diffractometer with CoK 1.,
radiation. Scanning electron microscopy (HITACHI S-4700-type microscope) was
used to study the surface morphology of the films. The stoichiometry of the films was
investigated using a chemical composition analysis system (EDS) of the VANTAGE
type. All characterizations were carried out at room temperature.

3. Results and discussion

The surface morphologies of the thin films grown on stainless steel and silicon
substrates are given in Fig. 2. Although the temperature of crystallization of the BTO
thin films was the same for both types of substrates (T = 650 °C for 2h), one can see
influence of the substrate on the crystallization conditions. We can conclude, how-
ever, that our modified sol-gel technique can prevent the formation of cracks and
yields homogeneous dense nanocrystaline microstructures, similar to those arising
from films prepared by the sol-gel technique elsewhere [10, 11].



170 A. ZARYCKA €t al.

BTOK2 20.0kV 11 Bmm x20,0K SE(M)

Fig. 2. Optica (a b) and SEM images (c, d) of the surfaces of BTO thin films
deposited on silicon substrates (a, ¢) and stainless steel substrates (b, d)

Point analysis of the chemical composition in micro—areas for BTO on stainless steel
substrates was done by EDS. The results of these measurements give the following
compositions of the thin films: Ti — 11.70 wt. %, Bi — 72.20 wt. %, O — 16.10 wt. %. On
the other hand, the results of theoretical calculations for stoichiometric BisTizOq,
give: Ti —12.26 wt. %, Bi — 71.35 wt. %, O — 16.39 wt. %.

The actual crystal structure of BTO was determined by Rae et a. [12] from single
-crystal XRD data. It was described as a commensurate modulation of an orthorhom-

bic average structure (SG Fmmm No. 69; agh = born = a2 and Com = Ciet) that leads
to a monoclinic system (SG Blal No. 7, non-standard setting of Plcl) with amo,
= 5:450(1)A, bron = 5.4059(6)A, Cnon = 32.832(3)A, and B = 90.00° (the non-conven-
tional B cantering is used for easy comparison with the parent 14/mmm prototype and
the a- and b-axis corresponding to the diagonal s a, b Of the parent structure) [13].
The XRD patterns of the produced BTO films revealed that good crystalline
BisTi30,, films were obtained (Figs. 3, 4). Careful examination of the XRD patterns
indicates that there is no preferred orientation for any sample. The lattice parameters
for Bi,Tiz0,, were calculated for the orthorhombic phase of bismuth titanate using the
Rietveld refinement [14] built into the computer program PowderCell 2.4 [15].
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Fig. 3. Results of X-ray pattern fitting for BTO thin films on silicon substrates

(circles—raw data points, the solid line — the best calculated profile according to the B2ch space group).
The trace at the bottom is a plot of the difference between the calculated and observed intensities
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Fig. 4. Results of X-ray pattern fitting for the BTO thin film on silicon substrates
(circles—the observed pattern, solid line — the cal culated pattern according to the Frmmm space group).
The trace at the bottom is a plot of the difference between the calculated and observed intensities

Two model structures were used, both of the orthorhombic symmetry, namely B2cb
(ICSD, data file No. 16488 [16]) (Fig. 3), and Fmmm (ICSD, data file No, 24735 [4])
(Fig. 4). Detailed information about the model structures is given in Tables 1 and 2,
whereas the details of the calculated X-ray spectraare given in Tables 3 and 4.
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Table 1. Parameters of the model structure used for XRD pattern fitting (see Fig.3)

Space group number 41

Space group B2cb

Cell choice 3

L attice parameters 5.4162 A, 5.4132 A, 32.9200 A
Angles 90.00°, 90.00°, 90.00°,
Atoms in asymmetric unit 10

Atomsin unit cell 76.0, 76 generated position
Volume of cell 965.18 A®

Relative mass of unit cell 4686.47

X-ray density 8.0628 g/cm®

Mass absorption coefficient 287.41 e/

Name | P. No. lon Wyck. X y z SOF B
Bil 83 Bi% 8b 0.0000 0.9978 0.0668 1.00 1.00
Bi2 83 Bi% 8b 0.9991 0.0199 0.2113 1.00 1.00
Til 22 Ti* 4a 0.5452 0.0000 0.0000 1.00 1.00
Ti2 22 Ti* 8b 0.0533 0.9990 0.3714 1.00 1.00
o1 8 o* 8b 0.2070 0.2220 0.9967 1.00 1.00
02 8 o* 8b 0.2640 0.2520 0.2507 1.00 1.00
03 8 o= 8b 0.0730 0.9750 0.4404 1.00 1.00
04 8 o* 8b 0.9600 0.9260 0.3185 1.00 1.00
05 8 o* 8b 0.2940 0.2850 0.1215 1.00 1.00
06 8 0> 8b 0.1590 0.2000 0.8690 1.00 1.00

Table 2. Parameters of the model structure used for XRD pattern fitting (see Fig. 4).
Space group number 69
Space group Frmmm
Cell choice 1
Lattice parameters 5.4238 A, 5.3941 A, 32.9400A
Angles 90.00°, 90.00°, 90.00°
Atomsin asymmetricunit | 9
Atomsin unit cell 76.0, 76 generated position
Volume of the cell 967.92 A3
Relative mass of unit cell 4686.46
X-ray density 8.0400 g/cm®
Mass absorption coefficient | 287.41 cm™/g

Name P. No. lon Wyck. X y z SOF B
Bil 83 Bi3+ 8i 0.000 0.000 0.933 1.0 0.00
Bi2 83 Bi3+ 8i 0.000 0.000 0.789 1.0 0.00
o1 8 02- 8e 0.250 0.250 0.000 1.0 0.00
02 8 02- 8f 0.250 0.250 0.250 1.0 0.00
03 8 02- 8i 0.000 0.000 0.564 1.0 0.00
04 8 02- 8i 0.000 0.000 0.692 1.0 0.00
05 8 02- 16j 0.250 0.250 0.128 1.0 0.00
Til 22 Tid+ 4b 0.000 0.000 0.500 1.00 0.00
Ti2 22 Ti4+ 8i 0.000 0.000 0.628 1.00 0.00
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Table 3. Details of the calculated X-ray spectrum (see Fig. 3)
Source X-ray, Co-K 142, 1.789007A, 1.792892A (el o4 = 0.497)
20 10.00-72.00°
Geometry | Bragg—Brentano, fixed slit, no anomal ous dispersion
Condition | |1 >5.00
hki 20[deg] dha [A] I [rel] [F(hkD] Mu FWHM
004 12.447 8.25150 6.32 212.07 2 0.4226
006 18.717 5.50100 13.10 463.21 2 0.4316
008 25.043 4.12575 7.84 485.16 2 0.4442
111 27.177 3.80728 26.20 483.32 8 0.4493
117 35.006 2.97418 100.00 1239.75 8 0.4716
020 38.533 2.71090 19.08 1203.63 2 0.4835
200 38.553 2.70959 19.59 1220.35 2 0.4836
0014 44.595 2.35757 12.10 1128.25 2 0.5067
028 46.510 2.26559 10.69 786.51 4 0.5148
208 46.526 2.26483 11.32 809.82 4 0.5149
220 55.648 1.91643 20.14 1323.89 4 0.5585
1115 55.906 1.90829 8.65 616.86 8 0.5599
0214 60.374 1.77895 10.15 1030.01 4 0.5847
2014 60.388 1.77858 10.14 1030.05 4 0.5848
137 67.444 1.61124 16.98 1062.95 8 0.6288
317 67.470 1.61069 16.78 1057.03 8 0.6290
Table 4. Details of the calculated X-ray spectrum (see Fig. 4).
Source X-ray Coy(i+2), 1.789007A, 1.792892A (/s = 0.497)
20 10.000-71.990
Geometry | Bragg—Brentano, fixed slit, no anomal ous dispersion
Condition [1>5.00
hki 20 [deg] A [A] I [rel.] |F(hk))]| Mu FWHM
004 12.472 8.23500 6.67 215.89 2 0.4941
006 18.754 5.49000 14.32 479.77 2 0.5018
008 25.094 4.11750 8.15 490.06 2 0.5128
111 27.236 3.79912 23.66 455.16 8 0.5172
117 35.082 2.96797 100.00 1228.71 8 0.5368
200 38.519 2.71189 20.31 1227.22 2 0.5470
020 38.739 2.69703 20.10 1228.61 2 0.5477
0014 44.689 2.35286 13.46 1179.69 2 0.5680
208 46.527 2.26480 12.39 837.43 4 0.5750
028 46.716 2.25612 12.32 839.18 4 0.5757
220 55.778 1.91232 24.60 1450.54 4 0.6150
1115 56.030 1.90441 7.55 571.01 8 0.6162
2014 60.440 1.77720 10.57 1040.81 4 0.6386
0214 60.598 1.77300 10.53 1041.89 4 0.6395
317 67.471 1.61066 17.15 1056.69 8 0.6791
137 67.770 1.60442 17.06 1058.57 8 0.6810
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The R-values of the Rietveld analysis obtained assuming the B2ch space group
are: R, = 27%, Ry, = 42.95%, R. = 5%, wheresas, the R-values for the assumed SG
Fmmm are R, = 26.82%, Ry, = 41.44%, Rey, = 5%. Although the numerical criteria of
the goodness of fit (i.e. the R-values) are very important, it is necessary to point out
that they do not fully reflect the quality of fitting. Graphical criteria such as plots of
the calculated and observed intensities and plots of their differences are aso neces-
sary. From the traces on the bottom of Figs. 3 and 4, one can see that there are no
gross errors of fitting, which might originate in bad scaling parameters, an incorrect
crystalline structure used for simulation, or incorrect elementary cell parameters.
However, one can see the “negative’ lines at the diffraction angle 26 = 35.0° and
260 = 38.5°. These “negative” lines may arise from the difference between the sup-
posed, pure stoichiometric chemical composition Bi,TizO;, (see Tables 1 and 2, col-
umn SOF) and the actual chemical composition of the grown BTO thin film (our BTO
films depart by 6% from the theoretical Bi/Ti ratio).

For the films crystallized on Si substrates at 650 °C for 2h, the calculated pa-
rameters were (for the expected SG B2ch): a = 5.416(2)A, b = 5.413(2)A, and
c = 32.920(0)A (Table 1), or (for the expected SG Fmmm): a = 5.423(8)A,
b = 5.394(1)A, and ¢ = 32.940(0)A (Table 2). These parameters slightly differ from
the values given in the JCPDS 12-213 data input for the single crystal(a = 5.41A,
b = 5.45A and ¢ = 32.84A). These differences may be attributed to the influence of
several parameters, such as the substrate, crystallization conditions, grain size, and
others. Depending on the substrate and growth conditions, undesired phases such as
BisTigOy,, Bi,TiO4, or Bi,O; sometimes occur [7]. It is important that for the films
studied in this work, only the single phase of Bi,Ti:O;,, grown at 650 °C, was been
observed.

The structural determinations presented above prove that the compound crystal-
lizes with the orthorhombic symmetry, as shown in Figs. 3 and 4. On the other hand,
the crystallization of BTO thin films in the SG Blal system (ICSD data file 70000
[12]) has not been observed.

4. Conclusions

Randomly oriented Bi,Ti30,, thin films were grown on silicon and stainless steel
substrates by sol-gel spin coating. Chemical composition microanayses carried out by
EDS showed the following stoichiometric errors: for Ti — 4.6%, for Bi — 1.2%, and for
O — 1.8%. It can be concluded that the processing route used for thin film fabrication
preserves the stoichiometry (a 6% departure from the theoretical Bi/Ti ratio). X-ray
diffraction analysis proved the formation of bismuth layer-structured BTO thin films
with orthorhombic structure. Preference is given to the Fmmm space group, due to the
smaller R-values obtained in simulations. No evidence of monoclinic Blal phases
was found.
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The results of these investigations suggest that our modified sol-gel technique can
prevent the formation of cracks and yields dense micro-structured perovskite-type
films on metal and single crystal substrates.
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Organic-inorganic hybrids have recently become a remarkable family opaoa polymer materi-
als with promising potential applications. In the present study, sol-gel derived organic-inorganic hybrid
electrolytes doped with lithium salts (LiCl, LiCiPwere produced from inorganic and organic precursors
such as tetraethyl orthosilicate, poly(ethylene oxide), poly(ethylene glycol), propylene oxide, propylene
carbonate, ethylene glycol, and 1,2-propylene glycol. The hybrid electrolytes were obtained in the form of
flexible or glassy materials depending on the composition and heat treatment temperature (ranging from
80 to 125°C). The morphology, structure and elemental chemical composition of the electrolytes ob-
tained were examined by scanning electron microscopy equipped with energy dispersive X-ray spectros-
copy (SEM/EDS), FTIR spectroscopy, and X-ray diffraction (XRD). Infrared spectroscopy and SEM
observation results indicate that the structural properties of the synthesized materials are significantly
influenced by organic additives and the sol-g&paration procedure. THermation of organic group
—O-Si linkages was confirmed by infrared spectrdlinfahe electrolytes obtained. The results of FTIR
analysis are in a good agreement wWith and'H MAS NMR spectroscopy measurements performed for
the hydrolysed sols immediately before the gel transformation process and at early gel stages. These
results have revealed an enhanced duration of the cross-linking process in the species prepared with low
molecular mass glycols. Cells in an electrochromic window arrangement were prepared in order to ob-
serve the photometric and cyclic voltammetry characteristics of thin-film electrochromic systems with the
investigated hybrid materials employed as electrolytes. The results indicate that the inorganic-organic
hybrids synthesized in this work are promising etdgtes for thin film eleabchromic systems based on
WO;.

Key words:organic-inorganic hybrid; sol-gel; ionic conductivity; Li*-conductive electrolytes
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1. Introduction

The development of high conductive solid electrolytes for applications in ad-
vanced electrochemical amgtoelectronic devices such as lithium rechargeable bat-
teries and electrochromic windows and digplahave recently focused extensive re-
search efforts on materials with higinic conductivity at low temperatures [1-4].

Polymer electrolytes based on complexes of poly-ethers with alkali metal salts and
especially poly(ethylene oxide) (PEO) which act as host matrices for lithium salts
have been extensively studied for suchligppons in light of their advantageous
chemical and mechanical resistance and leecontact with electrode materials.
The main disadvantage of using polymezctiolytes in electmic and optoelectronic
devices is their relatively high conteot crystalline phases resulting in low room-
temperature ionic conductivity. Low-tempéure ionic conductivity in polymers is
known to be almost exclusively dependentthe mobility of ionic charge carriers in
the amorphous regions and due to this, much research effort has been directed towards
the possible enlargement of amorphous plwasgent in polymer electrolytes [5-7].

In recent years, there have been reports on so-called composite polymer electrolytes
with ionic conductivity improved due to éhaddition of liquid plasticisers and/or
application of solid fillers, advantageousty the form of fine ceramic particles [8—

10]. Such modifications opolymer electrolytes morphology have proved to be an
effective way to suppress the tendency for crystallization. It seems to be more suit-
able, however, for rechargeable fuel cedither than electrochromic window systems,
which are required to be transparent arghlyi colourless in the bleached state [1-4,

11].

On the other hand, transparent amorphous materials, both in monolithic and thin
film forms, can be relatively easily obtained by using a sol-gel method [12-14]. The
organic modification of glasses and the otbalrgel derived materials is possible, as
sol preparation and the sol-gel process @edcat ambient and negligibly increased
temperatures, respectively. Due to, a great number of organic additives were success-
fully incorporated into gelérom the solutions containing gel precursors in mixtures
with the organic compounds [15-22]. Sol-gel msx have proved to be a useful tool
for obtaining new families of organicallyodified ceramics (ormocers) and silicate
materials (ormosils), as well as organicatigdified electrolytes (ormolytes) in which
organic groups can be included eitherthg co-polymerisation of organic monomers
with metal alkoxides or by the co-comdation of modifiedalkoxides [17-22].
Among others, Malzbender et al. [15] haeported on organic-inganic hybrid coat-
ings for float glass, where the coating fluid contained methyltrimethoxysilane
(MTMS). Georgi et al. [16]have studied the influeacof glutardialdehyde, 3,4-
dimethoxybenzaldehyde, and aminocaproid additives on the properties of sol-gel
layers derived from tetraethoxysilane (TEOS).

The sol-gel method has also proved toabeexcellent process for preparation of
silica- or silica-based gels. Silica gelsntain a large number of micro-pores, which
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makes them useful in many various bgations [23—-25]. In addition, the pore struc-

ture and size can be controlled by the patamseof the sol-gel process, such as the
atmosphere and rate of solvent evaporatioring the first stages of drying and pa-

rameters during subsequent heat treatment.

Porous gel materials can trap or be edfligd and/or processed with liquids and
gases. Matsuda et al. [26] have studiesl proton conductivity of sol-gel derived po-
rous silica gels impregnated with sulphuaicid. On the other hand, it is known that
polymers with incorporated liquid electrolgtei.e. containing plasticisers or porous
gelled polymer electrolytes, generally esihiionic conductivity at room temperature
being about 1§ S-cm* higher than that of “dry” polymer electrolytes (such as PEO
-lithium salt solid complexes). Matrices bybrid electrolytes or those derived from
porous silica gels can be expected to tamuid phase with dissolved lithium salt.
Due to this, such systems can be considarensist of a liquid electrolyte dispersed
in a solid matrix, with the lithium and cowmtions migrating throughout the solvent
[27].

Many kinds of polymers have been propoasctomponents of gel polymers and sol-
gel derived hybrid electrolytes, includinmplyacrylonitrile (PAN), poly(ethylene oxide)
(PEO), poly(tetramethylene oxide) (PTM@oly(methyl methacrylate) (PMMA), poly-
ethylene glycol (PEG), polypropylene ghyqPPG), poly(vinylidene fluoride) (PVDF),
some network polymers prepared by croskitig reactions, and mixtures of polymers
from these two groups [28—-31]. Among teawrganic compounds, polyether polymers
have a favourable feature of being miseilvith many kinds of liquid electrolytes
used in Li batteries [29, 31]. In additiothe preparation of hybrid gel electrolytes
with polyethers as organic parts is relatweasy. Dahmouche et al. [32, 33] have
investigated two families of Liconducting ormolytes. The first family, with ionic
conductivity higher than T6Sm™ at room temperature and exhibiting chemical
bonds between the organic and inorgapli@se, was obtained from a mixture of
3-isocyanatopropyltriethoxysilane, Oskis-(2-aminopropyl)-polyethylene glycol (or
0O,0-his-(2-aminopropyl)-polypropylene glycol, and lithium salt. In the other family,
prepared by ultrasonic or traditional sol-geocesses from the mixture of tetraethyl
orthosilicate (TEOS), polyethylene glycol (PEG), and lithium salt (LiZI@e or-
ganic and inorganic parts were not clieatly bonded and ionic conductivities of up
to 10° Sm™ were obtained at room rtmerature with a silica-PEg System
(PEGI/ITEOS = 40% in weight). Chaker @t [34] have reported on siloxane-poly-
(propylene oxide) (PPO, with 2000 and 400@@/ molecular weight) hybrid electro-
lytes doped with sodium perchlorate (Na@lQobtained by the sol-gel method and
exhibiting the ionic conductivity of 8@d0* Scm™ at room temperature. Poly-
(ethylene oxide)-based gel-type polymer electrolytes doped with lithium perchlorate
(LiClOy4), containing nanoscale-fumed Si@ispersed in acetonitrile and showing
ionic conductivity higher than I¥&cm™ at room temperature have bedtained by
Aihara et al. [35].

In general, organic-inorganic hybrids have proved to be a remarkable family of
amorphous polymeric materials with promising potential applications.
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The goal of this work was to obtain syt derived organic-inorganic hybrid elec-
trolytes doped with lithium salt (LiCl, LiCI¢). The electrolytes were produced from
solutions containing tetraethgrthosilicate (TEOS) as anorganic precursor of SiO
gels and poly(ethylene oxide) (PEO) or pelyylene glycol) (PEG), together with
propylene oxide (PO), propylene carbonat€)(Rethylene glycol (EG), and 1,2-pro-
pylene glycol (PG) as low-molecular-whigorganic additives. The structural proper-
ties of the organic-inorganic hybrids werempared with those of lithium doped or
pure (without lithium salt doping) silica gels prepared under the same conditions and
using the same sol-gel procedure employedhtaining the inorgaic parts of hybrid
electrolytes.

2. Experimental

Based on earlier results for the same solgetedures [28], the sols for preparing
silica gels were produced by mixing TEOS Sigh€), (Merck), distilled water, and
36.6% HCI as a catalyst. HCI was added drop by drop until pH = 2 was reached. Two
receipts were used: the first, for PEO-comitag sols, with the volume ratio of TEOS
-distilled water:ethanol being 1:1:2.5, and thbeot for sols with glycols, with the
molar ratio of TEOS:distilled water being 1:4. Solutions of PEO-(EHO), (nomi-
nal molar weightv,, = 600 000, Aldrich) in organic 8ents (dichloromethane, etha-
nol, or acetonitrile g4;N), and aqueous or ethanol smuas of poly(ethylene glycol)
(nominal molar weighi,, = 6000 or 15 000, Fluka, Aldrichespectively) with appropri-
ate additives (Table 1) of propylene carbonate Rd:@ (Merck), propylene oxide PO
CsHsO (M,, = 58.08, Merck), ethylene glycol EG HQKO).H (M,, = 62.08, Merck),
1,2-propylene glycol PG GHCH(OH)-CHOH (M,, = 76.10, Fluka), and lithium salts
(LiClO4 or LICI, Merck) with a weight ratiof about 0.02 and 0.03 with respect to the
mass of fresh gels were used.

The chemical components and solvents eygd were of at least reagent grade.
The salts for doping, before being added to the solution of TEOS or to the mixtures of
TEOS with other components, were dissolwedhe entire calculated amount of wa-
ter, ethanol, or PC. The sols containingO¥& were vigorously stirred for about one
hour before being mixed with the polymefgmn, and the resulting sols were stirred
for the next 2.5-3.0 hours at the temperatures in the range of 30;-&&til the end
of the hydrolysis reaction, namely afi@oout 30 minutes. The mass fractions of the
organic additions were calculated with reggecthe resulting content of organic part
in the gels of about 20 wt. %, with wéigconcentration oPEO or PEG to low-
molecular-weight organic additives equal 1, and molar ratio of low-molecular-
weight monomers equal to 1.

The solutions of TEOS and polymers wippropriate solvents, before being used,
were first stirred for 2 days and then baked and degassed by vacuum heatif@ at 50
for 3—4 hours.
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Table 1. Components of the starting solutions (quality composition) of the investigated gels

Sample Components/solvents Salt/fractior|1 Appearance, remarks

R TEOS LiCIQ/PC/0.03 silica glass, colourless, completely transparent

(e} TEOS, 1,2-PG, PC LiCl/ 4@ /0.02| organic glass, colourless, completely transpgrent

S TEQOS, PEO/CKCN, PC, PQLiCIO/PC/0.03 organic glass, slightly opalescent, colourless

Y TEOS, PEG (6000)/D LiCIO,/PC/0.02 organic glass, slightly opalescent, colourless|
TEOS, PEG(15000)/CKl,, | . . .

T 1,2-PG, PO, PC LiClI /H,0/0.03| organic glass, colourless, transparent

X TEOS, EG, 1,2-PG LiCIgIPC/0.03 organic glass, colourless, completely transpgrent
TEOS, PEG (15000), . . .

Z PEO/CHCL,, 1,2-PG LiClI /H,0/0.02 | organic glass, slightly opalescent, colourless

No precipitations or liquid remains wepbserved in the organic-inorganic materi-
als after gelation was complete. All the gelstained were kept in closed containers
for two weeks and then driddr a week at ambient temperature and for three hours in
an electric drier at 80—-12%. The same treatment was applied to gels prepared as
thin layers, by casting immediately onto ggasheets coated with thin films of SO
and WQ or NiO. They were then used as sparent electrolytes in the electrochemi-
cal cells of an electrochromic window, aneithsuitability for such applications was
examined. Thin electrochromic films of W@nd NiO on glass were obtained by py-
rolysis at the temperatures in the range of 750-°8QQsing acetylacetonates of the
appropriate metals as precursors. The detgitecedures of metal oxide film prepara-
tion have been described earlier [36].

The morphology, elemental chemical qmusition, and crystalline character of the
hybrid electrolytes and silica gels obtained in this work were examined by SEM/EDS
using scanning electron microscopy (IECSM 5400) equipped with energy disper-
sive X-ray spectroscopy (LINK An 10/5nd X-ray diffraction (XRD 7, Seiffert dif-
fractometer). Structural properties weradstigated with FTIR spectroscopy (BIO-
RAD FTS 60 VM, on samples prepared by the KBr pellet technidi@)H MAS
NMR (Bruker AMX 500 spectrometer) measurements were made for sols at three
stages (two days after preparing the miegtyrand subsequently a week and two weeks
later). Spectral transmittance (UV/VISRII Jasco-570 spectrometer) and current-
voltage (CV) characteristics were recordadsystems consisting of two glass sheet-
scoated with metal oxides and layers of tigbrid electrolytes under investigation in
an electrochromic window arrangement. The ¥@d NiO thin metal films and elec-
trolyte layers, as measured with a “Tagys’ (Taylor Hobson) stylus microprofilome-
ter, were about 140 nm and 170 nm thick, respectively, while the layers of electrolytes
were about Gum thick. Transparent electrodes regrepared with their conductive
paths coated with Ag-paste on the face side. The electrodes were placed along one
edge of the sample, but opposite to each other and with platinum wires fixed to the
paths with Ag-paste. When sandwiched wéth examined electrolyte, all the cells
under investigation were sealed around the edges with silicon sealant. Low voltage
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() polarized d.c. potential was appliedth@ cells through a potentiostat/galvanostat

as the power source. A rectangular pulse of current was supplied using a galvanostat
and a pulse generator. The d.c. electrical conductivity was measured by using
domestically set equipment, with a potestad and four-poinprobe included. The
current and potential differences for each pair of contacts between the probe and ex-
amined sample were monitored with a high impedance (larger than 1Qp@arme-

ter and voltmeter. Specific surface area and porosity were measuredabdgdvption

at 77 K, using the BET and BJH equations, respectively).

3. Results and discussion

The names and appearance of the hybrid gel materials obtained are given in Ta-
ble 1. The hybrid gels and silica gels @ in order to compare their properties
with those of hybrids were obtained iretform of the monolithic, colourless trans-
parent discs with various thicknesses and diameters in the range of 20-50 mm. The
hybrid materials were also obtained ire ttorm of thin layers, immediately cast on
glass coated with electrochromic thin megaide films. All the obtained hybrid elec-
trolytes proved to be amorphous underDXBxamination. The XRD patterns of typi-
cal hybrid electrolytes obtained in this wprlamed O, X and Y, are shown in Fig. 1.

100
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60 -

Intensity [a. u)]
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20 -
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Fig. 1. X-ray diffraction patterns for sol-gel derived hybrid materials: O, X and Y

The morphologies of the hybrids and silica gels under investigation were observed
using SEM/EDX. In Figure 2, planar-view BEmages of the hybrid gels (a—e) and
silica gel doped with LiCIQPC (f) are shown.

FTIR spectra of silica-gel-derived hybrid materials, as well as silica gels, are
shown in Fig. 3, and the assignments &f tharacteristic absorption bands are given
in Table 2.
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“2000nm “2000nm

~2000nm ~2000nm

Fig. 2. SEM planar view images of hybrid organic-inorganic electrolytes:
a)S,b) T, c) X,d)Y, e) Zand f) R: silica gel doped with Ligtssolved in PCx= 0.03)

Spectroscopic FTIR investigations (Fig. 3plea2) have revealed the presence of
absorption bands characteristic dfcen—oxygen bonds, organic groups, and struc-
tural species connected to lithium bonding. Bachisracteristic of water, both in the
molecular (at about 3400 chhand adsorbed form (at about 1620 Yrare also ob-
served. Absorption bands in the wave number range 624-778 can be assumed to origi-
nate from organic structures ordered in molecular groups and in the presence of lith-
ium atoms, but without phase separatiortciystallization. Absorption bands at about
630 cm* can be ascribed to CJO The propylene oxide absorption band is also local-
ized around that wave number [3The absorption band at about 782 tia charac-
teristic for hybrid gels and, according to Gunzler and Gremlich [38], can be ascribed
to vibrations of the O-Si-(El,, species. It can therefore be considered as evidence of
hybrid structure formation in the gels undevestigation, with the organic and inor-
ganic parts being connected to each othemtygen bridges. In the spectra of all the
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Fig. 3. FTIR spectra of organic-inorganic hybrid gels (heated for 3 hours &C)-25 (Ia), S (Ib),
Y (Id), Z (le); (heated at 80 °C for 3 hours): X (Ic), O (Il a); and R (Il b, heated for 3 hours at 125 °C);
(llc-S heated for 5 hours at 210 °C). The main components used to obtain the gels
and the gel names correspond to those in Table 1

gels obtained, absorption bands originafitogn Si-O-Si groups are present (the bend-
ing vibration of O-Si-Cbridges is at about 450 chthe stretching vibration of Si-O-
Si bridges at about 1080 chand the asymmetric stréing vibratons of Si-OH
groups at about 950 ¢

In the case of the hybrid gels named X, Z and T, the fine structure of the main ab-
sorption band, located at about 1050—1100"cis clearly seen in their FTIR spectra.
The observed splitting of this absorption bamg@robably connected to the vibrations
of R-Si-O bridges. It can be concluded from its absolute intensity and width that the
structure of the hybrid gel becomes mordesed in molecular groups in the presence
of glycols as organic additives. It alsoglies less defected bonding states in the mo-
lecular groups, although witholing distance ordering. The bands originating from
the organic parts are found at 2880-2980"di@—H bonds), 1785 chand 1185
(C=0, C-O, respectively), and in the range 1330-1480 (@H,—O and also likely
CHs groups). The observed increase in the intensity as well as the shifts in these
bands are clearly connectedthe addition of glycol species.

Table 3 shows typical results of a por@tisicture examination for the hybrid ma-
terials (S,T) and, for comparison, dica gels (pure and doped with LiCJ@issolved
in PC, which were heated for 5 hours at 280and 210°C, respectively), together
with results of d.c. conductivity measurertgefor the S and T hybrid electrolytes.
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Table 2. Assignments of the characteristic bands in FTIR spectra [37—-41]

Location of IR band about wave numbers, Tim

Hybrid gels Silica gels
T S X Y Z (0] R Origin
454 448 448 448 455 450 459y Si—-O-Si
Li in LiClO,,
541 576 528 574 542 574 563Li with organics,
Si—0 ring (4)
624 636 638 628 624 637 628 ClO, , Li—organics (PO)
712 719 716 717 712 717 v SiO—GHs, organics
Vg Si—0O—-Siv,s Si—C,
777 783 780 781 778 782 800,5s Si—-CH,,
Si—O-Si—-GH,,
840 882 840 ps Si—-CH
954 946 966 948 954 943 95%v,s Si—-OH
1052 1050 1052 vaSSi—O—Si,
1079 1085 1091 1079 1071 | vs Si—O-Si
v Si-O-R
1120 1121 1119 1149 1143V Si—O-Si,
1185 | 1185 | 1188 | 1199 | 1183 V" v C-C, ~OR (GH),
apped C-0, organics
1355 1358, 1355, | 1360, | 1383 |organicsy CHs,
1390 1406 1391 1404 1390 | 1408 v CH, -0
1455 1484 1459 1483 145 148pb 1462 C-O-C, organics
1556 1639 1645 1563 1554 163pP 1644 H-O-H, molecular
1793 1787 1786 1785 1793 178B organics, C=0
2881 2900 2883 2800 2881 | 2881 | 2943 |v,sCH,, v C-H, of
—2980 | —-2988 | —2970 —2970 | —2979 | —2979 [ —2981 | aliphatic organic groups
3340
3360 3381 3329 v OH,
3358 | _33g6 (around)| (around) Eja;g) 3401 | 3401 \ysorbed H-O-H, LiOH

Table 3. Results of texture an

d conductivity examinations

Silica dSi"CZ‘ g?t'h
. oped wi
Material pguerle LICIO/PC S T
(x=0.03)
Single point surface area ffy] 737.77| 235.27 1.938 -
BET surface area [ffg] 752.69| 248.96 3.854 1,881
Langmuir surface area fig] 1030.1| 347.87 2.453 -
Micropore volume [crilg] 0.0943| -0.004 - -
Micro-pore area [crifg] 219.3 2.6048 - -
Single point total micro-pore volum¥, [cm*/g] 0.3699| 0.4177 0.00185 -
BJH adsorption meso-pores volum,.s,[cm*/g] 0.0928| 0.4311 0.00293 -
Average micro-pore diameter\(A by BET) [nm] 1.9657| 6.7103 1.9219 -
BJH adsorption average pore diameter [nm] 2.5623| 5.6562 4.7708

Conductivity o5 [Scn]

5.6x10° | 1.3%10° [1.05¢10°°
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The conductivities of the other hybrid electrolytes, not listed in Table 2, were all
of the order 13 Scm™?, and specifically 7.26, 6.54, 5.63, 2.14, and 1.38-%@m™
for samples O, P, X, Y and Z, respectiveThe examination of porous structure of
hybrid materials containing glycols, esjally those of low molecular weight, has
proved to be practically aimless due to very low values of BET surface area. In the
sol-gel process, the formation of sol fides occurs due to the hydrolysis of
alkoxides and subsequent pobndensation of the hydrolysate and gelation of the sol
particles. Murakata et al. [42] have intigated the influence of inorganic salts and
some surfactants on the pore size distridouin silica gels and have found that the
addition of any inorganic salt decreases the gel surface area and depresses the forma-
tion of mesopores. Such effects can be whamed to be connected with a compression
of the dielectric double laya@round ions and with a reduction in coagulation stability,
which are both effects of thore size distribution of the gel being altered. They also
have observed through SEM examination thatsurfaces of gels with low concentra-
tions of inorganic salt, especially thoseuwfivalent metals, become flat and smooth,
practically without macropores. A similaffect has been obtained with non-ionic
surfactants containing alkghains, especially PEG additives. Generally, the effect of
such additives on the size distribution of fhores in silica gels has been found to be
strongly dependent on alkyl chain length. Such results seem to be in good agreement
with those obtained in this work from SEM observations anpddsorption measure-
ments for hybrid electrolytes. In additi, polyethylene glycols are known for their
hydrophilic properties, and organic low-molecular-weight additives of the hybrid ma-
terials obtained in this work can also ast solvents for lithium salts and the other
organic components.

The influence of polyethylene glycol E&) on the nanostructure of sol-gel de-
rived TiO, coatings was studied by Kato andhdra [43] with the aim of obtaining
nano-sized pores. They establishedtth temperature as high as 4@ was not
enough to thermally decompose the PEG incorporated into titanium oxide.

In this work, SEM images show smooth and homogeneous surfaces of the samples
under examination, and XRD patterns a witeadening of the background for dif-
fraction angles @ in the range 15-35which is characteristic of glassy amorphous
materials. In addition, the room temperat conductivities obtained for all the hybrid
electrolytes investigated were as high as $@nm . These results can be attributed to
suitable conditions, which enable the fasinsportation of ionic charge carriers
through hybrid electrolytes. Such a camh is a high amorphous phases content,
which creates structural paths large enough to accommodate and allow hopping
movements of lithium ion, as well as allow for the segmental motion of the polymer
chains fragments involved in the structuretiodé hybrid materials. It is known that
polymer electrolytes based on PEO that condittdum ions should be in an amor-
phous state for the effective transportlidfium and counter ions through the poly-
mer. Li' is thought to move by a hopping mechanism, which requires a segmental
motion of the polymer host. Another model — a free volume model — suggests a corre-
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lation of the ionic conductivity of Ciwith chain segment motion, in which ions move
when a local void opens that can accommotlaeion, as is thought to occur in lig-
uids [44].

i H
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Fig. 4.*H (a) and"*C (b) MAS NMR spectra for 1,2-propylene glycol
(references for NMR measurements of the hybrid electrolytes O and X)

The addition of propylene carbonate anthether low molecular weight organic
compounds to the PEO improves ionic transport by reducing the glass transition tem-
perature of the polymer [7, 45, 46]. Ito et 5] have studied the influence of low
-molecular-weight glycols on thienic conductivity of the PEO—LiIGS0O; complex
electrolyte and have established that tbeductivity increases with the decreasing
molecular weight of PEG and with incr@ag PEG content. Significant conductivity
enhancement at room temperature can béuattd to an increase in the content of
amorphous regions, which are responsifite ionic conduction. In alkali ion
-conducting glasses, mobile ion conductioraliso thought to proceed by means of
free volume, i.e. voids, and at a given alkali content the ionic conductivity can be
enhanced by increasing the free volume. Minedess, ionic conductivity is first of all
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dependent on the number of mobile i@ on the ion—ion distance in conduction
paths. The structural changes in silica bagdstates due to organic additions and
doping with lithium were expected to charthe coordination of oxygen atoms, result

in the partial dissociation of immobilpecies from non-bridging oxygen atoms, and
enlarge the pathways available for migratadithium ions in the frame of the silica

host [47]. The characteristicrgttural properties of the byid materials obtained in

this work, as revealed by infrared spectroscopy, can be considered to correspond well
with such assumptions.

a) ; a) [
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Fig. 5."H MAS NMR spectra for hybrid materials: O §tages a and c) and X (II, stages a and c)

The sharp diminishing of pous structures, which are significantly developed and
clearly connected with the silica gel partshiybrid materials containing other addi-
tives (PEO, PO), is espatly pronounced for the O and X hybrid materials (which
have low-molecular-weight glycols as organic additives). Samples of these two mate-
rials were examined additionally by MAS NMRE, *H) spectroscopy. The NMR
spectra of samples of each material weorded three times with a waiting time of
about a week between each observation. The first time spectra were taken two days
after the reaction of hydrolysis in the sadd the following spectra were recorded
7 and 14 days later. The final MMR measurements were conducted a few hours be-
fore the complete sol to gel transfotina had occurred. The NMR spectra of the
hybrid materials O and X were referenced to those recorded for 1,2- propylene glycol.
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The 'H and**C NMR spectra for 1,2-propylene ghicare shown in Figs. 4a, b, re-
spectively, and the spectra for the hyleidctrolytes O and X are given in Figs. 5-7.

a) I i I

c) c)
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Fig. 6.°C MAS NMR spectra for hybrid materials: O §tages a and c) and X (Il, stages a and c)

No 'H or *C MAS NMR spectra of hybrid gelsbtained from mixtures of similar
components to those under investigation here have been previously reported in the
available literature. The chemical shifts anténsity changes of the signals originat-
ing from the starting components of the sols, as well as the appearance of new bands
and disappearance ot® bands, which was used as a solvent for the O samples, can
be ascribed to structural reordering doethe formation of the hybrid cross-linked
structure between the orgamind inorganic parts of the materials under investigation.

In the spectra registered during the fitato stages of the gelation process, only
relatively small differences were observed,inhaintensity changes, which indicate
that low-molecular-weight glycol sped delay the waiting time for the resulting
structural order, perhaps due to the cafflece An example in which such an effect
occurs has been described by &jlad et al. [48], where theol-gel polymerisation of

a hybrid material resulted in the growsh a polysilsesquioxane structure when gly-
cidyloxypropyltrimethoxysilane was used. On the other hand, the reactivity of the O
material, containing 1,2-propylene glycaldaPC as organic additives, has proved to
be high enough to incorporate all the(Dapplied as a solvent in the preparation of
the sample for final NMR measurements (Fig. 7). In the region of silanol signals
(dominated at 3.83-3.41 ppm, Fig. 7), theresgaificant split, decrease in intensity,
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as well as a chemical shift in signac#ization, which is clearly connected with
a cross-linked bonding process that develogtsveen the organic and inorganic parts
of the starting sols [49]. NM studies of the hybrids synthesized in this work, among
others, will be continued with the aim teptain the vanishing gborous structures (or
capturing).

a) |

W

ppm 5 4 3 2 1 0

Fig. 7."H MAS NMR spectra for the hybrid
material O (stages a—c)

The organic-inorganic hybrid materials alpted in this work were examined as
electrolytes for cells based on the Win film with anelectrochromic window ar-
rangement. A typical response to a rectangular shaped current signal and a cyclic
voltammogram (CV) taken for the electrochromic cell under (z) polarized low d.c.
voltage are shown in Fig. 8 (a, b), redpedy. The transmission photometric charac-
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teristics of WQ@-based electrochromic systems wattNiO film as the counter-electro-
de material are given in Fig. 9.
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Fig. 8. Current response (a, plane line) and cyclic voltammogram (b, dashed line) for thin film tungsten
oxide/organic-inorganic hybrid electrolyte Y (TEOS, PEG (6008)H.iCIO,/PC/0.02)/vanadium
oxide electrochromic cell, cycled with a voltage of + 1.5 V (cycled area?3swan rate 50 mV/s)
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Fig. 9. Typical transmission characteristics as a function of the wavelength for a thin metal oxide
electrochromic coating system: Wf@rganic —inorganic hybrid electrolyte Z (TEOS, PEO-PEG
(15000)/CHCI,, 1,2-PG, LiCl /HO/0.02)/ NiO, with electrochromic metal oxide materials coated
by spray pyrolysis onto a glass substrate with (SRDayers, (presented in the coloured and bleached
states, with lithium ions inseed/extracted into the Witructure under a d.c. voltage range of (z) 2.5 V)

All the sol-gel derived hybrid materials alnted in this work were able to take
part in electrochromic reactions, whichpged on the insertion/extraction of lithium
ions and injection/extraction @lectrons, and which result in reversible dark blue or
colourless states of the tungsten oxidestaThe d.c. conductivity values for the hy-
brid electrolytes under investigation were of the order of magnitudesi@m® when
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measured at room temperature. They haewed to be dependent on composition and
morphological properties, and connected veittuctural modifichons due to organic
additives. The values of ionic conductivity reported there, are improved by about one
order of magnitude in comparison to thogbtained by the authors previously for
electrolytes of mixed silica—PEO systems (with and without chemical bonds between
the organic and inorganic pa)t[50], and similarly in comparison to the results re-
ported by Dahmouche et al. [32] foybrid electrolytes of silica—PEg systems
doped with lithium salt and without chemical bonds between the organic and inor-
ganic phases. Generally, the ionic conductivity of sol-gel derived hybrid electrolytes
is higher for those that are lithiunon and/or proton @nductors [29]. The
conductivity values of hybrid electrolytebtained in this work with lithium salt dop-

ing are about two to three orders of magaé higher than those described by Chaker
et al. [35] for siloxane—PPO hybridrmolytes doped with sodium perchlorate.

4, Summary

Sol-gel derived, lithium ion conducting, anphous, organic-inganic hybrid ma-
terials, containing abow0% of organic additives, were obtained from TEOS, PEO,
PO, PC, PEG, EG, and 1,2-P@mwthe aim to be used a®lid electrolytes for elec-
trochemical and optoettronic applications.

All of the synthesized hybrid materidiave proved to be amorphous and homoge-
neous, with morphology and textural prapes significantly differing between each
other, corresponding with the variety ofngpositions of the starting solutions. They
were all stable at temperatures as high as°"C25

The organic-inorganic hybridharacter of the gels obtained in this work has been
confirmed by the results of infrared spectroscopy investigations.

All the hybrid sol-gel derived materiatsbtained have proved to be suitable as
transparent and colourless lithium ion conihg electrolytes when examined in
electrochemical cells with thin film electrochromic window arrangement based on
WO;, with a d.c. conductivity of the order of £&cni™.

Additional studies are required and will barried out with the aim of explaining
the suppression of porous stues, as measured by nitrogen adsorption in hybrid
materials with low molecular weight glyshs organic additives. The reason for this
phenomenon, which is most intensively olbeer for the O and X hybrid materials,
seems to be caused by liquid phase adddignto the cage effect and/or trapping.
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Theinfluence of ammonia, acetic acid
and water vapour on the fluorescence of a 2-naphthol
derivativein the Langmuir—Blodget films
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2-naphtholo-6-sulfonamide (NSDA) undergoes an excited state proton transfer to the environment
when incorporated into Langmuir—Blodget (LB) films. We present the effect of acetic and hydrochloric
acids, as well as ammonia and water vapour, on the fluorescence and absorption spectra of LB films.
Acetic acid inhibits deprotonation of the excited state (ESDP), enormously (by up to 2 orders of magni-
tude) increases the fluorescence quantum yiéldaf NSDA, blue-shifting its fluorescence band. The
influence of hydrochloric acid on the fluorescence of NSDA is similar, although the enhancembant of
lower in this case. Ammonia leads to the promotion of ESDP and an incredséMater vapour does
not change the fluorescence intensity markedlyitinicreases the probability of ESDP. These observa-
tions can be explained by the formation of a complex between acetic acid and NSDA, and by limited
penetration of ammonia and water into the film.

Key words:2-naphthol; fluorescence; Langmuir—Blodgett films

1. Introduction

The fluorescence of some dyes and aromatic compounds included into Langmuir
—Blodgett (LB) films has been extensivediudied [1-6]. Only scarce information is
available in the literature, however, on the spectroscopy of compounds in LB films
undergoing excited state prottmansfer [1, 7]. The fluoregnce spectra of such com-

"Corresponding author, e.mail: jjj@wchuwr.chem.uni.wroc.pl.
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pounds are very sensitive to the presence of acid and base vapours, due to varying
proportions of the protonated (RQHand ionic (RO) forms of the fluorophore tak-

ing part in deprotonation of the excitedtst (ESDP) (Fig. 1). Therefore, one may
expect that these substances, incorporated® films, may find application as chemi-

cal sensors [8] and signal processors (®}.the other hand, investigations of the re-
sponse of these substances to changes in atmosphere composition may throw a light
onto the structure and physatemical properties of LB films. We have shown [1]

that 2-naphtolo-6-sulfonamide of dodecylami(NSDA) included in a LB film can
undergo ESDP to the environment. The scopéhe present work is to explore the
influence of gases on the electronic spectra-naphthol derivatives in LB films.

A
g ESpp

>
o roOH™ E >
o d 3 _qt
c 9 2
L o § RO—* |

Fig. 1. Energy levels of the system. ROH, RO u% 3 g

and ROH, RO designate NSDA molecules o :

in the ground and excited electronic states,
respectively. Curled arrows represent
radiationless equilibration to the lowest ROH RO—
excited state oscillatory level >

The results are explained in terms of dein the film structure under the influ-
ence of absorbed gases, penetrating thi layers and creating complexes with
NSDA. The influence of modifying of éhfilm composition by adding hydrophobic
peptides (gramicidin A) on the filproperties has also been studied.

2. Materials and methods

The synthesis of 2-naphtholo-6-sulfondsiof dodecylamine (NSDA), its chemi-
cal structure, and absorption, fluoresoenand phosphorescence properties are de-
scribed elsewhere [1]. Gramicidin A froBacillus brevis was purchased from Fluka
and kept in £C.

LB films containing NSDA were depited onto quartz plates using a KSV-5000
trough (KSV, Finland) by means of a vediaipping procedurelB films of pure
NSDA, as well as binary systems of NSDWith stearic acid or octadecylamine
(0.05-0.2 mol fraction) were used. In some cases, gramicidin (G) was added to the
system. The surface tension, transfer rdi@yier speed, and diving and lifting speed
were controlled during deposition. The average area per one molecule estimated for
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pure NSDA films was 0,323 rfmTransfer isotherms of NSDA and NSDA diluted
with stearic acid are shown in Figs. 2 and 3, respectively.
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Fig. 2. The transfer isotherm of NSDA
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Fig. 3. The transfer isotherm of NSDA {0molar fraction) diluted with stearic acid
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To improve the anchoring of NSDA, thelstrates (quartz plates) were covered
prior to its deposition with a monomoleculayda of stearic or tricosanoic acid, with
hydrophilic groups directed to the plate.eTitemaining procedure of LB film deposition
depends on the type of layout required. The head total ¢— ) layout was obtained
by upstroke movements of the substrate, initially placed under water. Before consecutive
dippings, the films were left to dry arlde water surface was cleaned. Repeating this
procedure gave the layout required. In nuastes, the transfer ratio was close to 1.

3. Results and discussion

3.1. Theabsorption and fluor escence spectra of NSDA in LB films

Two characteristic bands can be discernettiénabsorption spectra of LB films of
NSDA at 210 nm (the absorbance of ayelafilm being 0.073) and 320 nm (absorb-
ance being 0.020). A low noise-to-signatisaof about 5% and good reproducibility
of the spectra confirms fair stabilitf the structures investigated.

Table 1. Absorption characteristics of NSDA in arigasolvents and LB films (3 layers of NSDA)

Absorption maxim&[nm]
System
Band 1 () Band 2 () Band 3 ()
NSDA in hexane 288 317 332
NSDA in CHCE 286 320 337
NSDA in CH;OH 286 318 335
NSDA in LB film 300 320 337

3, andLy, are the electronically excited levels of aromatic molecules according ts Rtetition.

The wavelengths of absorption band maxima for NSDA in organic solvents and in
LB films are presented in Table 1. The absorbance at 320 nm was used to determine
the fluorescence quantum yield.

In the fluorescence spectra of NSDA in [iBns, two bands can usually be distin-
guished, centred at 370-393 nm (LM1) and 430-468 nm (LM2) [1]. The first one may
be attributed to the protonated (RQibrm of NSDA and the other to its ionic (R
form. The positions of LM1 and LM2, aslimvs from the band separation procedure
[1], depend on the degree of aggregation of NSDA molecules in the LB film. The
fluorescence quantum yield, defined as a sum of the band heights at LM1 and LM2,
and the excited state lifetime) (of selected layers of NSDA in LB films and of the
analogous compound 2-naphtholo-6-sufonanofieglycine (2-NSGly) in methanol
solution are given in Table 2. Both the flascence quantum yields and lifetimes for
all LB films are greatly reduced, and tliaé positions of the absorption and emission
bands are red shifted with respect to those of solutions.
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Table 2. Fluorescence quantum yiglds), excited state lifetimes),
and ROH band positions (LM in a neutral atmosphere

Sample . LM1, LM2

Labef Film layout D, (] (] z[ns]
2-NSGIy - 0.18 363 454 4.76
1) TN.a o—o—T:N 1.9x10°° 370 430 0.16
2) TNN.c O:ON_KO 7.5¢10° 393 468
3) TNN.b O:ON_KO 4.310° 384 456
4) TNN.y o——o00—T:N:N| 1.910°% 400 485
5) NN.c o——oN:N 8.8x1073 373 433
6)NNN.1 [o—o——oN:N:N| 1.7%10* 380 440
Z):Té\'lszé o—o—T:N+S 7.4¢10°° 301 447 0.268
)8():%\'156%)"" o—o0—T:N+S 1.0x1072 366 422
3):%\'3;3 o—o—T:N+S 3.3x102 369 423 0.319
10) TNSNS.5 0—0——0 3
= 0.120 T NASNAS 3710 389 468 0.438
11) TNSNS.Z o0— —00— 2
X = 0.050 TNASNAS 1.1x10° 379 442 0.621

% is the molar fraction of NSDA in the mixture, N — NSDA, T — tricosanoic acid, S — stearic acid.
®The data for 2-nphtholo-6-sulfonamide of glycine are taken from Ref. [10]

A similar effect was observed for organthromophores incorporated into LB
films [6]. Exploiting this analogy, the obssed effects may be contributed to collec-
tive excitations (exciton effects) and egyetransfer from fluorescent (F) to nonfluo-
rescent (N) centres in the film [11, 12].clin be noticed (Table 2) that NSDA films
diluted with stearic acid (7—11) have ohuhigher fluorescence quantum vyields) (
than undiluted ones (1-6). Also, the film&lwhigher molar fractions of NSDA and
with chromophores closely located (3, 4) usually have lower valugstbén others.
Octadecylamine as a diluter acts mordemss similarly to stearic acid. This may be
caused by hindering the aggregation oftMSin films via dilution with nonfluores-
cent compounds.

3.2. Theimpact of acetic acid and HCI vapours
on the fluor escence quantum yield, lifetime, and position of the ROH"
band maximum (LM 1) of undiluted NSDA in LB films

When non-diluted LB films of NSDA are expasto an atmosphere saturated with

acetic acid, the dual fluorescence is converted into a one-band spectrum, centred at

about 360 nm (LM1) (Fig. 4). A dramatilccrease in the fluorescence quantum yield
can also be observed. The valuesfoadnd LM1 for selected layers are presented in
Table 3.
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Fig. 4. Fluorescence spectra of the sample T:N:-& (—o0 o—)
in a neutral atmosphere (1) and under the influeneeetic acid (2) and ammonia (3)

The impact of HCI vapours is similar;efdual fluorescence spectrum is replaced
by a one-band spectrum. The effect oa tluorescence quantum yield, however, is
much weaker. For instance, the fluoresmequantum yield of sample 4 in Table 3
after adding HCl is 4107,

Table 3. The fluorescence quantum yield$ &nd positions of ROHband maxima
for samples 1-%6n acetic acid @, LM1an)

Sample LM1ap o/C

LabeP Pan [nm] A%
1) TN.a 7.7x10°° 367 75.3
2) TNN.b 1.7107 360 74.7
3) TNN.c 1.9x10° 375 60.5
4) TNN.y 1.5¢107 368 87.3
5) NN.c 1.5¢1072 360 41.3
6) NNN.1 3. 710 360 54.0

2The samples are labelled in the same way as in Table 2.
PAbbreviations are the same as in Table 2.
°A% = 100@pa— D)/ Pa.

The increase in fluorescence quantueldjin the presence of acetic acid vapour
is accompanied by a blue shift of the RQ#and (LM1). Both these spectral changes
are accomplished within 10-15 min. These effects in acidic environment are opposite
in direction to the changes i@ and LM1 ascribed to the aggregation process of
fluorophore molecules [1]. A possible interfaon is that acetic acid decreases ag-
gregation. This effect may be contributiedthe formation of complexes of organic
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acid and NSDA [10], which may substafittadecrease the interaction between
fluorophore molecules. The equilibrium comdtaf the formation of such complexes
cannot not be high, since the fluorescence gbsarare rapidly reverted (5 min) after
removing the acid from the environment.

3.3. Theimpact of ammonia on the fluor escence quantum yield, lifetime,
and position of the RO™ (LM 2) band maximum of undiluted NSDA in LB films

The enhancement of the fluorescence quantum yield of thef&@ of NSDA in
ammonia (AM) vapour, estimated withspect to a neutral atmosphe® 4, — @)
(Table 4) is lower than the analogous change in acetic dpjd< @,).

Table 4. The fluorescence quantum yields and positions of thetR@d maxima
for samples 1-8n ammonia vapour@ay, LM2ay)

?_2?5!6 Dp LM2 a4 [nM] A%
1) TN.a 2.0x10°° 430 5.0
2) TNN.b 9.0x10°® 447 52.7
3) TNN.c 1.9¢10° 450 3.8

2Sample numbers are the same as in Tables 2, 3.
See comments to Table 3.
A% = 100@nw — D)/ Pamt-

- .

Fluorescence intensity corrected and normalized to 100
[¢)

o

| ' T T |
400 500 600
Wavelength [nm]

Fig. 5. Fluorescence spectra of the sample TNibkd (—0 0—)
in a neutral atmosphere (1),ammonia (2), and after removing BIEB)
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The penetration of NHinto the film seems to be faster than that of acetic acid,
since the changes in the fluorescence speate accomplished usually within 1 min
after the admission of ammonia, whiledoetic acid vapour gradual changes in the
fluorescence spectra can be observed for 20 min. Moreover, the changes induced by
ammonia are in most cases irreversiafeer equilibration in ambient atmosphere
(Fig. 5), while those in acetic acid are usually reversible under the same conditions.
Similarly, the absorption spectra of NSOA LB films show irreversible changes
under NH, though the variation is smaller than that of the fluorescence.

One can draw the conclusion that Nhteracts with NSDA in the film, but that its
penetration is limited to the outer sphefethe fluorophore aggregates, therefore its
impact on fluorescence is less marked thai df acetic acid and is achieved faster.

3.4. Theinfluence of acetic acid and ammonia vapour on the fluor escence
quantum yield, lifetime, and position of the ROH" band maximum of NSDA
in LB filmsdiluted with nonfluor escent compounds

The increase of the fluorescence quanturdyiielacetic acid vapour is higher for
pure (undiluted) NSDA films (Table 3) thahat for films diluted with stearic acid
(Table 5) or octadecylamine. Moreover, thikited samples, in contrast to undiluted
ones, do not show a single emission from RQHt always exhibit dual fluorescence
in acetic acid (Fig. 6).

Table 5. The fluorescence quantum yields and positions of thé RE@HRO™ band maxima for NSDA
diluted by nonfluorescent compoundsaitetic acid @aa, LM1,,) and ammonia vapoudfyy, LM2ay)

b
Samplé Dy "mn“]" Do L'[\r"]ﬁﬁ“” A%°
1) TNS.1 1.7x1072 387 - - 56.4
2) TNS.1w 2.5¢107? 360 2.1x1072 443 60.0
3) TNS.3 1.8x10* 360 - - 81.6
4) TNSNS.5 8.7x10°° 381 - - 57.4
5) TNSNS.z 2.9x102 369 — — 62.0

2Sample numbers correspond to No. 7-11 of Table 2, respectively.
PAbbreviations the same as in Table 2.
‘A% = 100@pn — Dy)| Da.

The increase o0’ in AM (@’ay — @')) is also higher for the undiluted samples
than that for the diluted ones. Such fesisuggest that aliphatic acid or octade-
cylamine, used for dilution, are included iritee molecular aggregates of the fluoro-
phores in the film. In some cases, acetic acid or ammonia can replace long-chain ana-
logues in the aggregates. This would explain a less marked influence of the gases on
the spectra compared to the undiluted sasmgBmilar to undiluted samples, the im-
pact of NH is also irreversible for the diluted ones.
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Fig. 6. Fluorescence spectrum of two samples of NSDA diluted with octadecylamine or stearic acid
in acetic acid vapour after 30 min: curve 1 — film layout S:M+8).098, curve 2 — film layogt— o— —o
S:N+O:N+Ox = 0.098 (S - stearic acid, N — NSDA, O — octadecylarrinanolar fraction of NSDA)

We have found the ratida/@,to be between 2 and 10, ade /@’ in most
casedetween 1 and 2 (Tables 2 and 4). At the same time, the ratios of the lifetimes of
the excited statesia/z, and /7, are lower (eg. for sample 11 in Table 2,

7, = 0.621 ns andx,= 0.810 ns). The lack of proportionality between change® in
and 7 may be explained by various influenof the organic acid on NSDA molecules
in the fluorescent (F) and nonfluorescent (N) domains of the film.

3.5. Correlation between the position of the ROH™ band maximum (LM 1)
and fluor escence quantum yield and lifetime

As mentioned above, the reduction of fluorescence quantuyield of NSDA in
LB films with respecto that of the analogous compound in methanol is caused by the
aggregation of chromophores and by theitexdc interaction otheir electronic tran-
sition moments. For the same reason, we observe a spectral shift toward the red.
Therefore, the decrease ¢ should correlate with the red shift of the band maxima
(LM1 and LM2). The dependence éfon LM1 for NSDA diluted with stearic acid is
shown in Fig. 7.

The data in Table 3 suggestttthe limiting value of the RCOHband position,
which should be observed if acetic acid inesicomplete dissociation of aggregated
NSDA molecules, is close to 360 nm.
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This fact, together with the correlation @f with LM1 (Fig. 7), suggests that at
360 nm the fluorescence quantum vyield ie #bsence of ESDP and exciton effects
(@o0) should be close to 0.04. This value is much lower than that for the analogous
compounds in methanol (0.18) [6] which medhat, even if NSDA molecules in the
fluorescent centres (F) of a LB film do nioteract with each other, there must be
a certain number of NSDA molecules in tienfluorescent (N) cerds that contribute
to the strong reduction of the fluorescerguantum yield. A correlation of the mean
lifetime 7 of the excited state with LM1 by linear regressiorr (0.86) yields the lim-
iting value, 7o, Near 1 ns. Correlations @ and z with LM1 were obtained only for
the samples in which NSDA was diluted with stearic acid. For undiluted NSDA in LB
films, the correlation is worse.

40_

360 370 380 390 400
LM1 [nrr]

Fig. 7. The correlation of the ROHand maximum position (LM1) with the fluorescence
quantum yield for NSDA diluted with stearic acid. Correlation coefficien0.81

3.6. Theinfluence of water on the fluor escence spectra of NSDA in LB films

It has been found that for NSDA in orgasmlvents and their mixtures with water
the rate and efficiency of ESDP dependsaaily on the content of water [10]. It may
be concluded by analogy to ESDP in saln$, that water molecules penetrating into
the layer probably play the role pfoton acceptors in LB films.

NSDA films diluted with aliphatic acid or octadecylamine and equilibrated in
a laboratory atmosphere (humidity ca. 55%w slight blue shift after injecting wa-
ter to bottom of the measuring cuvetteeTdhanges are subtle, but well reproducible
for the diluted samples. In contrast tasthithe fluorescence spectra of undiluted sam-
ples are much more sensitive to water (Fig. 8).
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Fig. 8. Changes in the fluorescence spectrum of the sample T:N:N-d{ —o0)
under the influence of water aadetic acid: in acetic acid (1), in® 10 min (2),
in H,O 20 min (3), in a neutral atmosphere (4) (see also Fig. 5 of [1])

The spectrum obtained immediately afteyidg the sample in a vacuum desicca-
tor differs significantly from the spectrum tife same sample equilibrated at ambient
atmosphere (Fig. 5 of ref. [1]). Even theesppum recorded in a laboratory atmosphere
(humidity 55%) is considerably changed by the addition of 0.050tmater to the
bottom of measuring cuvette. The changes are markedly dependent on time (Fig. 8).
After increasing humidity, the fluorescencentlds blue-shifted within 10 minutes to
almost its position in the spectrum in acetid. This effect may be caused by partial
dissociation of the aggregates of NSDAwater. After some time (a further 10 min),
the emission band is red-shifted, approagliis position in a neutral atmosphere, and
the intensity of the other band at about 450 nm, attributed to thefd®@, increases.
This last process may occur as an answéndgancreasing rate of ESDP by the forma-
tion of hydrogen bonds with water molecules.

3.7. Theinfluence of gramicidin A on the penetration of
gasesinto L B films containing NSDA

Gramicidin (G) is a peptilantibiotic that increasd¢lse permeability of cell mem-
branes to protons, thus uncoupling the gndransforming mechanism of the cell.
G forms channels in cell membranes, wigdrophobic residues rdicted outside and
hydrophilic CO and NH groups oriented inside the channel and forming intramolecu-
lar hydrogen bonds [13].
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The effect of G on the permeation of acetd into the LB film is depicted in
Fig. 9. As stated above (section 3.4), tilatibn of NSDA by stearic acid (S) in LB
film inhibits the penetration of acetic acid into the specimen, which is concluded from
the fact that the acid does not influence #hape of the fluorescence spectrum as it
does in undiluted films.

The impact of acetic acid in the case of undiluted samples is contributed (section
3.2) to the formation of complexes with NSDIAgramicidin A is added to a layer of
NSDA, the change in the spectrum is aueristic of undiluted samples and consists
of band narrowing and a blue spectral ishffer the admission of acetic acid (Fig. 9,
curve 4). It follows that G promotes thenggration of acetic acid into films diluted
with S. The addition of G to the nonfluorestéayer of S gives no such effect (curve
3). Gramicidin also gives an increase te fflermeation of water and ammonia into the
film.

100 —

60 —
40 -

20 —

Fluorescence intensity (norm. to 10)

350 400 450 500 ‘Navelength[nm]

Fig. 9. The influence of gramicidin A on the penetration of acetic acid into LB films.
Fluorescence spectra of LB films containing NSDA (N) diluted with stearic acid (S)
and gramicidin (G): 1 — in a neutral atmosphere, film layost —o N+S+G: S+G,
2 —sample as in (1) in acetic acid vapour after 2 min, 3 — similar sample with the film ayeut-o
N+S : S+G in acetic acid vapour after 60 min, 4 — sample as in &tptic acid vapour after 20 min

4. Conclusions

The absorption of acetic acid, HCI, Kldnd water into a LB film strongly affects
the fluorescence of NSDA. The observed changes consist in an increase in the fluo-
rescence intensity and a blue shift of the band maximum, probably caused by the in-
tercalation of gas molecules into the layer of NSDA. A small quantity of water is
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probably present even in samples dried in a desiccator. Water molecules penetrating
the film would approach only the phenolitoups of NSDA, but not the aromatic
chromophore. Therefore, increasing the eahtof water does not greatly influence

the structure of NSDA aggregates in LiBnk. In consequence, the fluorescence quan-
tum yield remains practically unchanged.

Ammonia, on the other hand, promotegited state deprotonation (ESDP) and
enhances, to a limited degree, the quantum yield. It may be therefore assumed that
NH; also does not interact directly withe fluorophore, but only with water mole-
cules, inducing the polarization of the aggegas a whole and an irreversible change
in the molecular arrangement of the film.

Acetic acid can form complexes with NSDA molecules in LB films, which probably
leads to the dissociation of aggregatese Tdrmation of complexes between acetic acid
and 2-naphthol analogues has already beenlptesi for an environment with low polar-
ity (see [10] and references therein). The agisifisuch complexes can lead to an increase
of @ greater than that in ammonia, due ® dissociation of fluorophore aggregates in the
film. Moreover, the binding of acetic acid malgo cause the apparent inhibition of ESDP
by the rapid reprotonation of the excited phenolate.

The effects described here may be usetholecular switches [9] due to the de-
pendence of the response of samples on atmosphere composition. The possibility of
modifying this response by specific additdsis another advantageous property of
such systems.
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New ceramic superionic materials
for I T-SOFC applications
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ul. M. Sklodowskiej Curie 55/61, 50-369 Wroctaw, Poland

The syntheses of new ceramic superionic materials based,On (BIMEVOX and 8-Bi,Os), their
elemental analyses, thermodynamical stability, and electrical properties are presented. The materials show
high ionic conductivities (ca. 0.1 S/cm) at a relatively low temperature °@Q0~hich makes them
applicable as electrolytes in IT-SOFC fuel cells. lonic conductivity measurements of these materials were
performed with the DC (four probe configuration) and IS (impedance spectroscopy) methods, whereas
structural research was performed using X-ray spectroscopy. Investigations of the thermodynamic stabil-
ity of the elaborated materials in oxygen-free atmosphere were also performed. Based on the results of the
investigations, the most suitable superionic conductors for fuel cell were selected.

Key words:impedance; ionic conductivity; fuel cells, membranes

1. Introduction

In recent years, continuous developmeamd an increase in the amount of energy
produced from alternative sources is obserdgdong others, special attention is paid
to intermediate temperature solid oxide fgells (IT-SOFC) due to their high effi-
ciency of conversion of chendl energy stored in a fuelttnelectricity (ca. 60%) [1],
quiet and pollution-free operation, the podiipof supplying energy from different
kinds of fuels, high resistance to unfavable atmospheric phenomena and natural
disasters, making them very attractive in terms of their application. High working
temperature enables easy recovery of wasét in combined heat and power systems.

The element of the cell having the greatest impact on the fuel cell efficiency, pro-
duction cost, and stable operation is the ebdgie. It should be characterised by high
ionic conductivity (at least 0.1 S/cm) at relatively low temperature, impermeability to

"Corresponding author, e-mail: pasciak@iel.wroc.pl.
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gases, high mechanical strength, goosistance to thermal shock, and thermody-
namic stability (especially in a reducing atmosphere).

Until now, stabilized Zr@was the most often used electrolyte in SOFC. It has satis-
factory mechanical and elecail parameters, but a very high working temperature (ca.
1000 °C), limiting its commercial applicationg.he present authors investigated the
possibility of applying BiOs-based solid solutions and the BIMEVOX family of electro-
lytes, being good ionic conductors®(Dat relatively low temperatures (ca. 600).

A high-temperature and highly ionically conductive’{Qnodification ofd bismuth
oxide could be stabilized at lower temgieres by adding rare earth oxides@,
where L = Gd, Er, Dy, Y, Ho, Nd, Sm) [2)o sudden decrease in the ionic conduc-
tivity of dopedd-Bi,Os is observed, which takes place during the phase transitions
5 — y andd — o when a sample of pure Bkis cooled. The doped samples, how-
ever, are reactive in oxygen-free atmosplograt a very low oxygen concentration in
atmosphere; the reduction of oxide to metallic Bi takes place [3-5]:

(Bi203)1x(Me,05)x — (Biz03) 15 AM€;03), + 20Bi + 30420,

Thus the use of BDs-based oxide-doped electrolytes requires that a “safe” oxide
concentration range be known precisely.

The BIMEVOX (BI — bismuth, ME — additive metal, V — vanadium, OX — oxygen)
family of electrolytes belongs to thevmest generation of electrolytes based oyOBI
The basic compound of the BIMEVOX family ig-Bi,VOss A high-tempe-
rature, highly ionically conductive modification pBi,VOs s is stabilized to lower tem-
peratures by adding an oxide of anothestal (e.g. Cu, Ni, Zn, Fe, Co, Mg) [6-10].
Moreover, these electrolytes have the abilitydynamically self-transform into elec-
trode materials under polarization [11], aoBIMEVOX membrane could be used
without other electrode materials.

In order to select the most appropriatectrolyte for IT-SOFC applications:

¢ 18 electrolyte bulks were synthesized anth@as in the form of beams, tablets,
and screen-printed layers were prepared,;

¢ X-ray investigations of the composition and thermodynamic stability of the syn-
thesized bulks were performed;

¢ the ionic conductivities of the electrolyte samples were measured using the DC
and IS methods.

2. Experiments

Sample preparation. Electrolyte samples were prepdrin the form of beams, pel-
lets, and screen-printed layers (Fig. 1). Pellets and beams were pressed at 580 kG/cm
and then sintered. Thin layers were lgggp on an alundum base with a plotted Pt
heater and Pt electrode (Fig. 2). Thistimeel is suitable for making relatively thin
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the preparation method are presented in Table 1.

Fig. 1. Electrolyte samples: beam, tablet,
and printed electrolyte layer

7 mm

+

7 mm

Fig. 2. Comb electrode and a heater, applied on an
alundum base by using the screen-printing method

(averse and reverse)

Table 1. Compound formulas and synthesis conditions of the investigated masses

No Compound formula Name Synthesis condition
1 Bi2V0A75Cr0.2@5.25 a-BIMEVOX
2 BizVo_ng).loSA 'Y'BIMEVOX
3 [ BiVoC0y10s4 BICOVOX
4 | BiyVo.g7sTi0 128054375 BIMEVOX sintering 800°C, 12 h
5 | BixV8ZNo.10s5.05 BIMEVOX
6 | BixVg 79ZN02705.005 BIZNVOX.27
7 |BiyVdCly105.35 BICUVOX.10
8 | BiyV,011 BIVOX
9 | BiyV1.4C0y 101085 BICOVOX sintering 830°C, 12 h
10 |BisV1gC0y 0107 BICOVOX
11 | Bi»C0y 1V .d0s.35 BICOVOX calcination 610C, sintering 800C, 12 h
12 (Bi0.9¥r0A0501A52Q0A8(Y01A5)0A2 Stabilized6-8i203 830°C, 12 h
13 | BisV1.0F€.08010.95 BIMEVOX
14 | Bi,V1gF&).1010.9 BIMEVOX
15 | BisV1gF&y 0108 BIMEVOX sintering 850°C, 24 h,
16 | BiV1sF& 0105 BIMEVOX slowly cooled to room temperature
17 | BiyV1 7€ 26010.75 BIMEVOX
18 |BisV1Fe 0107 BIMEVOX

X-ray stability investigations. X-ray measurements of the phase composition of the
electrolyte bulks and investigations of the thermodynamic stability in reducing atmos-
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phere were performed with an X-ray diffractometer DRON-2 with Co radiation fil-
tered with Fe. XRD was measured in th@range from 10 to 95

Four-probe DC measurements of ionic conductivity. A scheme of the four-probe
configuration for ionic conductivity measurements using Wagner’'s method is presented
in Fig. 3. The measurements were made with the samples prepared from the synthesized
material in the form of beams with platinum electrodes. lonic conductivities were meas-
ured during the heating and cooling of the samples (the current — 0.1 and 1 mA).

/Blocking electrodes - ZrO\

V%
W/

DC SOURCE
TYPE Z-5001

Fig. 3. Scheme of the system used for measurements
of ionic conductivity, DC four-probe Wagner method

IS measurements of ionic conductivity. Impedance measurements of ionic conduc-
tivity [12] were performed for electrolyte layers applied on an alundum base using the
screen-printing method. The real and imagynpart of the impedance (impedance
spectra) were measured at frequencies from 20 Hz to 1 MHz and in the temperature
range from 20 to 708C. The amplitude of the sinusoidal sampling signal was 20 mV.
An RLC meter (HP 4284A) was used. Thangtes were heated with a platinum
heater, placed on the reverse side ofalumdum base. Temperature was determined
based on the measured linear dependenaheoteater resistance on temperature.

A schematic diagram of the testand is presented in Fig. 4.

RLC Meter
Heater power
HP 4284A =5 controler TN

1]

L= _I -
. ?\
N gas
gas inlet \ \ outlet
ceramic chamber electrolyte

Fig. 4. Scheme of the test stand used for measurement
of ionic conductivity, IS impedance spectroscopy method
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3. Results and dicussion

3.1. X-ray investigations of the composition
and thermodynamic stability of selected electrolytes

X-ray spectra of selected eleciytas are presented in Figs. 5-8.
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Fig. 6. X-ray spectra of the sample made of mass No. 8
after curing in a reducing atmosphere, identified a¥ BD11
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Fig. 7. X-ray spectra of the sample made of mass No. 12,
identified as BjcY o503 or 8-Bi,O5
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Fig. 8. X-ray spectra of the sample made of mass No. 12 after curing
in a reducing atmosphere, identifiedoa8i,O; and Bi (A)

Basing on the analysis of the spectra, it was established that:

e Electrolytes of the BIVOX and BIMEVOX families are generally thermodynamically
stable in the presence of reducing gases (oxygen-free atmosphere), although in some cases
the samples of BIMEVOX electrolytes decomposed (Fig. 9).

¢ The electrolyte based on stabilized bismuth oxie€gi,0; (mass No. 12) is un-
stable thermodynamically and decomposes-&i,O; and finally to pure Bi (Fig. 10).
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Fig. 9. Decomposed tablet made of mass No. 5Fig. 10. Decomposed tablet made of mass No. 12
after a hazard in a reducing atmosphere after a hazard in a reducing atmosphere

3.2. DC measurements of ionic conductivity

The temperature dependences of theciartinductivities of selected electrolytes
(mass No. 8, 12 and Zgare presented in Fig. 11. Measurements were performed
during the heating and cooling of the sdasp The ionic conductivities for all elec-
trolytes investigated are presented in Table 2.

Table 2. lonic conductivities of the electrolyte bulks

o [1/(Q-cm)]
No.

400°C 660°C

1 - 0.006
2 0.0397 0.084
3 0.0062 0.079
4 0.0010 0.095
5 0.0008 0.054
7 0.0003 0.047
8 - 0.536
9 0.0020 0.322
10 0.0016 0.118
12 0.0009 0.694
13 - 0.510
14 0.0011 0.328
15 0.0010 0.255
16 0.0001 0.016
17 0.0013 0.088
18 0.0007 0.065

ZrO, — 0.005
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Basing on the results obtained it was affirmed that:

¢ In the temperature range from 280 to 700°C, ionic conductivities of electro-
lytes based on BD; are ca. 3 orders of magnitude higher than the conductivity of the
traditional electrolyte Zr®

¢ In the temperature range of 400—7P@(the range of operation of fuel cells), the
highest ionic conductivity measured wasthe electrolyte bulks No. 8, 9, 12, 13.

e The most linear Arrhenius characteristidgthout any histeresis, was exhibited by
the mass No. 12. This confirms that no phesesformations take place during its heat-
ing in air.

¢ The lowest value of ionic conductivity was measured for mass No. 1, in which
X-ray composition analysis showed the presence of the poorly ionically conductive
phasex-Bi,Os.
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Fig. 11. Temperature dependences of ionic 9 :
conductivities for selected electrolytes (No. 8 :
and No. 12), current range 1 mA, for cooling ( 6 E ; ; ‘
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3.3. IS measurements of ionic conductivity

Using the DC method it is impossible tetermine the ionic conductivity of
electrolyte layers prepareglith the screen-printing method, it was thus decided to
apply the AC method for ionic conductivitpeasurements. Examples of impedance

spectra measured in furan of temperature (350-60C) for the mass No. 5 are pre-
sented in Fig. 12.
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Fig. 12. Comparison of the impedance spectre 5 \f
recorded in ai(m) and gagw) atmospheres 0.0 S VN .
for the sample made of mass No. 5 at: 0.00 250k 500k 750k 1000k
A -350°C, B -550°C, C -600°C R[]

In order to determine the influence of a reducing atmosphere on the ionic conduc-
tivity of the electrolytes, impedance speatmaasurements were performed in both air
and gas (propane butane atmospheres. The results of these measurements are pre-
sented in Fig. 13 and Table 3.

Basing on impedance spectra analysigias confirmed that the ionic conductivity
of all electrolyte bulks measured in airhigher than that measured in a reducing at-
mosphere. It was also proved (similarth@ DC method) that the highest ionic con-
ductivity were exhibited by samples No. 8 and 12. The reason for the differences in
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the ionic conductivities measured by the B@ IS methods is probably the different

densities of the samples, prepared using pressing and screen-printing methods.

Screen-printed layers have an ionic conility two order of magnitude lower than
traditionally pressed samples.
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Fig. 13. Impedance spectra of mass No. 5 measured in air (A) and in a reducing atmosphere (B)
at:m — 250°C, @ — 350°C, A — 450°C, ¢ — 550°C, ¥ — 600°C

Table 3. lonic conductivities of the electrolytes (flow of air and reducing gas)

o [1/(S-cm)]
No. In air In gas
450°C 600°C 450°C 600°C
5 2.35x10° 5.9x10° 1.21x10° 2.87x10°
6 1.44x10% 3.48x10% 1.24E-15 3.29E-14
7 2.88x10° 2.19x10° 5.00x107 1.21x10°
8 1.17x10° 2.41x10° 2.74x10° 2.92x10°
10 9.25x10° - 7.66x10° 1.59x10°
12 3.26x10" - 3.26x10* 9.65x10°
17 1.59x10* 1.90x10° 2.22x10% 2.85x10°
4. Conclusions

It is possible to operate SOFC fuel cells based on BIMEVOZ-Br,O; electro-
lyte, with a relatively low working temperature (ca. 6@). In the range of
200-700°C, the ionic conductivity of electrolytes based os(Biis quite higher (ca.
3 orders) than for the conventional electrolyte ZrO

Compounds from the BIVOX and BIMEVOX families (bulk No. 8) have suitable
properties for fuel cell applications, since thenic conductivity is high (ca. 0.,5 S/cm) at
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a relatively low temperature (65C) and they are thermodynamically stable in reduc-
ing atmospheres.

The material based on stabiliz&Bi,O; (bulk No. 12) is not thermodynamically
stable in a reducing atmosphere, thus itdiagiion as an electrolyte in fuel cells is
impossible.
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HBYV deep mesa etching in InGaAsInAIAS/AIAS
heterostructureson InP substrate

MARIANNA GORSKA", HANNA WRZESNSKA, ANNA SZERLING,
KRzYSZTOFHEJDUK, JACEK RATAJCZAK, JAN MAREK £ YSKO

Institute of Electron Technology, al. Lotnikéw 32/46, 02-668 Warsaw, Poland

The chemical composition of newly developed amegat etching solution and several experimental
results obtained with heterostructure barrier varactor (HBV) deep mesa formation are presented. The
novel solution enables the deep etching of the InGaAs/InAlAs/AlAs heterostructure over InP substrate,
up to 5um in the [100] crystal direction. It ensures etch-stop at the InP substrate and gives almost perfect
surface quality, with mesa profiles meeting device design requirements. The etching solution is a mixture
of two components: A (50,:H,0,:H,0 = 1:1:8) and B (gHgO7:H,O = 1:1), in the proportion B:{D,
content in A) =1:1.

Key words:heterostructure; anisotropic; wet etching; mesa

1. Introduction

In recent years, new varactor structufideterostructure Barrier Varactor, HBV)
[1] with characteristis with even symmetry have been proposed. The importance of
optoelectronic and other high-speed devimes$nP bases is recognized today in mod-
ern technology. Nevertheless, there are @littechnological steps in the processing
of such devices that have not been opliynsolved. In this publication, we present
the HBV diode technology, especially tfimgment related to mesa etching in In-
GaAs/InAlAs/AlAs heterostructuredeposited with the MBE method od0) InP
substrates. The technology @BV structure fabrication, wibh consists of two mesa
formation steps — a big and a small one — is shown in Fig. 1.

The technological flow chart startdttvthe deposition of a 300 nm thick PECVD
dielectric. After the first photolithographyd mesa shape patterning in the dielectric
layers, a 4..um thick heterostructure is anisotropically etched in the newly developed

“Corresponding author, e-mail:gorska@ite.waw.pl.
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solution. Dielectric layers, still remaining aethop of the first mesa, are used again in

a second lithography step to define the second mesa shapes. Etching the second mesa
is performed with a standard,$00,:H,0,:H,O = 1:8:40 solution. It is very important

that the InP substrate is not affectedtbig solution. The technological sequence is
completed by the photolithography and lift-off technique of a metal sandwich, which
forms electrical pathsontacts, and bonding pads.

metal electrode

fs‘m

first mesa
S,

- ——————— InP substrate

Acc.V SpotMagn Det WD Exp 1 10pm

200KkY 3.0 242Tx SE 168 6314 ITE Warsaw

Fig. 1. Top view of the chip after the first metal level step

The main problem with the technology peted in this paper is a deep (ca. D
etching of the first mesa. According teettesign requirements of the HBV diode, two
mesa mask edges parallel to ti¥d [L] crystal orientation should give a soft transition
after the etching step which ensures thetiooity of the metal paths. The other two
mesa sidewalls, oriented along tH@1[1] crystal direction, should form sharp edges
for the self-aligned cut-off of the metaltha. A negative angle between the crystal
plane (100) of the substrate surface anel itiesa sidewall crystal plane (332) is
highly advantageous.

The solution presented in this wonkiakes the deep etching of InGaAs
/InAlAs/AIAs heterostructures olmP substrates possible up tou® in the [100] crys-
tal direction. It enables the etching zonestop at the InP substrate and gives the al-
most perfect surface quality of the sampleish the mesa profiles meeting the design
requirements of the device.

2. Experimental

Experiments were focused on the develeptrof deep mesa etching technology
(first mesa indicated in Fig. 1) in InGalltsAIAs/AlAs heterostructures, according to
the requirements presented in Fig. 2. Gmlihasis of published data [2, 3], three mix-
tures were selected. They selectively etch InGaAs and InAlAs against the InP sub-
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strate with the etching rate of sevaxal/min. These mixtures were prepared using sul-
phuric, citric, and phosphoric aciitsthe following proportions:

H,SOy:H,0,:H,0=1:8:40, @HO7:H,0,=2:1, HPO,:H,0,:H,0 =1:1:50.

3. Results

SEM microphotographs of mesas etchedn@aAs/InAIAs/AlAs heterostructures
over (100) InP substrates using thewe mixtures are shown in Figs. 3—7.

In, 530a.._47AS Ing 5:Gag 4sAs
lm.;;A|...:gAﬁ
AlAs
Ing soAly 4sAs
In 5-Gag gAs
||'J.U_ 53[_}"“_.1_-.}\
Ing 5:Gag sAs
Ing s2Aly 4sAs
AlAs

) doped i N s2lrd g gghs SR
\ Ings3GagnAs dOpLd

InP substrate

Fig. 2. Scheme of the two cross-sections of the required mesa profile
(in the [011] and [011 ] crystal directions, not in scale)

Experiments performed with the etching solutiogs6,:H,0,:H,O = 1:8:40 gave
the sample profiles as shown in Figs43Good results were obtained with shallow
mesa etching only. Unfortunately, it waspiossible to reach a sufficient etch depth,
good (100) surface quality, and proper mesa profile. Longer etch times gave deformed
dovetail profiles.

Other experiments were done applyingicitcid with hydrogen peroxide mix-
tures. Figures 5, 6 show two samplefjes, obtained after etching withsldsO7:H,O,
= 2:1. It was expected, based on the pubtistiata, that after 480 sec the etch zone
would reach the depth of at leastu®. The depth of only 1.06m was obtained. A
longer etching time (1200 sec) caused fogrin triple-stepped mesa profiles about 2
um deep disqualifying this mixture.
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Fig. 3. Top view of the sample etched Fig. 4. Profile view of the sample etched
in H,SO,:H,0,:H,0 = 1:8:40, time 180 sec, in H,SO,:H,0,:H,0 = 1:8:40, time 240 sec,
etch depth 3.;um, poor (100) sugice quality etch depth 3.4um, dovetail effect

Fig. 5. Top view of the sample etched Fig. 6. Top view of the sample etched
in CgHgO7:H,0, = 2:1, time 480 sec, in CgHgO7:H,0, = 2:1, time 1200 sec,
etch depth 1.06m undesired three-step mesa profile

Fig. 7. hPO,:H,0,:H,0 = 1:1:50, time 900 sec,
etch depth 1.14m, uneven mesa edge

Phosphoric acid was also taken into coesation and tested, with the composition
HsPOy:H,0,:H,O = 1:1:50. After 900 sec, ¢hetch depth was only 1.1dm, and the
masking edge and surface quality were not satisfactory.
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The results presented suggest that heterctsires consisting of several very thin
layers (individual layer thickness from 3 nm to 40 nm) of InGaAs and InAlAs are
etched with significantly lower rates théme solids presented in literature. The mix-
ture proposed in this publication, designfd HBV diode etching, consists of
sulphuric and citric acid, mixed togetheithvhydrogen peroxide and water [4]. Its
chemical composition is as follows: component A 556,:H,0,:H,O = 1:1:8, com-
ponent B = GHgO;:H,O = 1:1, mixed in the following proportidn(in volume), pre-
pared just before use, mtom temperature, where:

k= Ve

VHZOQin A

=1 (1)

This newly proposed anisotropic etchiaglution matches all technological re-
guirements of the device. The samples watohed at room temperature. The chemi-
cal reaction was of the redox type. Sulphw@id and hydrogen peroxide act as the
oxidizing agents of the sample surface, forming the oxide layer. Citric acid and water

Fig. 8. Proper mesa shape, obtained with the newly
developed solution. Two sidewalls (left and right)
have soft slopes and the two other (upper and lower)
have abrupt edges with negative angle of inclination;
a residual dielectric layers still covers the mesa
surface and reveals moderate lateral
undercuts of the mask edges

dissolve this layer and discover semicontduaew surfaces for chemical oxidation. It

is well known that even small changedtlie etchant chemical composition influence

the etch rate. The etch rate depends on the etchant and semiconductor chemical activ-
ity, as well as on the transport mechanisom/to the sample interface of the sub-
strates and products. Diffusion is dependenthenstirring or agitation of the etching
solution. The etchant composition proposed and optimum process parameters (tem-
perature, agitation, liquid volume) give thequired anisotropy of the mesa profile

with respect to the crystédttice orientation. Finally, good results obtained with the
newly developed solution are shown in Figyand were confirmed by a number of
other experiments not presented here.

4. Conclusions

An anisotropic etching solution that enabbieep etching in heterostructures, with
almost perfect surface quality, anisotrogfeet, and etch-stop at the InP interface,
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was developed for the HBV (Heterostructiarrier Varactor) mesa formation tech-
nology. An etchant composed 0b$0,, CsHgO;, H,O,, and HO fulfils the device
design and technological qeirements, which is confirmed by several SEM micro-
photographs of the etched samples.
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Segmented block copolymers of natural rubber
and 1,4-butanediol-toluene diisocyanate oligomer s
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School of Chemical Sciences, Mahatma Gandhi University,
Priyadarshini Hills, Kottayam — 686 560, Keraa, India

Segmented block copolymers were synthesized from hydroxyl terminated liquid natura rubber
(HTNR) and polyurethane oligomers (PU), formed from 1,4-butanediol (1,4-BDO) and toluene diisocy-
anate (TDI). The samples were synthesized in solution in two series by the one-step and two-step meth-
ods. They were characterized by spectral analysis, therma analysis, etching studies, microscopy and
mechanical testing. IR and NMR spectral data, along with etching studies, support the notion that
achemica reaction leads to block copolymerization. Differentia scanning calorimetric (DSC) analysis
showed a soft segment glass transition temperature between —62 °C and —63 °C and a hard segment glass
transition temperature between 87 °C and 100 °C for different samples. This observation and two-stage
thermal decomposition of the samplesin thermogravimetric analysis (TGA) clearly indicate that the block
copolymers are completely phase-segregated systems. The amorphous heterophase morphology of the
samplesisindicated by SEM, which shows well-defined beads of hard phase dispersed in a matrix. SEM
results, along with the etching studies, revealed that the samples are systems consisting of block copoly-
mers and some quantity of uncoupled polyurethane homopolymers in the form of beads. The homopoly-
mer beads suggest that the efficiency of the chain extension in the present method of synthesisis slightly
lower than expected. Tensile properties improved with the hard segment content in the samples. Low hard
segment content leads to a flexible elastomer, while at the high one rigid plastics are formed. Intermediate
compositions yielded rigid elastomers. Two-step samples showed dightly better properties compared to
the one-step samples. This may be due to the systematic way by which the reaction progresses in two-step
synthesis. The overall properties are found to be lower than that of the conventional polyurethane elas-
tomers. Thisis attributed to the absence of phase mixing and the inability of the soft segments to crystal-
lise under strain due to their short segments.

Key words: segmented block copolymer; liquid natural rubber; polyurethane

1. Introduction

The chemical modification of natural rubber has been studied for many years and
a great number of derivatives have been prepared from this naturally occurring poly-

' Corresponding author, e-mail: mgusc@rediffmail.com.
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mer. As aresult of these studies, many of the physical and mechanical properties of
NR, such as glass transition temperature, compatibility, gas permeability, vulcanising
properties, adhesive strength, oil resistance, tensile strength etc. can be modified to
agreat extent.

Madification involves the liquefaction of NR by photochemical degradation and
subsequent block copolymerization with thermoplastic segments such as polyure-
thanes [1-4] or polyethylene glycols [5]. These block copolymers were found to be
completely phase-separated systems with properties ranging from soft elastomers to
rubber-toughened plastics as the hard segment content increases. This variation of
mechanical properties could be caused by a change in sample morphology as is dis-
cernible in studies of block copolymers of natural rubber with polyethylene glycol hard
segments of higher molecular weight (4000 and 6000), being crystalline solids [5]. At
low hard segment content, the NR soft segment is a continuous phase, in which the hard
segment domains act as physical crossinks and reinforcing fillers. At higher hard seg-
ment content, the block copolymers appear to be bicontinuous in nature.

Of al the diols used for chain extension in the synthesis of polyurethane-based
block copolymer, 1,4-butanediol yielded the best results in terms of material proper-
ties. The present work is an attempt to synthesise and characterise a series of block
copolymers of NR and polyurethane using 1,4-butanediol as a chain extender. A small
part of this work has already been presented as a symposia paper [1]. This contribu-
tion is an attempt to report findings after carrying out more work on the subject in-
volving different routs of synthesis and el aborate studies on product characterisation.

2. Experimental

2.1. Materials

Natural rubber (ISNR-5) with viscosity average molecular weight — 820,000, in-
trinsic viscosity in benzene at 30 °C = 44.5 cm®g, Wallace plasticity, P, = 39.0 was
obtained from Rubber Research Ingtitute of India, Kottayam. Hydrogen peroxide
(30%) was supplied by Merck, India. Toluene (reagent grade, Merck, India), ethanol
(reagent grade, BDH, India), toluene diisocyanate (TDI) (80/20 mixture of 2,4- and
2,6-isomers, Fluka, Switzerland), were used without further purification.
1,4-Butanediol (1,4-BDO, Fluka, Switzerland) was dehydrated with anhydrous cal-
cium oxide and then distilled under reduced pressure. Tetrahydrofuran (THF, BDH,
India) was dried using sodium wire and distilled before use. Dibutyltin dilaurate
(DBTDL, Merck, Germany), was used as the catalyst without further purification.
N,N’-dimethyl formamide (DMF, Merck, India), was dried by phosphorous pentoxide
and distilled before use.

Hydroxyl-terminated liquid natural rubber (HTNR) of number average molecular
weight 3000 was prepared in the laboratory by the photochemical degradation of natu-
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ral rubber as per areported procedure [6]. It was reprecipitated three times from tolu-
ene using methanol and dried at 70-80 °C in vacuum.

2.2. Synthesis

Segmented block copolymers with varying compositions were synthesized in solu-
tion by the one-step and two-step processes. The overall compositions of the reactants
used are given in Table 1.

Table 1. The overall compositions of the one-step and two-step block copolymers

Sample Molar composition Per cent
HTNR/TDI/1,4-BDO of hard segment
NR/1,4-BDO(70/30)-1& 2 1.0/5.97/4.86 33.0
NR/1,4-BDO(60/40)-1& 2 1.0/8.74/7.57 42.3
NR/1,4-BDO(50/50)-1& 2 1.0/12.60/11.35 51.2
NR/1,4-BDO(40/60)-1& 2 1.0/18.39/17.03 61.2
NR/1,4-BDO(30/70)-1& 2 1.0/27.04/26.49 70.3

The two-step process. The stoichiometric amount of HTNR dissolved in THF
(30% wiv) was placed in aflat-bottomed flask equipped with a magnetic stirrer, a
reflux condenser, and a dropping funnel. The catalyst, DBTDL (0.03 wt. % of HTNR)
was added and the solution was brought to reflux at a temperature between 70 and 80
°C. Thefinal stoichiometric amount of TDI dissolved in THF was dropped into it over
a period of 30 min followed by 90 min of reaction time to ensure the complete end-
capping of HTNR. The required amount of 1,4-BDO (30% w/v) was then added and
stirring was continued for 3 hours. The product was poured into a tray treated with
silicon release agent and kept overnight for casting into a sheet. The sheet was then
subjected to heat treatment at 70 °C for 24 hours to remove residua solvent followed
by one week of aging at room temperature in a dry atmosphere.

The one-step process. The required stoichiometric amounts of HTNR and 1,4-BDO
in THF (30% wi/v) were placed in a flat-bottomed flask. DBTDL catalyst (0.03 wt. % of
HTNR) was added and the solution was brought to reflux at a temperature between 70
and 80 °C. The final stoichiometric amount of TDI was dropped into it over a period of
45 min. Stirring and refluxing were continued for 4 hours. The viscous liquid was then
cadt, cured, and aged, as described in the case of two-step samples.

2.3. Extraction study

Etching studies on the block copolymer were done by keeping a known weight of
the NR/1,4-BDO(50/50)-2 as a film in N,N’-dimethyl formamide for two days. The
insoluble part (gel fraction) was separated by filtration. This etching process was re-
peated three times on the same gdl fraction. It was finally dried to a constant weight.
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2.4. Polymer designation

The samples were designated as follows. As an example, NR/1,4-BDO (70/30)-1
means that the sample contained around 70 wt. % of HTNR and 30 wt. % of polyure-
thane hard segment, based on 1,4-BDO and toluene diisocyanate. The exact composi-
tions are given in Table 1. The number 1 given at the end indicates that the sample
was made by the one-step process. The number 2 is given for samples made with the
two-step process.

2.5. Measurements

Infrared spectra of the samples were recorded on a Shimadzu FTIR-8400S spec-
trometer (Japan). The '"H NMR spectra were recorded on a Bruker AC 200 MHz
NMR spectrometer and **C NMR spectra on a Bruker AC 50 MHz NMR spectrometer
(USA). Differential scanning calorimetry (DSC) was performed with a Mettler Inc
(TA 300) microcalorimeter (USA) and with a Perkin Elmer Delta Series DSC 7 calo-
rimeter (USA) at a heating rate of 10 K/min. All DSC scans were first scans. Glass
transition temperature was noted as the temperature corresponding to one half of the
increases in heat capacity at the transition. Thermogravimetric analysis (TGA) was
carried out using a Perkin ElImer TGA 7 analyser (USA) at a scanning rate of
10 K/min. The peak temperature in the DTG curve is taken as the decomposition tem-
perature. Stress-strain behaviour was studied on a Zwick 1474 Universal Testing Ma-
chine (Germany) as per the ASTM D 412-80 test method at a constant cross head
speed of 500 mm/min. The fracture surfaces of the samples from tensile tests were
sputter coated with approximately 300 A of gold and examined on a JEOL JSM-35C
scanning electron microscope (Japan) at 15 kV using magnifications of 400 to 1000x
to study the morphology of the materials.

3. Results and discussion

The test samples were prepared in two series basing on different routes of synthe-
sis — one-step and two-step processes. All syntheses were done in solution and the
samples were made in sheet form by casting the reaction mixture and subsequent heat
treatment and ageing as described in the previous section. The sheets do not dissolve
but swell to a great extent in suitable solvents which is characteristic of a crosslinked
product. Thisindicates that the chemical reactions continue through the casting stage,
resulting in the crosslinking of the product. The probable reactions leading to the for-
mation of the one-step and two-step products are presented in Scheme |. Reactions
leading to the end-capping of HTNR, formation of polyurethane, and chain extension
occur simultaneously in the case of the one-step products, whereas for two-step prod-
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ucts end-capping occurs in the first stage, followed by chain extension with polyure-
thane in the second stage.

CH,
CH;
1
OH-(CI—|2—C=CH—CH2-}OH + OCN—O—NCO +  HotCHYOH
¥ '\/ I
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Scheme 1. Course of the reactionsin one-step (a) and two-step processes (b)
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Fig. 1. IR spectra at different intervals of synthesis Fig. 2. IR spectraof: @) HTNR, b) NCO endcapped
of NR/1,4-BDO(50/50) by one-step process: NR, ¢) PU hard segment based on TDI and
a) at the beginning, b) after one hour, 1,4-BDO, d) block copolymer by two-step process,
c) after three hours, d) final product e) etched block copolymer (gel fraction)
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Fig. 3. 'H-NMR spectrum of NR/1,4-BDO(50/50)-2

4 o 789 O
CNH@-NHCO CH2 23 CH2>O CNHENHCOCHZCH,CH3CH,0
c=C, 6 123 10 14 15 yln
H HiC 11
5 13

13
15 ¢

ni

z
6 . 8
120 | 4 14

|
190 170 150 130 110 o0 i’?l] 50 30 10 0O

CDCI 4
Ppm

Fig. 4. *C-NMR spectrum of NR/1,4-BDO(50/50)-2
Evidence for this effect is seen in the IR spectra given in Figs. 1 and 2. Various

stages in the formation of a typical one-step product are shown in Fig. 1a—d Very high
intensities of the OH and -NCO peaks, positioned at 3470-3600 cmi ™ and 2258 cm
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respectively, shows the presence of excess reactants at the beginning, which decreases
after one hour of reaction time with the emergence of a new peak at 3314 cmi™* due to
the =NH group (Fig. 1b). The isocyanate peak and broad hydroxyl peak almost disap-
pear after three hours of reaction time, as seen in Fig. 1c, indicating high conversion.
The cast product shows (Fig. 1d) the combined features of NR and polyurethane seg-
ments. The shoulder peak appearing at 3420 cm™ in Fig. 2b, d is attributed to the non
-hydrogen bonded =NH groups in polyurethane.

The series of reactions leading to the formation of the two-step product is also
supported by the IR spectrain Figs. 2a—d. Fig. 2a shows the IR spectrum of liquid NR
with a broad hydroxyl band at 3490-3580 cm™. End-capped liquid NR shows the
presence of the =NH and isocyanate peaks as in Fig. 2b. When the chain is extended
with 1,4-butanediol, this gives the final product with IR features as shown in Fig. 2d.
Both the isocyanate peak and hydroxyl peak are absent in this spectrum, indicating
their involvement in the reaction. The spectrum of the final product bears all the fea-
tures of NR and polyurethane components as in the case of the one-step block co-
polymer. Figure 2c, which is a spectrum of the polyurethane reaction mixture pre-
pared separately by reacting dlightly excess TDI and 1,4-BDO, is given for
comparison purposes. The proton NMR (Fig. 3) and *C NMR (Fig. 4) spectra of
atypical two-step product, NR/1,4-BDO(50/50)-2, support the copolymer structure.
Peak assignments are shown in the respective figures. The peaks characteristic of hard
segments are found to be relatively weak in these spectra. As noted above, block co-
polymers were found to be insoluble in common solvents and in such cases the NMR
solvent, CDCl;, could solvate the NR segments and cause high mobility, whereas the
solvation of PU segments becomes difficult owing to the inability of the solvent to
break the high intersegmental interaction existing in them. This causes low mobility
of the hard segments and renders the respective NMR peaks weak.

A notable feature of the spectral analysis is that no major shift in the absorption
frequency of NR and PU segments is observed in the spectra. This indicates that in-
tersegmental interaction between NR and PU segments is absent in the block copoly-
mers and that they are present as separate phases. This is supported by the large dif-
ference in the solubility parameter of the polyurethane segments (25 (J-cm?)¥?) and
NR segments (16,6 (Jcm™2)"?). The closeness of the respective solubility parameters
is shown to be a criterion for the miscibility of two components. These observations
are viewed in the light of the nonpolar and polar character of NR and polyurethane
segments, respectively, which do not mutually interact.

Phase separation in the block copolymer is further evidenced by DSC studies.
Curves a and c in Fig. 5, being the thermograms of two typical two-step block co-
polymers, NR/1,4-BDO(60/40)-2 and NR/1,4-BDO(40/60)-2, respectively, show two
different transitions corresponding to the NR andpolyurethane segments. This is char-
acteristic of a phase separated product. Moreover, the Ty values of NR in both cases
are the same (—63 °C), irrespective of the compasition of the block copolymers. This
indicates that the rubber and polyurethane phases exist without mutual interaction,
which otherwise would have lead to shifted T, values. Thermograms of another two-
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step sample and of all the one-step samples are taken at higher temperature only, since
the subambient regions of the thermograms used for reading the value of Ty for NR is
expected to be similar for all samples (due to the structural identity and identical
grade of the liquid NR used for synthesis). The polyurethane phase shows only a glass
transition, since crystallinity is absent due to the dissymmetry of TDI, which bears
isocyanate groups at the 2- and 4- positions, affecting the uniformity of the polyure-
thane chain. Higher values of T4 for the polyurethane segments are explained on the
basis of their rigidity, which is caused by hydrogen bonding and other interactive
forces existing between the urethane groups.

endo —w»
\

= ¢
3 & Tl o
@ T \.\\ &
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J Fig. 5. DSC thermograms of the block copolymers:
' _ a) NR/1,4-BDO(60/40)-1 (Perkin-Elmer),
- S b) NR/1,4-BDO(50/50)-1 (Perkin-Elmer),
5| ¢) NR/1,4-BDO(40/60)-1 (Perkin-Elmer),
L . R d) NR/1,4-BDO(60/40)-2 (Mettler),
60 70 80 90 100 110 120 €) NR/1,4-DO(40/60)-2 (Mettler),
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The aromatic ring structures present in the diisocyanate moiety of the hard seg-
ment structural units also contribute to segment rigidity. Single hard segment T, val-
ues are observed in all samples, showing a narrow distribution of hard segment
lengths in them. This is expected, since synthesis was carried out in solution, where
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polymerization proceeds in a nearly systematic way. Unlike soft segment T,, the hard
segment T, varies with composition as given in Table 2. It increases with hard seg-
ment content. This is due to the fact that samples with the higher hard segment con-
tent possess longer PU blocks, resulting from the respective OH/NCO ratio. The
longer the blocks, the higher the extent of intermolecular forces existing between
them, which causesarisein T,

Table 2. DSC results of the block copolymers

Ty[°C]
Sample
Soft segment Hard segment
NR/1,4-BDO(60/40)-1 - 88.0
NR/1,4-BDO(50/50)-1 - 94.0
NR/1,4-BDO(40/60)-1 - 99.0
NR/1,4-BDO(60/40)-2 —63.0 87.0
NR/1,4-BDO(50/50)-2 - 94.0
NR/1,4-BDO(40/60)-2 —62.0 96.0

&

{3 8l RRLSH

Fig. 6. Scanning electron micrographs of typical
one-step products: a) NR/1,4-BDO(70/30)-1,
b) NR/1,4-BDO(50/50)-1, ¢) NR/1,4-BDO(30/70)-1
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{SKU X1600 6115  1@.0U RRLSM

Fig. 7. Scanning electron micrographs of typical
two-step block copolymers: @) NR/1,4-BDO(70/30)-2,
b) NR/1,4-BDO(50/50)-2, ¢) NR/1,4-BDO(30/70)-2

Heterophase morphology is further shown by SEM analysis. These micrographs
(Figs. 6, 7) exhibit the presence of incompatible phases forced to coexist. Hard seg-
ments agglomerate into discrete amorphous phases, which are seen as well-defined
boundary surfaces in the SEM micrographs. Their sizes range from 3.75 to 20.66 um.
These are, however, much larger sizes compared to hard domains usually observed in
block copolymer morphology, which tend to vary from discrete spherical dispersions
of nano size at low hard segment content to regular lamellar distributions at higher
hard segment content. Due to extremely small size, hard domains in block copolymers
would be visible only in high resolution TEM studies. It was thus inferred that the
beads observed in the present case are larger agglomerations of polyurethane ho-
mopolymers, which remain unbonded with the rubber chains during synthesis.

Such a possihility was further explored by conducting quantitative etching studies
on the NR/1,4-BDO(50/50)-2 sample, so as to separate the unbonded polyurethane
fraction. The solvent used for this purpose was N,N’-dimethyl formamide, which is
avery good polyurethane solvent. It was found that 25.62% of the total sample weight
was extracted. The etched sample (gel fraction) was subjected to IR analysis. A com-
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parison of its IR spectrum with that of the unetched original sample shows similar
features of NR and PU segments, indicating that both samples have the same struc-
tural characteristics. These findings suggest that block copolymerization taks place as
envisaged in Scheme 1, but with dightly lower efficiency, so that a part of the PU
remains a homopolymer.

Table 3. Variation of bead size and bead density

with the polyurethane content in the block copolymers (measured from SEM)

Sample Weight % Mean domain size | Domain density on
of hard segment [um] surface (x108 m™)

NR/1,4-BDO(70/30)-1 33.0 3.75 1.98
NR/1,4-BDO(50/50)-1 51.2 20.66 6.78
NR/1,4-BDO(30/70)-1 70.3 not measurable not measurable
NR/1,4-BDO(70/30)-2 33.0 4.25 201
NR/1,4--BDO(50/50)-2 51.2 not reliable not reliable
NR/1,4-BDO(30/70)-2 70.3 not measurable not measurable

The size and population of the random beads observed in the SEM micrograph
was tabulated in Table 3. The population is given in terms of bead density, which is
the number of beads per square meter on the sample surface. The overall bead size and
bead density are found to vary with hard segment content in the sample. For example, in
NR/1,4-BDO(70/30)-1, the minor component, i.e., polyurethane, is present as discrete
particles of a small size at lower dengties in the continuous matrix of NR segments.
When hard segment content is increased to 51.217%, as in NR/1,4-BDO(50/50)-1, the
hard domain size and domain density increase to a great extent. With further increase of
hard segment content to 70.328%, the hard domains tend to coalesce and form a con-
tinuous phase. Domain size and density are hence not measurable in this case. The cor-
responding two-step samples, except NR/1,4-BDO(50/50)-2, give similar results. In the
case of NR/1,4-BDO(50/50)-2, the micrograph shows a deformed surface containing
torn fragments, which is characteristic of a flexible material. Domains are not visible.
This can probably happen if major quantities of the PU component were incorporated
into the block copolymer structure. The present samples hence can be considered to be
systems consisting of three separate phases, viz., the NR soft phase, the polyurethane
hard phase (present in the block copolymer), and the homopolymer polyurethane phase
(as beads). However, DSC studies showed only one glass transition corresponding to the
polyurethane phase. This may be due to comparable chain lengths of the polyurethane
block copolymer phase and the homopolymer phase, which would hence be represented
by asingle transition in the DSC thermogram.

A two-phase morphology is further supported by thermogravimetric analysis. All
samples decomposed in two stages (Figs. 8, 9), indicating the coexistence of two
components. The onset of weight loss, the temperature of complete decomposition,
the DTG peak temperatures, and the percentage of weight loss in each stage are sum-
marized in Table 4.
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Fig. 8. Thermograms of the one-step block Fig. 9. Thermograms of the two-step block
copolymersfrom TGA andyss copolymersfrom TGA anadyss

a) NR/1,4-BDO(70/30)-1, b) NR/1,4-BDO(60/40)-1, &) NR/1,4-BDO(70/30)-2, b) NR/1,4-BDO(60/40)-2,
¢) NR/1,4-BDO(50/50)-1, d) NR/1,4-BDO(30/70)-1  ¢) NR/1,4-BDO(40/60)-2, d) NR/1,4-BDO(30/70)-2

The onset of weight loss in the first stage occurs between 240 °C and 290 °C. The
percentage of weight loss in this stage increases with increasing hard segment content,
which indicates that the first stage of decomposition is due to hard segments. Obvi-
oudly, the second stage of decomposition is due to the soft segments, since the per-
centage of weight loss here increases with increasing soft segment content. The first
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stage of decomposition is completed in the temperature range 295-340 °C. The
second stage of decompoasition is rather rapid — it begins around 300 °C and is com-
pleted in the range 440-490 °C. A plateau of temperature separating the two stages of
decomposition indicates that the two components decompose at different tempera-
tures. Two stage decomposition is a clear indication of the heterophase nature of
block copolymers.

Table 4. Phenomenological data of thermal decomposition
of the one-step and two-step block copolymers

. o Per cent Peak temperature
Sample Onset of weight loss [°C] of weight loss [°C]

Stage 1 Stage 2 Stagel | Stage2 | Stagel | Stage?2

NR/1,4-BDO(70/30)-1 244.00 341 36.00 63.00 | 307.00 | 410.00
NR/1,4-BDO(60/40)-1 254.00 333 43.00 55.00 | 316.00 | 422.00
NR/1,4-BDO(50/50)-1 270.00 352 56.00 42.00 | 312.00 | 419.00
NR/1,4-BDO(30/70)-1 280.00 356 72.00 26.00 | 314.00 | 408.00
NR/1,4-BDO(70/30)-2 244.00 342 35.00 64.00 | 296.00 | 405.00
NR/1,4-BDO(60/40)--2 253.00 355 45.00 54.00 | 297.00 | 393.00
NR/1,4-BDO(40/60)-2 252.00 354 61.00 38.00 | 313.00 | 387.00
NR/1,4-BDO(30/70)-2 273.00 359 70.00 29.00 | 322.00 | 403.00

3.1. Activation energy of decomposition

The activation energy of block copolymer decomposition was derived from the TG
curves by applying an analytical method proposed by Coats and Redfern [7]. The
integral equation used has the form

in 9@ _ In{ AR (1_ 2RT ﬂ _E

T? DE E RT

where g(a) isthe kinetic model function, «—the decomposed fraction at any tempera-
ture T, ¢ — the heating rate, A — a numerical constant, and E stands for activation en-
ergy. The slope of the plot of left hand side against 1/T is a straight line, from which
the energy of activation E was calculated.

All TG data were analyzed using the nine mechanistic equations proposed by Sa-
tava [8] and their kinetic parameters were calculated. It was found that the Mampel
equation (-In(1-a) = kt) best represents the experimental data and gives a proper
mechanism of the reaction in all samples, which corresponds to a random nucleation
mechanism for thermal decomposition with one nucleus in each domain.

In the one-step samples, the activation energy for the first stage of thermal decom-
position increases from 101 KJmol™ to 136 KJmol™ as the hard segment content is
increased from 30% to 70% (Table 5). An increase in activation energy indicates an
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increase in the thermal stability of the hard segments. Thermal stability, however, is
aproperty determined by chemical structure and hard segment content only influences
asegment length. Structural factors that vary with hard segment content seem to play
adecisiverolein this respect.

Table 5. Tensile properties of the block copolymers

Sample Young'smodulus | Tensile strength | Elongation at break

[N/mm?] [N/mm?] [%]
NR/1,4-BDO(70/30)-1 3.93 4.06 194
NR/1,4-BDO(60/40)-1 7 7.88 161
NR/1,4-BDO(50/50)-1 20.78 12.01 98
NR/1,4-BDO(40/60)-1 64.43 16.28 65
NR/1,4-BDO(30/70)-1 97.76 29.86 30
NR/1,4-BDO(70/30)-2 11.58 4.91 225
NR/1,4-BDO(60/40)-2 12.97 8.02 177
NR/1,4-BDO(50/50)-2 21.06 14.53 82
NR/1,4-BDO(40/60)-2 69.12 22.20 68
NR/1,4-BDO(30/70)-2 104.92 31.56 39

The alophanate linkage that can form crosslinks in polyurethane segments in the
presence of free diisocyanate may be afactor worth considering in this case. Since the
guantity of diisocyanate being introduced into the reacting system increases with hard
segment content, allophanate formation is enhanced, which in turn leads to a higher
level of crosdinking in polyurethane segments (Fig. 11). Such an increase in
crosslinking obviously increases the thermal stability of the segments. A similar in-
crease in activation energy with PU content is observed in the two-step samples for
the degradation of polyurethane segments. Comparing the one-step and two-step
products it is observed that the PU components in both series of products have
comparable values of activation energy. This indicates that the polyurethane segments
in both the types of products possess similar structural characteristics.

Regarding soft segment degradation, the activation energy for one-step samplesis
found to decrease with hard segment content. The value is 126 KJ mol™ for 30 % PU
content, which decreases to 90 KJ mol™ for 70 % PU content. On the other hand, the
two-step products exhibit an activation energy of soft segment degradation that varies
only in a narrow range, irrespective of hard segment content. For example, the value
is 180 KJ mol™ for 30 % PU content and 190 KJ mol™ for 70 % content. It was also
found that the activation energy of soft segment degradation differs greatly between
one-step and two-step products at all hard segment contents. The two-step samples
exhibit much higher values compared to the one-step samples. The direct effect of PU
content on the stability of NR is not expected since these are phase separated systems.
It seems, however, that NR structure stands modified so as to alter the activation en-
ergy for its degradation, depending on the method of synthesis and also with the varia-
tionin PU content.
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The above observations may be explained based on the occasional multifunction-
ality of liquid NR. In addition to terminal hydroxyl groups, liquid NR molecules may
possess hydroxyl functionality in the molecular chain. This arises by the opening of a
few number of epoxy groups, which were inducted into the chain during the depoly-
merisation process. The multifunctionality of liquid NR leads to the crosslinking of
segments during chain extension in the presence of diisocyanate and diols (Fig 10).
Crosslinking obviously causes NR segments in the block copolymer to be stable.

o
/\/\Oo{ CH CH-CH-CH) Q—Q/\/\
CH3 =

a) allophanate crosslink

© Hard segment

SN Soft segment

OC-HN NH=CO

b) urethane crosslink

Fig. 10. Schematic representation of crosslinks formed in one-step and two-step block copolymers:
a) allophanate crosslink in hard segment; b) urethane crosslink in soft segment

In one-step synthesis, diisocyanate is added to a mixture of NR and extender diol.
Diisocyanate reacts preferentialy with the extender diol in the initial stages of form-
ing the polyurethane segments, since the extender diol is present in large excess com-
pared to NR in the reaction mixture. As the relative concentration of diol decreases,
diisocyanate tends to react with the hydroxyl group of NR chains, forming isocyanate
endcapped NR molecules. These undergo chain extension with the hydroxyl bearing
polyurethane segments. Multifunctionality in NR thus causes chain extension from all
centers of hydroxyl occupation, which finally leads to crosslinking. The one-step
product with 30 % PU content thus gives a value of 126 KJmol™ for the activation
energy NR segment degradation. Asthe PU content increases, however, the activation
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energy tends to decrease and finally settles at 90 KJ mol™ for 70% PU content. This
decrease in the activation energy with increasing PU content for two-step samples can
be explained basing on the fact that at higher PU content the reaction mixture contains
alarge excess of extender diol, so that the preferable reaction is between diisocyanate
and the extender diol rather than the less reactive secondary hydroxyl groups in the
NR chains. Thisresultsin alower level of crosslinking in the NR soft segments as the
hard segment content increases. In such cases, the activation energy for NR degrada-
tion decreases.

200

150

100

Activation energy [KJ mol™ ]

© Hard segment (one-step)
B Hard segment (two-step)
A Soft segment (one-step)
A Soft segment (two-step)

50

20 30 40 50 60 70 80
Hard segment content [% ]

Fig. 11. Change of activation energy for the degradation
with hard segments content in one- step and two-step block copolymers

Two-step synthesis, however, involves the introduction of excess isocyanate into
NR solution during the initial stages, so that all the hydroxyl multifunctional centres
in the NR chain react with -NCO groups. This is the case for all two-step syntheses,
which means that two-step products should be crosslinked to a similar extent irrespec-
tive of PU content and hence the activation energy values remain amost steady as
seenin Fig. 11. A higher level of crosslinking in two-step products explains the higher
values of activation energy as compared to one-step products.

3.2. Stress-strain behaviour

The shapes of stress-strain curves are indicative of the nature of the materials
(Fig. 12). Samples with low hard segment content resemble flexible rubber, while
samples with higher hard segment content, which exhibit yielding and necking, resemble
flexible plastics. A sample with hard segment content of approximately 70 wt. % under-
goes a failure at yield point, characteristic of arigid plastic. An increase in the hard
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segment content thus tends to improve the tensile properties of both the one-step and
two-step samples. This is due to pseudo crosslinking and reinforcing filler effects
offered by hard segments [9]. Changes in the nature of the continuous phase of the
material, from predominantly soft to hard with increasing hard segment content, also
contribute to the improvement in tensile properties [10]. It has been reported that
tensile strength increases suddenly above 60 % hard segment content [11], due to
amarked change in domain morphology that results from an inversion of the hard and
soft phases in polyurethane elastomers. Materials with intermediate hard segment
content exhibit the tensile properties of rigid elastomers. This observation is in accor-
dance with the findings of Chang et al. [12].

40 1
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- S—NR/ 4-BIX
30 1 e NR/1 4-BIX -2
S NR/4-BDO (4060)-2
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Fig. 12. Stress-strain curves of: a) one-step block copolymers
b) two-step block copolymers

Two-step materials are found to possess dightly a higher tensile strength, ultimate
elongation, and Y oung's modulus than the one-step products (Table VI). This could
be explained basing on the higher level of crosdinking in the NR segments as de-
scribed in the previous section. This could also be due to more systematic chain ex-
tension reactions as compared to one-step synthesis, which would reduce the number
of loose NR chain ends in the product and enhance its tensile properties. An increase
in both the tensile strength and elongation at break of the two-step samples compared
to the respective one-step samples also support this view. Moreover, a systematic
chain extension reaction leads to smaller interconnected PU domains, hence two-step
products possess a large total surface area of these domains, which are more effective
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at stopping catastrophic crack growth through the NR matrix. This view is supported
by the findings of Smith [13].

The ultimate properties of these materials, however, are lower compared to those
of conventional polyurethane elastomers. This is attributed to the absence of phase
mixing, and to the inability of the soft segments to crystallize under strain [14]. The
absence of strain-induced crystallinity may be due to the short length of the NR seg-
ments in the block copolymer.

The mode of failure as observed in SEM micrographs also supports the stress
—strain behaviour of the samples. For example, Fig. 7b shows the presence of ridges
of torn fragments on the fracture surface, which is in a highly deformed state. This
indicates that the corresponding sample, viz., NR/1,4-BDO(50/50)-2, undergoes frac-
ture by stretching and tearing, which is a characteristic feature of elastomers. In the
case of NR/1,4-BDO(30/70)-2, SEM indicates a broken surface with a continuous
network of hard phase, which could be formed by the brittle fracture of the sample.
Such behaviour is characteristic of a rigid material and such variations in the me-
chanical nature of samples with increasing PU content have been supported by tensile
properties as well. The matrices of the samples as seen in the SEM micrographs con-
tribute basically to the mechanical behaviour. Therefore, an increase in PU content
from 30 % to 70 % changes the ductile matrix into arigid one due to phase inversion.

4. Conclusion

Liquid NR formed by the photochemical depolymerisation of NR is found to be
useful for the synthesis of newer macromolecular structures such as block copoly-
mers. In the present case, the block copolymers lack solubility, which indicates that
they are crosslinked materials. The highly phase separated systems, however, are use-
ful for structure—property relations in block copolymers. Further investigation may
lead to the formation of a soluble product, which will extend the utility of the prod-
ucts into other areas such as surfactant etc.

References

[1] FrRancisD.J.,, RAVINDRAN T., NAYAR M.R.G., 32nd Annual Polyurethane Technical Marketing Con-
ference, San Francisco, October 1-4, 1989, 373.

[2] PauL C.J., NAIRM.R.G,, Ind. J. Nat. Rubber Research, 1& 2 (1992), 199.

[3] PauL C.J,, NAIRM.R.G., NEELAKANTAN N.R., KosHy P., Polym. Eng. Sci., 3 (1998), 440.

[4] PauL C.J., NAIR M.R.G., NEELAKANTAN N.R., KosHY P., IDAGE B.B., BHELHEKAR A.A., Polymer 26
(1998), 6861.

[5] RAVINDRAN T., NAYAR M.R.G., FRANCISD.J,, J. Appl. Polym. Sci., 42 (1991), 325.

[6] RAVINDRAN T., NAYAR M.R.G., FrRANCISD.J,, J. Appl. Polym. Sci., 35 (1988), 122.

[7] GuPTA T., ADHIKARI B., Thermochim. Acta, 402 (2003), 169.

[8] SaTava V., Thermochim. Acta, 2 (1971), 423.

[9] LEEC.Y., KiM J,, SuH K.D., J. Appl. Polym. Sci., 78 (2000), 1853.



Segmented block copolymers 245

[10] GornNa K., PoLowiNskl S., GoGoLEwsKI S., J. Polym. Sci., A, Polym. Chem., 40 (2002), 156.

[11] PeTrROVIC Z.S., FERGUSON |. Prog. Polym. Sai. 16 (1991), 695.

[12] CHANG A.L., BRIBER R.B., THOMAS E.L., ZDRAHALA R.J., CRITCHFIELD F.E., Polymer 23 (1982),
1060.

[13] SMITH T.L., Polym. Eng. Sci., 17 (1977), 129.

[14] SpeckHARD T.A., GIBSON P.E., COOPER S.L., CHANG V.S.C., KENNEDY J.P., Polymer 26 (1985), 55.

Received 16 July 2004
Revised 23 September 2004



Materials Science-Poland, Vol. 23, No. 1, 2005
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A relation between crystallite size and electrical properties of Be@ been investigated by meas-
urements of high-pressure electrical resistance. The resistance of nanocrystalline praseodymium-doped
zirconia powders has been measured in the pressure and temperature ranges between 15 and 50 GPa, and
77 and 400 K, respectively. Around 30-37 GPa the resistances of all samples decrease by 3-4 orders of
magnitude. Therefore, the anomalies in the pressure dependence of the resistance and of parameters de-
pending on the concentration, mobility and activation energy of the charge carriers were found at ca.
40-45 GPa. The activation energy of the charge carriers depends on the crystallite size.

Keywords: Zrconiumdioxide; electrical properties, pressure-induced phase trandtion; nanocrystalline sample

1. Introduction

Zirconium dioxide, a major component of thest fuel cell materials [1], exhibits
quite interesting properties. Studies or tiigh pressure behaviour of pure Zn®-
vealed the presence of successive t@nstions to two dierent orthorhombic
phases (Ortho-l and Ortho-Il) [2]. Ortho-l is a distorted fluorite structure and Orhto-II
is a densely packed Pb@ype structure. In his recent work Ohtaka et al. [3] suggest
that the monoclinic-to-Ortho-l and Orttiio-Ortho-Il phase trarigons occur at about
4 GPa and 12 GPa, respectively, for pure,Zn€ar room temperature. However, the
latter (reconstructive) transition is extreiy sluggish and the metastability is ob-
served over a wide pressure range.

*Corresponding author, e-mail: Anna.Trefilova@usu.ru.
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In this paper, supplementing our earlier ledtion [4], we report on the results of
investigation of a correlation between elamdtiproperties and crystallite size of ZrO
in the pressure range between 15 and 50 GPa and temperature range between 77 and
400 K. Size of crystallites changed from 10 to 500 nm. Our experimental data reveal
that the smaller crystallite size, the higher is the transformation pressure.

2. Experimental

The d.c. conductivity measurements were carried out in a diamond anvil cell
(DAC) with anvils of the “rounded cone-pl@’ (Verechagin—Yakovlev) type made of
synthetic carbonado-type diamonds [5], cadivsis of dielectric grains of synthetic
diamonds in layers of conducting materials. These anvils are relatively good conduc-
tors, thus permitting measurement of thsisences of samples placed between the
anvils in the DAC by using the anvils #% electrical contacts to the sample. The
procedure for the determination of the pressure reached in a DAC of the “rounded
cone-plane” type has been described in [6, 7].

Measurements were made with powder samples of Wi various crystallite
sizes and with a “bulk material” samples zirconia containing 5 mole % of,©;

The crystallite sizes in the “bulk” samples amounted ca. 500 nm. The sample was
synthesized by the Daiichi Kigensou i@pany in Japan (Lot # NEY-5M LO524).
Moreover, we used nanocrystalline praseodymium-doped zirconia powders, produced
using a microwave driven hydrothermplocess under pressures up to 8 GPa.
Nanopowders of Zr@containing 0.5 mole % of Pr wesgnthesized in the High Pres-
sure Research Center of the Polish Academy of Sciences [8].

3. Results and discusstion

The pressure dependences of the eledtriesistivities of nanocrystalline Zg@re
shown in Fig. 1. At ca. 30-37 GPa, thaistances of all samples decrease by 3—4
orders of magnitude. Based on the fact thiat result could be reproduced using dif-
ferent samples and different DACs, we areesthat the effect is not due to a short-
circuit between the anvils nor to a dieléctoreakdown of the sample. Furthermore,
we found that the value of this pressurer@ases with the decrease of the crystallite
size. Further anomalies have been found at ca. 40-45 GPa.

The temperature dependence of the resistance of the nanocrystalline samples at
most pressures can be fitted by the equation

E
R=Ryexpg = 1
Ro F(ij 1)
Eastanding for the activation energy, aRgbeing a parameter depending on the mo-
bility and concentration of the charge carriers.
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The temperature dependences of the resistance for samples 10 nm and 54 nm at
45.5 GPa consist of two regions characteriagdiifferent slopes (Figs. 2 and 3). In
a 10 nm sample the crossover appears at 230 K, whereas in a 54 nm sample — between
230 and 250 K. The temperature dependence determined in a 12 nm sample at 42 GPa
consists of three regions: below 230 K, between 230 and 310 K, and above 310 K.

The temperature dependence of the resistari the bulk material varies qualita-
tively with the pressure applied. At 40 GBP& depencence consists of two regions,
between 80 and 180 K, and between 180 40@ K, corresponding to two different
activation processes described by EqQ. fbove 47 GPa, however, the dependence
exhibits a metal-like character (with the piiv® temperature coefficient) at tempera-
tures exceeding 320 K.
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[ ]

E, eV
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Fig. 5. The pressure dependenc&péndR, in a bulk sample

Pressure dependenceslandR, areshown in Figs 4 and 5. Around 40-44 GPa
maxima of the activation energy have been found in all samples, accompanied in
some cases by local minima of the pre-exmbiakfactor. This feature might be asso-
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ciated with a structural phaseansition occurring in Zr@in this pressure range. As

Ry is connected with the concentration anabitity of charge carriers, the decrease of
R, may be associated with an increase efriobility and/or the concentration of the
charge catrriers.

Our results indicate that the activatienergy dependents on the average size of
crystallites: qualitativelyE, was found to increase with decreasing crystallite sizes,
ranging between 0.01 and 1 eV for a 10 nm sample, and between 0.001 and 0.01 eV
for a 56 nm sample, whereas its value for bulk 2Z&Quals approximately 0.01-0.03
eV. One may speculate that surface @feessentially change the conductivity
mechanism of Zr@at high pressures.

Our results provide a first hint that awgttural phase transition occurring in ZrO
may be connected with changes in the ebaitr structure but a further work is neces-
sary to corroborate this claim and to detiagrthe nature of the electronic changes.
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Functions of Eu®* ionsin materials
with CdS nanoparticles and oxide matrices
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CdS semiconductor nanoparticles are used todwgpthe luminescence gperties of europium(lIl)
-doped matrices such as silica xerogel and silica natidpa, both prepared by a sol-gel method as well
as zeolite NaY. The impregnation G8S nanosized clusters on ar*Edoped matrix enhances the lumi-
nescence of both dopants. Additionally, the luminescence of the materials can be improved by thermal
treatment and by changing the®#@dS molar ratio. Elf emission spectra show changes in the intensiti-
es of the bands at 595 and 612 nm, depending on the structural order of the oxide matrices.

Key words: luminescent materials; nanoparticles; Eu** ions; oxide matrices; structural order

1. Introduction

Nanoparticles small enough have a very significant portion of their total atoms on
the surface. Therefore, intrinsically diffatesurface chemistry due to unusual surface
defects and unusual electrorstates affecting surface chemistry might be expected.
Due to the range of dimensions involvad nanostructures, the surface-to-volume
ratio is high and a significant proportion thfe molecules in such systems lie in or
close to the region of inhomogeneity asated with particle-medium interfaces.
These molecules will have properties (e.g. energy) different from those in the bulk
phase. A significant and often dominatiogntribution comes from molecules in the
interfacial region. This is why surface chistry plays such an important role in

*Corresponding author, e-mail: aklonk@chemik.chem.univ.gda.pl.
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nanoparticles and why surface properties become evident when patrticle size falls be-
low 100 nm [1].

The 1I-VI semiconductor nanocrystals offer an attractive application. Their emis-
sion spectra are very narrow (spectrally paned the emission colour is simply tuned
by changing their size. As nanocrystal sizereases, the energy of the first excited
state decreases, qualitatively following a particle-in-a-box behaviour.

This size dependence and the emergearice discrete electronic structure from
a continuum of levels in the valence and conduction bands of the bulk semiconductor
result from quantum confinement; hence, semiconducting nanocrystals are referred to
as “quantum dots” [2].

In the case of Eliions, the main emission lines occur between’hegevel and
F; multiplets. Their narrow emission lines hdwe intensity, because they are parity
and spin forbidden. The oscillator strengttisbsorption to the excited states of Eu
ions, as for other rare earth igmse of the order of magnitude 3a10°® [3].

The °D, — 'F; emission is very suitable for surveying the transition probabilities
of sharp spectral features in rare earths. iire-earth ion occupies a site with inver-
sion symmetry in a crystal lattice, the optical transitions betwetleviéls are strictly
forbidden as electric-dipole ansitions (due to the parity selection rule). They can
only occur as magnetic-dipole transitions, which obey the selectioAdute0, +1 (
= 0 toJ = 0 being forbidden), or ashrionic electric dipole transitions.

If there is no inversion symmetry at the site of a rare-earth ion, the odd crystal
field components can mix opposite-parity states int8-céhfigurational levels.
Electric-dipole transitions areow no longer strictly foridden and appear as weak
lines in the spectra, the so-called forceectic-dipole transitions. Some transitions,
viz. those withAJ = 0, £2, are hypersensitive to this effect. Even for small deviations
from inversion symmetry, they appedominantly in the spectrum [4].

Hayakawa et al. discussed the inttien between CdS nanoparticles and*Eu
ions in silica xerogel as observed by ghoiminescence spectroscopy [5-7]. The au-
thors observed that CdS nanocajstdeposited on the surface of*t=doped silica
xerogel greatly enhanced the luminescencenfiEu(ll) ions. Reisfeld et al. formed
CdS quantum dots in Zgdilms together with Eu(lll) and Tb(lll) ions [3]. The in-
creased emission intensity of the lanthanioles was explained by energy transfer
resulting from electron-hole recombiratiin the CdS to the lanthanide.

The matrices in our samples were prepared by a conventional sol-gel method and
then immersed in Bliaqueous solution and a CdS sol. The deposition of CdS nanocrys-
tals on the surface of Eudoped Si@ xerogel greatly enhanced the luminescence emis-
sion not only from EXf ions, but also from the CdS nanoparticles themselves. Here we
report the enhanced luminescence of bothetltesnponents, incorporated in such oxide
matrices as silica xerogel, silica nanopatrticles, and zeolite NaY. Moreover, changes are
observed in the relative intensities of emission bands attributé®,te~ ‘F, and
°D, — 'F, hypersensitive trait#ons, which are related to structural order changes in
the matrices.
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2. Experimental

2.1. Sample preparation

Silica xerogel was prepared by a sol-gel process using S{RQCHMOS, Al-
drich), distilled water, and methanol (POCh, Poland) [7]. The obtained alcogel was
dried at room temperature and then at 120or 3 h. The xerogel was immersed for
1 day in an aqueous solution of EgiGhfter that, the material was rinsed with water
and dried at 100C for 5 h. CdS sol was prepared according to thea method described
elsewhere [8], viz. 1 cinconcentrated (0.1 M) N& (P.O.Ch, Poland) was injected
rapidly into 50 cr stirred 10° M Cd(NQs), (POCh, Poland) containing TOM
(NaPQ); (POCh, Poland). After immersion in the CdS sol for 1 day, th& Eu
-containing silica xerogel with adsorb&tlS particles was washed with water and
dried at 100°C for 5 h [9].

Monodispersed silica nanoparticles were synthesized &aC25om the solution
containing 0.25 M Si(O¢s), (TEOS, Aldrich), 0.5 M NH and 7.7 M deionized
H,O in ethanol [10]. The obtagd silica particles, with an average size of 392 nm,
were (as above) immersed in Ey€blution and then CdS sol. The same impregnation
procedure was followed for zeolite NaY (Aldni), which was also treated as a matrix
for EW** ions and CdS nanoparticles.

To compare the difference in the emissiintensities between the samples with
and without CdS, and the sttural orders in matricethe same procedure was done
for silica xerogel containing only Elior CdS, which were designated as control sam-
ples. In each case, the ¥wwoncentration in the impregnation solution was 5%10
mole per gram of matrix. The luminescence spectra of the samples consistiri§ of Eu
ions and CdS nanoparticles immobilized solid matrices were recorded with a
Perkin-Elmer LS-50 spectrofluorimeter egpéd with a reflection spectra attachment.

3. Reaults

Figure 1 shows the luminescence sgeof silica xerogels doped with Eions (emis-
sion spectrum (a)), CdS nanoparticles (emisspectrum (b)), as well as with both®*Eu
and CdS (two emission spectra (c) and &tid excitation spectrum (e)). The emission
spectrum (a) consists of two bands at 3@ 612 nm, which are attributed to the
*Dy — ‘F; and’D, — 'F, transitions in the Efiion, respectively [4]. The emission spec-
trum (b), with a band at 620 nm, is chardstier of CdS. The three-component material
comprising the silica xerogel doped with bott*'Eand CdS exhibits manifold higher in-
tensity in both the cases simultaneously, viZ' Bnd CdS (see Fig. 1c and d). In thé"Eu
emission spectrum (Fig. 1¢), the ratio of e — 'F./"Dy — 'F, band intensities is lower
than for the two-componé material with E¥f (Fig. 1a). The excitation spectrum of the
three-component material consists of two distinct band894tnm, related to Bl
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ions, and at 420 nm, related to CdS nanopatrticles (Fig. 1e). In the three-component
material (e.g. with Si@nanoparticles as a matrix), the emission intensities 8f Eu
and CdS depend on the H€CdS molar ratio, i.e. for higher value of this ratio (in the
range 1/1000-1/100), the intensities of both spectra increase (Fig. 2). Changes in the
emission intensities with the drying temperat of the material are shown in Fig. 3.

The intensity reaches a maximum in both cases at°C20n the material dried at

a higher temperature (15C), the emission intensity dramatically decreases. In Fig-
ure 4, the emission spectra of three-compbmeaterials with various matrices are
compared. Thus, the emission spectra in Fig. 2 are related to the zeolite NaY, silica
nanoparticles, and silica xerogel, respectivislyeach case, relatively high intensities

of both the CdS and Blemission spectra are observed, éspecially high values are
reached for silica nanoparticles. In Fig. 2a, practically onlylige- 'F, band is seen

in the Ed* spectrum, while in Fig. 2b, besides filg — ‘F, band there is also thB,

— 'F, band with very low intensity. Finally, in Fig. 2c both the bands are present,
however the one at a lower wavelength distinctly dominates.
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4. Discussion

CdS nanocrystals have been widely studied because they find several applications in
optoelectronics. The most &irng feature of these nanosized materials is that their
chemical and physical properties differ fréhose of bulk solids. The reasons explain-
ing this behaviour can be determined bydhantum size effect in nanometer scale ma-
terials [11]. Nonradiative energy transferrfr@a surface level on the CdS particle to the
Eu** ion has been thoroughly discussedHayakawa, Selvan and Nogami [5].

According to our experimental results, thimission of f-f transitions is enhanced
when CdS is present in the ¥udoped silica xerogel as a 1l-VI semiconductor and
vice versa, the emission of the semiconductor increases in the presendeiof€in
the matrix (compare spectra (a) and (c), andfld (d) in Fig. 1). It is noteworthy that
in both emission actions no CdS Eu** or E¥* — CdS energy transfer is observed,
because Eliions and CdS nanoparticles are excited bydypical of these particles
(394 and 420 nm, respectively). The positions of the CdS spectra (b) and (d) at 620
nm are typical of the bulk semiconductor.

In EU** spectra, the intensity ratio of the hypersensitive bailigs¢ 'F./"Dy — 'Fy)
decreases when CdS is present (cf. Figs. 1a, c). This means that the presence of
nanocrystalline CdS increases the domination of the band characteristi¢ fiorisuy
which occupy the crystal lattice sites wittversion symmetry, in comparison to the
case only Etf ions exist in the amorphous silica matrix.

When the E/CdS molar ratio increases, luminescent centres Sfdte formed,
and more electrons and holes in CdS nartabes can be excited, and consequently
radiative recombination in both cases is enhanced (Fig. 2). The simultaneous en-
hancement of Eti and CdS emissions reaches a maximum if the sample is dried at
120°C, as illustrated in Fig. 3. For Euthis effect is caused by removing water as
a quencher. A higher concentration of activé Emission centres probably improves
CdS emission intensity. At temperatures above 420both emission centres are
partly deactivated.

Among the studied oxide matrices, the highest luminescence improvement for
Eu®* and CdS is noted for silica nanopartic(y. 4). Matrices in the materials are
ordered according to their structural arderystalline zeolite (A) > silica nanoparti-
cles (crystallites) (B) > amorphous silica xgeb (C). With increasing disorder, the
band intensity attributed to tH®, — 7F, transition increases. Thus, the®Eion
might be used as a probe and the intensity ratio of its baDgs« ‘F./°Dy — 'Fy)
could serve as a measure of the structomr@ér in materials with oxide matrices.

5. Conclusions

Luminescent materials with Euions and CdS nanostructures, immobilized on
such oxide matrices as silica xerogel, silica nanoparticles, and zeolite NaY by im-
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pregnation, exhibit an enhanced ssin intensity of both components {Eand
CdS) when excited by the wavelengths characteristic for the species (394 and 420 nm,
respectively).

The emission intensity of both components can be improved by changing the
Eu®/CdS molar ratio in the range 1/1000-1/10@ arying at an elevated temperature
(not higher than 120C).

The luminescence emission spectra of th& Brobe ion allow the intensity ratio
of the bandSD, — ‘F, and’D, — 'F; to be treated as a measure of the structural or-
der in doped materials.
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Terbium-doped nanocrystalline yttrium aluminium garnet phases, Y;ALO,: Tb* (YAG:Tb™), were
obtained by using rare-earth nitrates as the starting materials, together with citric acid and ethylene glycol
according to the Pechini method. Thermogravimetric and differential thermal analysis were used to study
the thermal decomposition of the precursor gels and the formation of nanocrystalline YAG:Tb**. An
increase in garnet nanocrystallite size from 20 to 40 nm with annealing temperature increasing from 800
to 1160 °C was evidenced with X-ray powder diffraction measurements. The intensity as well as the

decay times of both D5 and *Dy4 emissions of Y3Al;01,:Tb** were not found to depend on annealing and
were thus independent of crystal size.

Key words: garnet; YAG, nanocrystals; luminescence; terbium

1. Introduction

It is well known that polycrystalline yttrium aluminium garnets, Y;AlsOp (YAG),
doped with selected rare earth ions (Tb’*, Eu’*, Ce’*) can be used as efficient phos-
phors [1-3]. However, the standard synthesis of these materials as single crystals re-
quires temperatures above 1600 °C and intricate conditions during the crystal growth
process. Due to these reasons, garnets have been developed for optical applications in
other forms, such as micrometric phosphor powders, scintillator ceramics, thin films,
and laser ceramics [4—7]. In recent years, a growing number of investigations have
been focused on the production of nanocrystalline YAG powders, which have optical
properties comparable to YAG powders of micrometer size. For example, the first
attempts to construct a solid-state laser based on polycrystalline ceramics were re-

*Corresponding author, e-mail: mazur @int.pan.wroc.pl.
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ported some time ago [5]. YAG powders doped with terbium and europium ions are
potential candidates for materials in luminescent lamps and display applications [3].

Yttrium aluminium garnets are conventionally manufactured by a solid-state reaction
between the rare earth oxides, Y,0O; and Al,O; at high temperatures, typically around
1600 °C. In the last decade, several low temperature processes such as co-precipitation
[8], the sol-gel method [9, 10], combustion [11-13], and hydrothermal synthesis [14]
have been developed to fabricate garnets with fine particle size. The fabrication technol-
ogy of high-quality nanocrystalline YAG powders, however, is still subject to intense
studies since the optical properties of nanocrystals are strongly dependent on the size of
individual nanocrystals and conditions of syntheses. Therefore, any information about
the nature and formation of crystalline phases is of great importance.

In the present report, the results of studies concerning the formation and properties
of Tb*-doped yttrium aluminium garnet nanocrystals are revealed. They were
obtained by a glycol-route method, also called Pechini’s method. Formation was in-
vestigated by the TG and DTA methods, which allow the weight loss of the sample to
be characterized in detail and additionally gives information about the occurrence of
energetic processes [15] during annealing, particularly the decomposition of yttrium
nitrate [16] and carbonate [17]. Results of the thermal analysis of the formation of the
nanocrystalline YAG:Tb** phase were compared with those obtained by luminescence
methods and X-ray powder diffraction (XRD).

2. Experimental

The preparation method of nanocrystalline yttrium aluminium garnets has been re-
ported elsewhere [18, 19]. Briefly, aqueous nitrate solutions of yttrium and terbium were
prepared by dissolving high purity Y,0; (99.999 %) and Tb,O; (99.99 %) with ultra-
pure HNOs. Yttrium nitrate and aluminium chloride (99.9995 %) were then dissolved in
Stoichiometric amounts in a mixture of aqueous citric acid and ethylene glycol to give
a molar ratio of 3:5:50:20. Terbium nitrate was added to the homogeneous solution to
give a nominal concentration of terbium vs. yttrium of 2 mole %. The solutions obtained
were ultrasonically stirred for two hours. Then they were heated at 80 °C for several
hours and dried at 100 °C for seven days in order to obtain gels. Samples of the crushed
gel were heat-treated at selected temperatures between 800 and 1160 °C in air in an
electric furnace to obtain single phases of yttrium aluminium garnet.

Thermogravimetric curves were recorded in air (flow rate: 100 cm’min”") with
a TA Instruments SDT 2960 Simultaneous DTA-TGA thermoanalyser. The sol-gel
and solid-state reactions were studied in the temperature range from 25 °C to
1160 °C, with a heating rate of 5 K-min™. a-ALO; was used as the DTA reference
material. The structure and crystallinity of the samples were evaluated by X-ray pow-
der diffraction with a Stoe powder diffractometer equipped with a position-sensitive
detector. Filtered CuK,, radiation (1 = 1.5406 A) and a 20 step of 0.02 degrees was
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used in the 20 range 15-60 degrees. TEM micrographs were recorded with a JEM-
3010 (JEOL) electron microscope.

The luminescence spectra of YAG:Tb’* between 300 and 900 nm were measured
at room temperature with an ISA Jobin-Yvon TRW 1000 monochromator equipped
with standard detection as well as data acquisition and treatment systems. All spectra
recorded were corrected for the sensitivity of the experimental set-up. The resolution
of the spectra was not better than 0.2 nm. The 266 nm line of the 4th harmonic of an
Nd:YAG laser was used as the excitation source. Emission lifetimes were measured
with a Tektronics TDS 380 oscilloscope and the 308 nm line of a Lambda Physik
LPX 100 excimer laser as the excitation source.

3. Results and discussion

3.1. DTA-TG analysis

The TG and DTA curves of dried gels (Fig. 1) show that the process of formation
of Y;Al50,,:Tb** involves an almost continuous weight loss up to 1000 °C, although
most of the loss occurs at rather low temperatures, below 400 °C. The TG curves in-
dicate an overall weight loss of approximately 95%. The weight loss observed in the
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Fig. 1. Thermogravimetric (TG) and differential thermal analysis (DTA) curves
of the glycol-route reactions in fabricating Y3Als0,,:Tb** (sample weight:
c.a. 10 mg, heating rate: 5 K'min!, airflow rate: 100 cm3~min’l)

very first part of the TG curve (below 100 °C) is mainly due to the evaporation of
organic solvents, since the endothermic signal in the DTA curve is rather weak. The
stronger endothermic signal at 150 °C, accompanied by a rather moderate weight loss
above 100 and below 180 °C, can be attributed to the removal of water [9], which can
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be relatively strongly bound. The next, much stronger weight loss with an endother-
mic DTA signal in the temperature range of 150-200 °C is due to the removal of NO
and NO, [12, 16], as a result of the decomposition of nitrates. This is in agreement
with low thermal stability of the heavier rare earth (and yttrium) nitrates [20]. Even
oxynitrates (RONQO;) decompose below 500 °C.

The decomposition of organic matter occurs practically simultaneously [2], which
is oxidized immediately to CO and CO,, causing two very strong exothermic peaks in
the DTA curves at 380 and 435 °C. This decomposition is practically over just below
500 °C, though it is possible that some yttrium oxycarbonates may well resist
decomposition at higher temperatures, up to 600 °C [21]. Taken into the vigorous
decomposition of organic matter and evolution of CO, some carbon might be left in
the samples and the total oxidation of organic matter may not be complete. The final,
albeit rather weak weight loss observed in the range of 850-900 °C may well be due
to the burning of the residual carbon. This reaction should be exothermic, but in the
DTA curves a broad endothermic signal is first observed, possibly due to crystalliza-
tion and the formation of the garnet phase [8, 15]. The exothermic signal of burning
carbon may well be masked by this endothermic signal. A sharp DTA signal, how-
ever, has been found, typical of the transformation of precursors into a crystalline
form of garnet [15]. On the other hand, crystallization is a physical process and should
not be accompanied by any weight change. This supports the presence of some resid-
ual carbon, as does the observation that in reaction conditions with excess oxygen this
weight loss is very small or even not observed, and consequently the DTA signal is
weak, too [12]. The amount of residual carbon in the products heated at 800 °C has
been determined to be as high as 3% [9], and this amount decreases considerably as
a result of heating at temperatures higher than 800 °C.

3.2. X-Ray powder diffraction studies

The crystallinity as well as phase purity of Y3Als0,:Tb’* nanocrystalline samples
were characterized by X-ray powder diffraction (XRD). All the diffraction reflections
observed could be indexed with those assigned to cubic Y;AlsO;, [JCPDS#33-40]
(Fig. 2). Irrespective of the annealing temperature above 800 °C, the phase purity of
the samples was found to be excellent. The width of the reflections, measured as
FWHM values, were found to depend on the annealing temperature: the higher the
temperature, the sharper were the reflections. This kind of evolution of the FWHM
values was to be expected and was used to determine the crystallite size of
nanoparticles. The average size of nanoparticles was determined from the broadening
of diffraction reflections according to the Scherrer’s formula [22]. To obtain true dif-
fraction profiles for various reflections, corrections for instrumental broadening were
applied using the FWHM values of Si as a standard. The average size of the nanocrys-
tals was found to be dependent on the annealing temperature, and increased in the
temperature range of 800-1160 °C from 20 to 40 nm, respectively. These results are



Formation of nanostructured Tb>*-doped yttrium aluminium garnets 265

in good general agreement with TEM images (Fig. 3), which also show that the parti-
cles have rather uniform shapes and that the size distribution is not exceedingly large
if the rather pronounced tendency to aggregate is omitted.
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Fig. 2. XRD patterns of the Y;Als0;,:Tb* (2 mole %)
powder samples (CuK, radiation, 4 = 1.5406 A)

Fig. 3. TEM images of Y3A15012:Tb3+ (2 mole %) nanocrystals heated at 800 °C
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3.3. Luminescence Spectra of YAG:Tb>

The emission spectra of YAG:Tb’* nanocrystals were measured at room tempera-
ture as a function of the annealing temperature (Fig. 4). The spectra consist of charac-
teristic peaks in the UV-blue and blue-green spectral regions, which correspond to the
5D3%7FJ (J = 6-0) and 5D4%7FJ« (J’ =6, 5, 4, 3) transitions, respectively. All the
observed emission bands of YAG:Tb* nanopowders were found and resolved, even
after annealing at 800 °C. This points out that already at this low temperature the
samples seem to be well crystallized. It should be noted, however, that since the de-
generacy of both emitting levels and terminal ones is rather high, the number of indi-
vidual transitions between the crystal field levels of each ***'L, is high, too. Accord-
ingly, the use of Tb’* luminescence as a structural probe requires low measuring
temperatures in contrast to the Eu’* ion, the luminescence of which may be used even
at room temperature to reliably examine the luminescence characteristics and impuri-
ties of samples.
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Fig. 4. Luminescence spectra of Y3Als01,:Tb>* (2 mole %) powders derived in glycol-route process

The UV-blue emission of the Tb** ion (°D;—'F;) was observed to be much weaker
compared to blue-green emission (Ds—"F; ") (Fig. 4). The weakness of the blue emis-
sion may be rationalized by the concentration quenching associated with the cross-
relaxation process (’D; — "Dy) < ('Fs — F,), which results in enhanced emission
from the °D, level at the expense of 5D3 emission.

In order to analyse the influence of annealing on the luminescence dynamics and
to observe the possible existence or appearance of non-radiative relaxation paths due
to crystallite size, the luminescence decays of YAG:Tb’* nanocrystallites were re-
corded at room temperature. Examples of luminescence decay curves, measured for
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the blue °D; — 'Fs (418.7 nm, excitation at 308 nm) and green *D,—Fs (543.6 nm,
excitation to the 7F6 — D, transition at 484 nm) transitions in YAG:Tb** nanocrystal-
lites annealed at 800 °C, are shown in Fig. 5.
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Fig. 5. Luminescence decay curves of the 5D3 — "Fs (left) and Dy — Fs (right)
transitions in Y3;Al;O0 12:TH** (2 mole %) nanocrystallites

The decay curves for the blue >D; emission are composed of two exponential compo-
nents, a fast component with the decay time of 100 us and a slower one with 320 ps. The
multicomponent decay time of the *D; emission is evidently due to the fact that excitation
was not directly to the °D; level, but to higher excited levels of the 4f; electron configura-
tion, or even to the next excited electron configuration, 4f;5d,. Different excitation paths
result in different decay times for the *D; emission. The decay curves for the green emis-
sion were almost perfectly exponential. The luminescence decay time of *D; — 'Fs lumi-
nescence was determined to be c.a. 7 ms. The °D; emission decays observed were much
shorter than the °D, ones as expected, since emission from the 5D3 level must compete with
other processes such as cross-relaxation and multi-phonon de-excitation to the *D; level.
No significant effect of the annealing temperature and thus crystal size was observed on
the measured decay profiles.

4. Conclusions

The formation of Y3Al;0,,:Tb™* nanocrystalline powders was analysed by thermo-
gravimetric and differential thermal analyses. It was found that beyond drying, several
different processes occurred before the proper formation of nanocrystalline
YAG:Tb™, being associated with the decomposition of nitrates, (partial) oxidation
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and decomposition of organic matter, decomposition of carbonates, and finally the
burning of residual carbon. The formation of nanocrystalline YAG:Tb*" was achieved
already at 780 °C, although the removal of impurities such as carbon demanded
a slightly higher annealing temperature. The nanocrystallites obtained demonstrated
an increase in crystal size from 20 to 40 nm for annealing taking place at 800 and
1160 °C, respectively. No significant effect of the annealing temperature was ob-
served in the static and dynamic properties of the °Ds and °D, emissions. The glycol
route thus offers a simple and inexpensive method for fabricating good quality
YAG:Tb™ nanocrystals with luminescence properties comparable to those of
microsized crystals.
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Pre-localized graphite/polyvinyl chloride composites
for electromagnetic inter ference shielding
in the X-band frequency range

V. K.SACHDEV, N. K. SRIVASTAVA, KAMLESH KUMAR, R. M. MEHRA

Department of Electronic Science University of Delhi South Campus, New Delhi 110 021, India

The paper reports the devel opment of compression moulded pre-localized graphite/polyvinyl chloride
(graphite/PV C) segregated composites with different concentrations of graphite and their application to
the shield effectiveness of electromagnetic radiation in the X-band frequency range 8-12 GHz. The in-
corporation of graphite is related to the formation of conducting channels. It is found that conducting
channels are formed above 3 wt. % of graphite. The electrical conductivity is also found to be strongly
dependent on the graphite content, and the data are analysed using a percolation model. Variations in SE
with graphite loading, due to changes in the conductivity of the composite, have been investigated.

Key words: polymer composite; conducting filler; shielding efficiency; percolation

1. Introduction

With the ever-growing applications of advanced electrical and electronic devices
emitting electromagnetic radiation, their biological safety becomes of prime impor-
tance. Their adverse effect on the human body may well be predicted from their appli-
cation to roasting in microwave ovens. Moreover, EM pulses can disrupt neighbour-
ing equipment such as computers, or sensitive electronic/electrical measuring
instruments. Therefore, it becomes essential to limit and shield al ill effects of EM
radiation.

An electromagnetic interference (EMI) shielding material is one that attenuates
radiated el ectromagnetic energy or provides protection by reducing signalsto levels at
which they no longer adversely affect equipment and can no longer be received by
human beings. To reduce the impact of EM radiation, better and more versatile EMI

*Correspondi ng author, e-mail: vsachdev@eth.net.
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shielding materials have always been the topic of investigation and research. Metals
have been used for EMI shielding due to their high conductivity. Metals suffer, how-
ever, from the inherent disadvantages of corrosion, heavy weight, and poor processi-
bility. Moreover, with the miniaturization of equipment and integration of circuits in
limited areas, the possibility of leakage increases as the gaps between circuit units
become narrower. Also, the conducting material setting on acircuit for EMI shielding
can act as an antenna causing malfunctionsin the el ectronic equipment.

Polymers are lighter in weight, less expensive, corrosion resistant, flexible for
complex designs and aesthetically appealing compared to their metallic counterpart.
They are electrically insulating and transparent to EM radiations, however, and they
are not directly suitable as EMI shielding materials. The easiest way to make them
electrically conducting for EMI shielding is to disperse a conductive filler such as
black carbon into an insulating polymer matrix [1]. Electro conductive polymer com-
posites can easily be moulded into various complicated shapes even by traditional
methods of extrusion and injection moulding. Conductive fillers include metal pow-
ders, stainless stedl, and carbon and graphite powders [2—4]. Metallic powders gener-
ally suffer from oxidation, which deteriorates electrical properties of the composite
due to the nonconductive nature of oxide layers.

The segregated distribution of the conductive filler phase in an insulating polymer
matrix can impart high electrical conductivity. A comparatively low critical content of
conductive filler is needed for a conductive network to form. One way to attain the
segregated distribution is to pre-localise of conductive filler phase onto the polymer
particles by chemical plating or vacuum coating. Another way is to polymerise
amonomer phase and subsequently compact the coated polymer powder by compres-
sion moulding around its glass transition temperature and at high pressure. During
processing, some of the filler sheaths around polymer particles are expected to break
due to compression, permitting polymer particle-to-particle fusion while maintaining
a conductive network [5-8]. Such an approach is complicated, however, and industria
production would be expensive. Further, thin brittle conductive layer are very likely to
strip off during processing.

The present study deals with the EMI shielding effectiveness (SE) of pre-localized
graphite/PVC electroconductive composites. The processing of these composites is
cost effective, simpler, and commercialy viable [9]. SE, along with the parameter
returnloss (R), isinvestigated for composites with different concentration of graphite
over the X-band frequency range of 8-12 GHz. The aim of this work is to design
apolymeric composite material for EMI shielding with a smaller amount of conduct-
ing filler and retaining desirable mechanical strength.

2. Experimental

The matrix polymer used in thiswork isacommercial grade PV C resin suspension
(K 67-01) with a particle size of 105-150 um, from Reliance Industry Ltd., India. The
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density of the compression moulded PVC sample was found to be 1.12 g/cm®. The
electrical conducting filler was a graphite powder with particle sizes ranging from 10
to 20 um, supplied by Graphite India Ltd. The conductivity of graphite with density
1.75 glem® is 1.33x10* S/cm. The higher particle size ratio of PVC resin and graphite
ensures a segregated distribution and lower percolation concentration. Composites
with low electrical resistivities have been achieved by pre-localising flakes of graphite
onto the PV C particles and compacting by compression moulding [9]. Processing and
preparation are the same as described in earlier works. The graphite-coated PV C par-
ticles were compacted in a 2.54 cm? die by compression moulding at 78 °C and
105 MPafor 15 min. A monotonic increase in microhardness with graphite content, as
observed in earlier works, confirms uniform coating on PV C particles and the lack of
stripping off while processing. A decrease in hardness with increasing graphite con-
tent is assumed to be due to a smaller extent of PV C interparticle fusion during proc-
essing, owing to the compaction pressure. This also confirms the uniform coating of
PV C particles with graphite. The uniform coating of graphite flakes on PV C particles
in a composite sample of 20 wt. % graphite has also been observed in scanning elec-
tron microscope (SEM) micrographs [9].

A series of specimens of PV C/graphite conductive composites with graphite con-
tents of 1-20 wt. % were prepared. All these samples were baked at 120 °C and nomi-
nal pressure for 15 min. The surface morphologies of these composites were
examined by SEM. Variation in conductivity with graphite volume fraction was stud-
ied at room temperature. The baked samples with a thickness of ~0.15 cm were cut to
fit in the cross section of the X-band rectangular wave guide. The size of the sample
was 2.28x1.01 cm?. The sample was inserted in the wave guide cell so that it filled the
entire cross-section, in order to prevent any leakage of EM energy. Measurements of
incident, transmitted, and reflected power were made in the frequency range of
8.0-12.0 GHz.

3. Result and discussion

The morphological studies of PV C/graphite conductive composites with different
graphite contents using SEM have indicated that networks of graphite conductive
channelg/paths form due to the presence of graphite particlesin the interfacial regions
between PV C particles [9]. In the sample with 1 wt. % graphite content, conductive
graphite particles are initially apart from each other and found to be increasingly
closer in samples with increasing graphite loading (above 3 wt. %). The graphite par-
ticles are flakes, while PV C particles are irregular in shape. Aggregates of small parti-
cles of graphite are formed between the interfacial regions of the irregular shaped
PV C particles. Increasing graphite content leads to larger aggregates of graphite parti-
cles. Further increase in graphite content would increase the number of graphite parti-
cles touching each other in the composites that form the continuous conductive net-
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work, leading to the formation of a conductive mesh structure in the insulating poly-
mer matrix. The increased number of filler particles (graphite) in the conductive mesh
of composites leads to better SE by the composites.

Figure 1 illustrates the room temperature electrical conductivity o of the
PV C/graphite composites as a function of graphite volume fraction P, assuming the
density of PVC and graphite to be 1.12 g/lecm®and 1.75 g/cm?®, respectively. It is seen
from the figure that o is strongly dependent on P up to ~0.04 volume fraction. Such
adrastic change in conductivity is related to the dispersion of filler in the polymer
matrix, with the formation of a network of graphite conductive channels being evident
from SEM images [9]. Critical graphite content may make electron hoping possible,
which would result in a sharp increase in conductivity. An abrupt increase in the elec-
trical conductivity is found to occur at ~ 0.0055 (0.85 wt. %) volume fraction of
graphite concentration.
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Fig. 1. The conductivity o as afunction of the volume fraction P
of graphite in pre-localized graphite/PV C composites

Such a behaviour of o with P is commonly analysed by percolation theory
[10, 11]. The expression for o can be written as

0'=0'o(P_Pc)t 1

where o isthe conductivity of filler particles, P, is the volume fraction of conductive
filler at the percolation threshold, i.e. the volume fraction below which the conductiv-
ity falls to a very small value, and t is the critical index of conductivity. The plot of
log ovs. log (P — P.) is shown in Fig. 2. The best linear fit has been obtained for
P. = 0.005 (~0.78 wt. % graphite), which is in good agreement with the experimental
value of 0.85 wt. % graphite content composite. The values of t and o as estimated
from the slope and intercept are found to be 3.07 + 0.26 and 1.13x10* S/cm, respec-
tively. Such avalue of o is close to the conductivity of the filler graphite (1.33x10*
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S/cm). It should be mentioned that Kirkpatrick [12] and Straley [13] have obtained
values of t =1.5+ 0.2 and 1.75 + 0.1, respectively. Wang and Rubner [14], however,
have reported the value of t = 3.2 for this system. To test the validity of percolation
theory for pre-localized graphite/PV C composites, a comparison between theoretically
calculated values using Eq. (1) with the estimated values of t (3.07) and o (1.13x10"
S/cm) has been made and is illustrated in Fig. 1. A good agreement is observed, ex-
cept for composites above 0.066 volume fraction (10 wt. %) of graphite content. The
values above 10 wt. % probably fall in region Il [15], while the theoretical fitting of
thiswork is assumed to be for region 11.
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Fig. 2. The conductivity o asafunction of the excessive volume
fraction P — P, of graphite in pre-localized graphite/PV C composites
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The variation of shielding effectiveness (SE) for PV C/graphite composites with
graphite content of 0 to 20 wt. %, over the frequency range of 8-12 GHz, is shown in
Fig. 3. The variations in SE are more or less similar to the changes in conductivity with
graphite loading (Fig. 1). It is interesting to note that SE increases sharply up to
agraphite loading of 5 wt. % at al the frequencies. For higher graphite loadings, except
for 12.03 GHz, SE saturates at 15 wt. % of graphite and starts to decrease with further
increase of graphite content. In the case of 12.03 GHz, the system becomes more effi-
cient in shielding at higher loadings up to 15 wt. %, and SE increases up to ~35 dB. The
variation of insertion loss (R) as afunction of frequency isshownin Fig. 4.
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Fig. 4. The Variation of return loss R_in pre-localized graphite/PVC
composites as a function of frequency in the X-band

It is clear from the figure that composites that have a high value of SE yield
alower value of R . The range of these variations was found to be less than 6 dB over
the whole X-band, except for the specimen with 1 wt. % of graphite concentration.
The margina frequency dependence of R_may be due to some structural effects, such
as the geometrical distribution of the filler and the interaction of electromagnetic
waves with graphite.

The variation of SE with graphite loading can be linked to changesin the conductiv-
ity of composites with graphite. After a conductive barrier isinserted between apoint in
space and the source, SE can theoretically be expressed at that point by [16].

%) =(A+R+B)dB (2)

SE:10|g[

where P; is the incident power density at a measured point before the shield is in
place, P; isthe transmitted power density at the same point when the shield isin place,
A is the absorption of the shield, R the reflection at both surfaces, and B is the multi-
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ple internal reflection, which can be either positive or negative and is negligible for
A > 15dB. Thereturn loss due to reflection can be represented as

R =1O|g(5j )
R
P, stands for the reflected power density at the same point.

The value of A depends on the o of the sample (relative to copper) as

A=1.32d(out)"'?

(4)
where 1 is the magnetic permeability of the sample relative to vacuum or copper
(u=1), f isthe frequency of radiation in MHz, and d is the thickness of the samplein
cm. It will be appropriate to say that for effective EMI shielding, the dispersion of the
conductive material in the polymer matrix should enhance the conductivity to a large
extent since SE depends on o, which in turn is a function of the dispersed filler, its
size, structure, and distribution in the matrix [17]. The distribution of the filler in the
matrix determines the void space between filler aggregates.
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Fig. 5. The variation of the calculated value of log A as afunction
of log o at afrequency 9.45 GHZ for graphite/PV C composites

By pre-localizing the filler onto the polymer phase [8, 9], one can achieve high
electrical conductivity in an insulating polymer with small amounts of electrically
conductive filler with better mechanical strength. The segregated distribution of the
conductive filler phase with pre-localization ensures a close-packed array throughout
the matrix, so that the filler particles are arranged in a manner similar to a very fine
conducting mesh that could be used for EMI shielding. The voids in the conductive
composites effect absorption and R, owing to their effect on internal reflection. The
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freuency dependence of SE is mainly due to the distribution of the filler in the poly-
mer matrix.

The theoretical validity of Eq. (4), which predicts that absorption is proportional
to the square root of conductivity, has been examined for the present investigation.
Figure 5 shows the plot (IgA vs. Ig o) within the X-band frequency range, centred at
9.45 GHz. The value of A is obtained by putting the data for SE and R_into eq. (2). It is
assumed that the contribution of B to SE is negligible. The variation of absorption with
conductivity is found to be in accordance with Eq. (4), with thea dlope of 0.41 + 0.03s.
Thisis close to the theoretical value of 0.5. Using Eq. (1) in (4), the behaviour of ab-
sorption as a function of graphite content can also be predicted based on percolation
theory.

4. Conclusions

Segregated composite systems with graphite pre-localized onto the PV C phase ex-
hibit relatively high conductivity at very low filler loadings. SEM micrographs [9]
confirm that graphite particles touch each other at higher graphite concentrations. At
all frequencies of the incident radiation, SE increases and R_ decreases with the filler
loading. Above a critical concentration of graphite, SE reaches a saturated value. The
variation of A with conductivity isfound to be in accordance with the theory for metal
fillers within the X-band frequency range centred at 9.45 GHz. A is directly related to
the thickness of the shielding. In the present study, the thickness of the sample was
~0.15 cm. By increasing the thickness, an increase in SE is expected. The shift from
low to very high conductivity of the composite (above acritical filler concentration) is
well accounted for by the percolation model. The EMI shielding of the polymer com-
posites as a function of graphite content can be predicted by considering the power
law in the percolation model.
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Grain refinement in aluminium and the aluminium
Al-Cu-Mg-Mn alloy by hydrostatic extrusion
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Hydrostatic extrusion was used as a method for grain refinement in technically pure aluminium and
in an aluminium alloy. Both matexs were deformed up to a true strain of ~4. Such a deformation re-
sulted in substantial grain size refinement to belqunlin aluminium and below 100 nm in the alumin-
ium alloy. In pure aluminium, microstructure evolution proceeds by areanis increase in the grain
boundary misorientation, without changing the grain size. In the aluminium alloy, which has lower stack-
ing fault energy, grains continuously decrease in size, down to the nanometre scale. As a consequence of
such microstructure evolutions, the mechanical properties of pure aluminium remain almost constant
within a wide range of strains, whereas the mechanical properties of the aluminium alloy are significantly
improved. From the present study, one can conclude that hydrostatic extrusion can offer an alternative
way to produce nano-metallic elements madeuwhalium alloys for light-weight applications.

Key words: aluminium, aluminium alloys, ultra-fine grained microstructure, severe plastic deformation,
hydrostatic extrusion

1. Introduction

Ultra-fine grained and nanocrystalline nréés arouse great interest due to their
attractive properties. In particular, nano-ne&xhibit a high strength combined with
sufficiently good ductility. The fabrication rtreods of bulk ultra-fine and nanocrys-
talline metals can roughly be classifiedoirthe three groups: (i) nano-crystallization
of amorphous materials, (ii) severe plasteformation (SPD), and (iii) consolidation

"Corresponding author, e-mail: malew@inmat.pw.edu.pl.
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of nano-powders. In the last decade, aasi SPD methods have been developed to
produce a wide range of ultra-fine andhaascale grained metals and alloys [1-5].
Among these methods, those most frequently reported include equal channel angular
pressing (extrusion) (ECAP or ECAE) [B]igh-pressure torsion (HPT) [7], accumu-
lative roll bonding (ARB) [8], cyclic extrusion—compression (CEC) [9], repetitive
corrugation and straightening [10], coldlirgy [11] and hydrostatic extrusion (HE)
[12, 13]. Among these methods, HE offég potential for producing homogeneous,
fully dense bulk materials in a variety édrms. Rods, wires of complex cross-
sections, and also small tubes can be predury HE [14]. These are features often
unattainable by other SPD techniques. Inghesent work, HE was used to refine the
grains in technically pure aluminium and am aluminium alloy. Attention was fo-
cused on the possibility of obtaining a hamgenous nanocrystalline structure in alu-
minium alloys intended for light-weight constructions.

2. Experimental methods

Technically pure 1050 (99,5%) aluriim and a 2017 Al-4Cu—0.5Mg—1Mn alu-
minium alloy were used in this study. The as-received aluminium was work-hardened
and its microstructure containetbngated subgrains of abouuih equivalent diame-
ter. The aluminium alloy was solution heat-treated at ¥D%nd water quenched to
obtain a single-phase material. Its microsture consisted of nearly equiaxed sub-
grains, about 2um in diameter. The initial microstructures of aluminium and alumin-
ium alloy are shown in Fig. 1.

\ SLME 1 um L ESLA
o OE A¥ "‘L‘ o't - Ly

Fig. 1. TEM micrographs of aluminium (ajéAl-Cu—Mg—Mn alloy (b)n their initial state

The rods, 20 mm in diameter, were subject to HE, which resulted in a total cross
-section reduction of 44.4. The HE was run joress, designed and constructed at the
Institute of High Pressure Physics, Warsaw. The cross section reduction obtained
during a multipass HE operation corresponds to an accumulated true strain of 3.79.
The strain rate during HE exceeded 3.0>xd0(for the smallest wire diameters). The
extrusion products were cooledth water at the die exit.
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The microstructure and mechanical propexiethe materials in their initial state and
after HE were investigated. The microstaime was evaluated by transmission electron
microscopy (TEM). The observations were @atrout with thin foilscut perpendicularly
to the extrusion direction. The microstruetsl were also quantitatively described using
computer-aided image analysis. Mechanpralperties were characterized by microhard-
ness, measured on transverse sections obtlseand wires. Tensile tests were conducted
at room temperature at a strain rate of 8.33%48 Both microstructure and mechanical
properties were investigated seven days after the extrusion process.

3. Results

TEM images and corresponding selecéeea electron diffraction (SAED) patterns
for an aluminium sample subjected to multipass HE are shown in Figs. 2a, b. After the
true strain of 1.39, the microstructure consists of small equiaxed grains (Fig. 2a).
Dislocations of high densitgre visible within the grains. The SAED pattern (the in-
sert in Fig. 2a) is typical of a mosaic structure built-up of grains with small misorien-
tations (diffracted beams are scattered igvadegrees). After the true strain of 3.79,
the microstructure changes profoundly (R2b). Small equiaxed grains are still char-
acteristic features of the microstructure, the grains are free of dislocations and the
diffracted beams visible in the diffractiontpens are scattered into rings. A diffrac-
tion image of this kind indicates that thecnaistructure contains grains separated by
both low- and high-angle grain boundariessMientation measurements of the grain
boundaries in HE-processed aluminium are in progress.

Fig. 2. TEM micrographs and corresponding SAED patterns for aluminium:
(a) after HE to a true strain of 1.39, @fjer HE to a cumulative true strain of 3.79

The microstructures of technically puaguminium processed by HE were also
evaluated quantitatively in terms of their grain size and shape. To this end, all types of
grain boundaries (with low and high misamtation angles) were taken into account.
The size of grains was determined in teohthe mean value of the equivalent diame-
ter E(deg) and the variation coefficier@V, defined as the ratio 8()/SD(d.,), where
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D(dey) is the standard deviation df, The grain elongation factar, defined as the
ratio of the maximum diameter to tleguivalent diameter of a given grailya/deq,
was used to describe the shape of grains. The measured vali(ds)ofCV(d.,), and

o are given in Table 1. It can be seen tiratechnically pure aluminium processed by
HE, the average grain size does not deganthe accumulated plastic strain. On the
other hand, the grain elongation decreaseginuously with the imposed strain.

Table 1. Values of microstructural parameters (mean equivalent diameter ofgy(@igs variation
coefficient CV{l,y), and grain elongation factosd for aluminium in the initial state and after HE

. Spread of
True strain | E(deg) [um] CV(dey) o diffraction spots
0 0.92 0.41 1.48 9o
1.39 0.71 0.37 1.37 15°
2.77 0.68 0.47 1.33 33
3.79 0.70 0.31 1.30 not measurable

Compared to the microstructure of teaally pure aluminium, the microstructure
of the aluminium alloy evolves in a differewny. After a true strain of 1.39, the TEM
observations reveal subgrains with dislocatiohkigh density (Fig. 3a). The subgrain
size is smaller and the dislocation densitymuch higher than those in technically
pure aluminium. The SAED patterns exhibiaatter of the diffracted beams by a few
degrees. This suggests that the misoriemiadingles between the subgrains are small.
After the final step of HE, the microstructuconsists of small equiaxed grains (see
Fig. 3b) with grain boundaries with vario(lew and high) misorientation angles (see
the SAED pattern presented as an ins@o)ynpared to the results for technically pure
aluminium, grain refinement in the alimum alloy is much more effective.

Fig. 3. TEM micrographs and corresponding SAED patterns for Al-Cu—Mg—Mn alloy:
(a) after HE to a true strain of 1.39, éfer HE to a cumulative true strain of 3.79

Grain size measurements in the alunmimialloy processed by HE show that the
mean equivalent diameter of the grainargly decreases with increasing strain, from
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a few micrometers in the initial state to about 100 nm after applying a cumulative true
strain of 3.79. At the same time, graimmdation remains unchanged and the misori-
entation between neighbouring grains increass seen in the SAED pattern. The
microstructural parameters for the aluminium alloy are given in Table 2.

Table 2. Values of microstructural parameters (mean equivalent diameter ofgy(@igs variation
coefficientCV(d,), and grain elongation factas for aluminium alloy in tle initial state and after HE

. Spread of
True strain | E(deg [um] CV(de) a diffraction spots
0 2.180 0.23 1.38 0°
1.39 ~0.500 - - 15
2.77 0.170 0.29 1.29 38
3.79 0.095 0.42 1.3 not measurable

One of the main factors that decideoat the performance of engineering materi-
als is the homogeneity of their microstructures. In order to analyse the homogeneity of
extruded wires in relation to their meciaal properties, microhardness was meas-
ured on transverse-sections. The results egghmeasurements are given in Fig. 4. In
both materials, irrespective of the straipplied, microhardness was evenly distrib-
uted across the diameter of wires. The ltesexhibit a relatively small scatter, with
the variation coefficient being smallerath 0.02. No visible gradient of the micro-
hardness distribution at the circumferencehaf wire or near its axis was observed.
This confirms that the materials procesbgdHE are highly homogeneous in terms of
their microstructural features.

a) b) - -

— aluminium —— aluminium alloy N —4— aluminium —— aluminium alloy
gi 200 ;; 200
Z 150 ‘ I

wn

w wn
8 100 ‘ . £ 100
B | E e 2 2 S S
s 50 i £ 950+
5 | o
& 0~ i E 0 .
E 0 2 4 6 8 10 0 1 2 3

distance [mm] distance [mm]

Fig. 4. Microhardness distributions measured on the transverse-sections of hydrostatically extruded rods:
(a) to a strain of 1.39 (b) to a cumulative strain of 3.79

In order to determine mechanical propertiatic tensile tests were performed at
room temperature. The yield stress arahghtion for both aluminium and the alumin-
ium alloy are plotted in Fig. 5. In both matds, the yield stress increases with the
imposed extrusion strain. The increase eld/istress, however, is greater in the alu-
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minium alloy, amounting to 100%. The highest increase in the yield stress occurs
after the first pass.

a) b
—— aluminium —l— aluminium alloy —— aluminium —l— aluminium alloy
— 600 X 20
= —_
S 500 /'~. BENRT l\
= 400 1 5
g 300 1 § 10
% 200 0______'_ & — = 5 \ ——
Z 100 S e T e
> 0] . - 0 - -
0 1 2 3 4 0 1 2 3 4
true strain true strain

Fig. 5. The yield stress (a) and elongation (b) as functions of the imposed strain
during HE of pure aluminium and Al-Cu-Mg—-Mn alloy

In subsequent passes, the process saturates and the yield stress approaches a “pla-
teau”. It should be noted that in theuminium alloy the yield stress achieves the
value of 570 MPa, compared to 350 MPatfue same alloy subjected to traditional
heat treatment. Here, too, the greatest réoludn elongation is observed after the
first extrusion. In the next passes, it remsaftonstant (aluminium) or even increases
(aluminium alloy), as seen in Fig. 5b. The change in ductility is more pronounced in
the aluminium alloy, where it reaches a useful level of 5% after three passes.

4. Discussion

In literature, various SPD methods have been used for grain refinement in alumin-
ium and its alloys. The reported grain sipbsained in technically pure aluminium by
ECAP vary between 0.5 and 1uf [e.g. 6; 15-16]. As to the influence of the defor-
mation on microstructure, it is commonly obssd that ECAP microstructure evolves
from subgrain bands (after a single pregiinto a system of high angle boundaries
(during subsequent passes) [6]. At highiegathe average grain size is only slightly
refined, whereas the average boundary nmesaition increases more rapidly [16].

In CEC, the microstructure evolution tachnically pure aluminium proceeds in
a similar way [9]. The microstructure traoghs from a cellblock type into an almost
equiaxed one. The spacing between the bouesldinat subdivide the structure is al-
most unaffected by the strain, and tmésorientation across these boundaries in-
creases with increasing strain.

The present experiments with HE indic#tat the mechanism of microstructure
evolution is similar in this case. Thesurientation angle of the grain boundaries in-
creases as a function of the accumulatednstbait with grain size remaining almost
constant. This type of microstructure avobn has been confirmed by previous re-
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sults [12], where a true strain of ~6.2 vaahieved. Aluminium is a metal with a high
stacking fault energy, in which a cross stipcurs very easily and thus, during the
consecutive steps of deformation, dislocations can move easily towards the grain
boundaries and be absorbed into them. As a result, the grain interiors undergo recov-
ery, while the misorientation angles oétbrain boundaries increase. These two proc-
esses may take place at a constant giiai as observed in the present work.

The SPD methods differ in their efficien of generating high angle boundaries
[15]. It has been observed that, in teraf grain boundary misorientations, ECAP
with a strain of ~8 gives wiilar results to CEC conducted at a strain of 60. From this
point of view, HE seems to be almostedficient as ECAP. The results of diffracted
beam scattering measurements (Table é)vary similar to those obtained in alumin-
ium processed by ECAP [6].

In literature, microstructure evolution in aluminium alloys subjected to SPD has
been studied primarily for ECAP. It hdmen found that in Al-Mg [17, 18] and
Al-Mn [19] alloys grain refinement is greatdyan that in technically pure aluminium.
This was attributed to the lower rate etovery in aluminium alloys, which results in
a smaller final grain size.

In the AI-Cu—Mg—Mn alloy investigated hetbe lower recovery rate is especially
visible during the first HE pass, where tteformed microstructure is characterized
by a high density of the dislocation targylend the grain structure is not well estab-
lished. During consecutive extrusions, digiions cannot easily move to the grain
boundaries, and in order to minimize the stbenergy they tend to divide the grains
into blocks with different slip system comhtions [20]. These blocks can rotate to
achieve different final orientations, causiagsignificant increase of grain boundary
misorientations. This is accompanied byoatinuous decrease of the final grain size.
The mechanism described above can explandrop in the average grain size down
to 95 nm, which leads to a substantial improvement of the mechanical properties of
the alloy. It should be noted that the graize reduction observed in the present work
is similar to that reported for Al-1.7 at. Gubjected to 8 passes of ECAP [21]. This
confirms that HE is an effective process, which leads to a similar grain size reduction
to that achieved by other SPD methods.

5. Conclusions

The following conclusions may be drawn from the results obtained in this study:
¢ HE can be used for grain refinementailuminium and aluminium alloys. Grain
size below 1um in technically pure aluminium and below 100 nm in the aluminium

alloy can be obtained at a final strain smaller than 4.
e Due to the high ability of pure aluminiuto recover, microstructure evolution
proceeds through an increase of grain bogndasorientation without changing grain
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size. As a consequence, mechanical promeréeain almost constant within a wide
range of strains.

¢ In the aluminium alloy with low stackinfault energy, the grains continuously
decrease in size during consecutive extmsj which leads to a grain size reduction
much more effective than that observed in technically pure aluminium. As a conse-
guence, mechanical propert@® significantly improved.

e Taking into account the technological feats of HE, one can conclude from the
present study that this technique offers an alternative way of producing nano-metallic
tubes and rods of aluminium alloiygended for light-weight applications.
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Direct synthesis as a new approach
to heteropolynuclear complexes

VOLODYMYR N. KOKOZAY*, DENISV. SHEVCHENKO

Department of Inorganic Chemistry, National Taras Shevchenko University,
Volodymyrska 64, Kyiv 01033, Ukraine

The idea of direct synthesis of coordination compounds — use of elemental metals or their oxides as
starting materials — has been developed into “Salt route”, “Ammonium salt route” and “Direct template
synthesis’, methods to synthesize heteropolynuclear complexes. The advantages of this approach in ob-
taining heterobi-, heterotrimetallic and mixed-anion heteropolynuclear coordination compounds are
shown taking complexes of transition metals (Cu, Ni, Co, Mn, Zn, Cd) with aminoa cohols and ethyl-
enediamine ligand as an example. The results of the X-ray crystal structure analysis and magnetic proper-
ties of the most interesting complexes are presented.

Key words: elemental metals; metal oxides; heteropolynuclear complexes; direct synthesis, crystal structure

1. Introduction

The design and synthesis of novel solid-state architectures using transition metal
cations and multifunctional ligands enforcing metal bridging is a prolific domain in
the field of coordination and materials chemistry [1]. The number of heteropolynu-
clear aggregates has increased enormously in recent years [2—4]. Interest in such
nanoscal e structures is due to a variety of potentially important applications from the
areas of single molecule magnetism [5-7], photophysics [8], molecular electronics
[9]. Furthermore, structural analysis of nanometer-sized heteropolynuclear molecules
can give important insight into the early stages of nucleation [10], which is of rele-
vance to all scientists working in areas such as nanoparticul ates.

The distinct philosophies of “designed synthesis’ and “self assembly” offer two
main approaches to achieving the objective of creating new polynuclear materials
with which to extend the range of present working theories. Synthetic difficulties in
obtaining elaborate ligands and molecular synthons that can be used as ligands are

*Correspondi ng author, e-mail: kokozay@univ.kiev.ua.
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acritical factor in restricting further studies because of the often tedious, costly and
multi-step procedures.

We have previously shown that various metal complexes can be obtained easily
through a one-pot reaction of a metal powder or metal oxide with a complex-forming
agent in a non-agueous solution [11]. In this paper, an attempt is undertaken to show
prospects of direct synthesisin preparations of heteropolynuclear complexes.

2. Heter obimetallic complexes

Developing the direct synthesis methodology we can offer two main routes for the
preparation of heterobimetallic complexes. The first one, the so called “Salt route”
method has been developed for protonic ligands. It can be illustrated by the reaction
scheme to obtain heterobimetallic Cu-containing complexes with aminoal cohols (HL)
asligands:

CuW® + MX, + 2HL + 0.50, + nSolv = CuMX,L,nSolv + H,O

where M = Ni, Co, Zn, Cd, Pb; X = ClI, Br, I, SCN, OAc; Solv — dmf, dmso, CH;OH,
CH3CN.
For the case of aprotic ligands the “ Ammonium salt route” method can be used:

Cu’ + M® + ANH,X + nL + mSolv + O, = CuMX4(L),-mSolv + 4NH; + 2H,0
Cu’ + MO + 4NH,X + nL + mSolv + 0.50, = CuMX4(L)-mSolv + 4NHs + 2H,0

where M° = Co, Ni, Zn, Cd; MO = ZnO, CdO.
At the same time protonic ligands can be successfully used to prepare complexes
by “Ammonium salt route” as well:

CW + MO + 2NH X + 2HL + 0.50, + nSolv = CuM X,L,nSolv + 2NH; + 2H,0

Some of heterobimetallic complexes obtained by the above mentioned routes
[12-19] are shown in Table 1. The complexes with aminoal cohol ligands as arule are
built of polynuclear assemblies with the number of metal atoms that depends on the
pair of metals chosen, the nature of aminoal cohol and anion.

Three heterotrinuclear complexes [Cu,Zn(NH3)Cls(L?)3] (1) [Cu,Zn(NH3)Brs(L?)4]
(2) and [Cu,Zn(NCS)5(L?)3]-CHLCN (3) have been prepared using zerovalent copper,
zinc oxide, an ammonium salt and 2-dimethylaminoethanol in air [17]. The overall
structural configuration of 1 and 2 are similar. The trinuclear skeletons of 1 (Fig. 1)
and 2 consist of a portion of a distorted cube in which alternate corners are non-metal
(three oxygens and one chlorine) and metal atoms, and one corner metal site is vacant.
The coordination geometry around the terminal, crystallographically independent
copper atoms is distorted square pyramidal, Cu(1)N,O,X and Cu(3)NO.X,, X = Cl
(1), Br (2).
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Table 1. Some heterobinuclear complexes obtained by direct synthesis[12-24]*

289

Initial system Complex
Salt route
CuPbX »(LY),nSolv
Cu’—PbX —HL-Solv X =Cl,Br, |

Solv=dmso, HLY, n=0; 1

Cu—MX ~HL2%-Solv

Cu,MX5(L?)5-Solv; M = Co, Pb;
X =Cl, I, NCS; Solv = CH;CN, dmf, dmso

Cu’—CoX ,—H,L>~CH,CN

[ Cu,Co(ug-OH)Bry(L2)3] -2CH5CN
[Cu,Co(uiz-OH)I5(L%)3] - 4CHCN

Cu’—Co(OAC),—H,L*~Solv

[Cu,Ca"Co™',(OAC)4(HoLHo(L),]-2HOAC

Ammonium salt route

Cu-ZnO-NHX-HL%*Solv

Cu,Zn(NH3),X 3(L%)3:mCHLCN
X=Cl,Br,I,NCSn=0;3,m=0; 1

Cu’~ZnO-NH,Br — HL*CH30H

[Cu,Zny(NH3),Br(HL )| Bry CH;OH

Cu-ZnO-NHX—en-Solv
Solv = CH3;0OH, CH5CN, dmf, dmso

[Cu(en),ZnX4]-nSolv X = Cl, Br, I, NCS, OAc
Solv = H,0, CH;CN, dmf, dmso; n= 0; 0.5; 1

Cu—CdO-NH X—en-Solv
Solv = CH3;0H, CH5CN, dmf, dmso

[Cu(en),CdX,] -nSolv X =Cl, Br, I,
Solv =dmf, dmso; n=0; 1

Cu—CdO-NH,0Ac—en-Solv
Solv = CH;0H, CH;CN, dmf, dmso

[Cu(en)2][Cdx(OAC)e]

Cu’~CdO-NH,NCS—en-CHZOH [{ Cu(en),} sCA(NCS)g] (NCS),
Salt route + Ammonium salt route

Cu’—Cd(OAc),~NHX—en-Solv [Cu(en),Cd(OAC),X ]

Solv = CH;OH, dmf, dmso X =Cl, Br

Cu’—Cd(OAc),~NH,l—en-Solv
Solv = dmf, dmso

[Cu(en),CdI(OAC)4]

Cu’—Cd(OAc),~NH,NCS-en-Solv
Solv = CHgoH, CH3CN, dmf

[Cuy(en),Cd;(OAC)(NCS)¢]

Cu’—Cd(dca) ~NH,NCS-en-CH,OH

[Cu(en),Cd(dca)(NCS),]

ZnO—NiX ,—NHX—en-Solv
Solv = CH;0H, CH5CN, dmf, dmso

[Ni(en)s][ZnX 4] -nSolv X = CI, Br, NCS
Solv = CH5CN, dmso; n= 0; 1; 2

CdO-NiX,—NHX—en—Solv
Solv = CH;0H, CH;CN, dmf, dmso

[Ni(en)s][CdX 4] -nSolv X = ClI, Br
Solv =dmso; n=0; 3

CdO-NiBr,—NH,Br—en—dmf

[Ni(en)2(dmf),][CdBr,]

CdO-Ni(NCS),~NH,NCS—-en-CH,CN

[Niz(en),Cd(NCS)¢] CHsCN

*HL! — 2-aminoethanol, HL2— 2-dimethylaminoethanol, H,L*— diethanolamine, HsL* — triethanolamine, dca— N(CN);™.

Complex [Cu,Zn(NCS)5(L?)3]-CHsCN has a symmetrical trinuclear core similar to
that of 1 and 2 (Fig. 2). The copper atom adopts a square-pyramidal coordination
sphere, with a chromophore { CuN,O,S} in which the axial atom belongs to a thiocy-
anate group of the neighbouring molecule. Intermolecular association in the structure
of 3 occurs through the Cu-S interactions between the S(2) atom of the SCN-group
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coordinated to Zn(1) and two copper atoms of the adjacent complex molecule. As
aconsequence, a polymeric chain assembly is evident along the c-axis of the crysta

(Fig. 2).

Fig. 1. Molecular structure of [Cu,Zn(NH3)Cla(L?)4],
showing the atom numbering scheme (H atoms omitted for clarity) [17]

5

Fig. 2. Molecular structure of [Cu,Zn(NCS)5(L?)s]-CH3CN with the atom numbering scheme, showing
the intermolecular Cu-Sycs interactions in a polymeric chain (H atoms omitted for clarity) [17]
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The temperature dependence of the molar magnetic susceptibility of 1, 2 and 3
measured as solids in the range of 5-280 K is shown in Fig. 3. At room temperature,
the yT values of 0.74, 0.63 and 0.61 cm®-K-mol ™ (Uess. = 2.42, 2.24 and 2.22u4) for 1,
2 and 3, respectively, are in agreement with the presence of two weakly coupled
S = 1/2 centres. On lowering the temperature, the value of y,T decreases, reaching
the value of 0.01-0.02 cm*K-mol™at 5 K for all the three complexes. This behaviour is
typical of an antiferromagnetic exchange interaction between the copper(ll) ions in the
compounds. The best data fits (solid lines in Fig. 3) reveals that the order of antiferro-
magnetic interactionsis 1 (2J =68 cm™) <2 (2J=-96 cm™) < 3 (2 =178 cm ™) [17].
Somewhat surprisingly, this trend is in contrast to the increase in Cu...Cu distance
from 1 to 3, but correlates nicely with the Cu—O—Cu angle in the complexes: 112.7(2)
< 114.4(3) < 119.5(5)°.

The heterobimetallic complex [Cu,Zn,(NHs),Bro(HL?),]BryCH;OH (4) has been
prepared in the reaction of zerovalent copper with zinc oxide in air-exposed solution
containing ammonium bromide and diethanolamine [18]. The structure of 4 is built of
the tetranuclear metallomacrocyclic cation [CUzznz(NHg)zBrz(HL3)4]2+, bromide ani-
ons and methanol molecules in the crystal lattice. The four metal atoms are linked
together by bridging oxygen atoms of the four diethanolamine groups to form a rhom-
bus with the edge lengths being 3.4274(6) (Cu...Zn') and 3.4422(7) (Cu...Zn) A
(Fig. 4). The cations are further stabilized by intramolecular O—H...O and N-H...O
hydrogen bonds. The intermolecular hydrogen bonding that involves OH and NH
groups of the ligands and uncoordinated Br~ anions links the metallomacrocycles to-
gether to form an extended three-dimensional network.

Fig. 4. Molecular structure of the heterometallomacrocyclic cation of
[Cu,Zny(NHs),Bry(HL®),] Br,CH;OH with the 50% probability ellipsoids shown [18]
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The magnetic susceptibility per half of the molecule of 4 shown in Fig. 5 increases
with decreasing temperature to reach a maximum at ca. 30 K and then decreases with
further temperature lowering. This behaviour is typical of an antiferromagnetic spin
exchange operating in the Cu,Zn, units of (J = 35.0 cm™) [18].
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Fig. 5. Magnetic susceptibility per /2 molevs. T
for complex [Cu,Zny(NHs),Bry(HL3),]Br,CH5OH [18]
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Fig. 6. Structure of pentanuclear unit in [Cu,Co"Co"',(OAC)4(H,L4),(L?),]-2HOAC [16]

Fig. 7. View of [Cu,Co' Co"',(OAC)(HoL*)5(L*)] - 2HOAC showing
the hydrogen-bonded network involving the non-coordinating acetic acid molecules [16]
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Reaction of zerovalent copper with cobalt(ll) acetate and triethanolamine in dmf
solution in air yields the unique mixed-valence complex [Cu,Co"Co"',(OAC)(H,L?),
(L%,]-2HOACc (5) [16]. The complex consists of the pentanuclear unit [Cu,CoCo,
(OAC)4(HsLY)A(L?,], which has an inversion centre (Fig. 6) and two molecules of acetic
acid in the crystal lattice. The five meta ions are linked together by eight oxygen atoms of
the four triethanolamine ligands and by two acetate groups with meta—metal separations
being 2.823(2) and 2.964(1) A for Cu(1)...Co(2) and Co(2)...Co(3), respectively. The
divalent cobalt atom, Co(3), is located at the centre of inversion, and its coordination ge-
ometry can be best described as a dightly distorted octahedron. The geometry at the trivar
lent cobalt atoms, Co(2) and Co(2a), is distorted octahedra. The atom Cu(l) is five-
coordinate with square-pyramidal geometry. Two non-coordinating acetic acid mole-
cules are connected to the pentanuclear unit via hydrogen bonds. The intermolecular
hydrogen bonding links the pentanuclear units together and results in the formation of
an extended one-dimensional structure (Fig. 7).

5
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Fig. 8. ymT vs. T curve for [Cu,Co'"Co'"',(OAC)(H,L4),(L%),] -2HOAC [16]

At room temperature the value of y,T (4.1 emu-K-mol™) (Fig. 8) is an agreement
with the presence of two uncorrelated S = 1/2 centres and one S = 3/2 centre with
largely unquenched angular orbital momentum. Magnetic measurements showed
amarked decrease of the y,T value at low temperature, indicative of antiferromag-
netic interactions between magnetic centres. A fit was attempted assuming an effec-
tive S = 1/2 ground state for Co(ll) and Ising-type anisotropy, considering only in-
tramolecular interactions. The obtained value for J,= 36 cm ™ must originate from the
efficient role of the diamagnetic Co(lll) in the transmitting the interaction between
Cu(Il) and Co(Il) below 40 K [16].

The reaction of acetonitrile solutions of CoX,-2H,0 (X = Br, 1) and 2-dimethyl-
aminoethanol with copper powder in the air leads to the formation hexanuclear com-
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plexes [Cu,Co(s-OH)Br(L?)3]-2CHCN (6) and [Cu,Co(uz-OH)I(L?)3]-4CHSCN (7)
[15]. In the structure of 6 and 7 (Fig. 9) two symmetry-related Cu,Co units are linked by
amino alkoxo bridges to form a hexanuclear molecule with intermetallic distances rang-
ing from 3.102(2)-3.260(2) (Cu...Co) to 3.287(3)-3.931(2) A (Cu...Cu). The triangular
planes formed by two copper and one cobalt atoms are capped by a us-OH group that
adopts an asymmetric bonding mode with two shorter distances (mean 1.962(9) A) to
the copper atoms and longer one to the cobalt centre (mean 2.293(10) A). The two
copper centres have distinct chemical environments but both adopt a distorted square-
pyramidal coordination. The two copper square pyramids are tilted toward each other
as aresult of the bridging function of the axial halide atom. Five-coordination of the
cobalt atom is completed by three oxygen atoms, one nitrogen atom and the
us-hydroxide in an elongated trigonal bipyramidal geometry.

Fig. 9. ORTEP plot of [Cu,Co(pis-OH)I(L?)g] -4CHCN
with the atom numbering scheme [15]

T (em® K mol™)

0 50 100 150 200 250 300
TK

Fig. 10. ymT vs. T curve for [ Cu,Co(ug-OH)I(L?)3] -4CH5CN (&)
and exchange coupling pattern with the scheme of the spin topology (b) [15]
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Fig. 11. View of afragment of the 2D layer projected onto the ab plane (a)
and a packing diagram of the sheets (b) of [Ni(en)s][ZnCl,] [19]

The magnetic susceptibility data for 7 have been quantitatively analysed in the
5280 K temperature range (Fig. 10) on the assumption of isotropic coupling between
the magnetic centres as the ground eectronic state of the trigona bipyramidal Co(ll)
centre is orbitally non-degenerate. Variable-temperature magnetic susceptibility study
gave satisfactory fits to the observed susceptibility considering 7 as a combination of
two trinuclear entities. An antiferromagnetic spin exchange operates in the Cu,Co unit
(Joucu = 48.7(9); Jeuco = 86.2(1.3) cmi ) while a weak ferromagnetic coupling is active
between Cu and Co atoms from different trinuclear entities (Je,cy = —8.0(4) cmi™) [15].
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A bridging mode is not typical of ethylenediamine. Therefore the replacement of
aminoal cohol with en results in the dramatic change of the structure of heteropolynu-
clear complexes. The anions overtake bridging functions and arole of hydrogen bonds
becomes more important. The increase of inter-metal distances prevents from ex-
change interactions.
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Fig. 12. H-bonding motifs generating infinite 2D sheetsin [Ni(en)s][ZnCl,]-2dmso (&)
and aview of the complex projecting onto the cb plane (b) [19]

Heterobimetallic complexes [Ni(en)s][ZnCl,] (8), [Ni(en)s][ZnCl4]-2dmso (9) and
[Ni(en)s][Zn(NCS)4]-CHsCN (10) have been synthesized in the open-air reaction of
zinc oxide, nickel chloride (or nickel powder), NH,X (X = Cl, NCS) and ethyl-
enediamine in non-agueous solvents [19]. Complex 8 consists of [Ni(en)s)** and
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[ZnCl,)* ions that form a three-dimensional network by means of H-bonds (Fig. 11).
Between the anion and cation, a lot of intermolecular N—H---Cl interactions, which
indicate weak extensive hydrogen bonding, are found and one [Ni(en)s]*" unit is hy-
drogen bonded to five different anions (four in the 2D layer and one between adjacent
sheets).

Compound 9 made of the same building blocks ([Ni(en)s]** cations and [ZnCl,]*
anions) also contains two molecules of dimethylsulfoxide, the presence of which
causes considerable changes in the crystal architecture (Fig. 12). The plentiful array
of hydrogen bonds, that occur as in all described complexes, strengthen the structure,
but in contrast to 8, the [Ni(en)s]*" unit is hydrogen-bonded to only three different
[ZnCl,)* anions instead of five different [ZnCl,]* anions (as in the case in 8) being
additionally H-bonded to two dmso molecules. All the chlorine atoms are linked by
means of H-bonds with amino groups of the ethylenediamine of the cations, and one
of them is 3-coordinated by H(N) atoms, one 2-coordinated and two unbranched.
These listed hydrogen bonds are stabilized the two-dimensional sheets of 9, which are
slightly undulating in comparison with 8, but further interlayer H-bonds are now not
possible due to the presence of the dmso solvent molecules [19].

Fig. 13. Packing diagram of [Ni(en)s][Zn(NCS),]-CH5CN projected onto
the ac plane showing a 3D network generated by hydrogen bonds [19]

The compound [Ni(en)s][Zn(NCS),]-CHsCN consists of the [Ni(en)s]** cations and
[Zn(NCS),)* anions, the presence of which facilitate formation of a three-dimensional
architecture based on numerous N—H--S hydrogen bonds (Fig. 13). The geometrical
parameters of the [Ni(en)s]* unit are similar to those found in 8 and 9. The crystal
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structure of 10 is reinforced by several hydrogen bonds and the [Ni(en)s]?* unit is
H-bonded to five different [Zn(NCS),]* anions and a molecule of CH;CN. All four S
atoms joined with NH, groups of [Ni(en)s]?* cations using hydrogen bonds, and two
of them are 3-coordinated by H(N) atoms and two — 2-coordinated [19]. Such an es-
sential influence of the nature of the anion on the nuclearity and coordination topol-
ogy can be used for the regulative change of the structure of the heteropolynuclear
complex by the synthesis of compounds with a necessary combination of anions. The
possibility of the synthesis of heteropolynuclear complexes with a certain set of ani-
ons of different nature can be achieved with the combination of “Salt” and “Ammo-
nium salt” methods of direct synthesis:

MO(1) + M(2)X, + 2NH,Y + nL + 0.50, = M(1)M(2)X,Y 5(L)n + 2NH; + H,O

Moreover, such a combination makes it possible to prepare mixed-metal mixed-anion
complexes in “one pot”’. Thus, to prepare mixed-anion heterobimetallic coordination
polymers [Cu(en)Cd(u—Cl)(u-O.CMe)CI(OLMe)]n (11), [Cu(en),Cdl1e(O,CME)2 3]
(12), [Cux(en)sCdo(NCS)(NCS)4(O.CMe),],, (13) the following systems have been used
[20]:

Cu’~-Cd(0,CMe),—NH X —en-Solv
where X = Cl, Br, |, NCS; Solv = dmf, dmso, CH3;OH, CH;CN.

Fig. 14. The one-dimensional helical chain in the compound
[Cu(en),Cd(p—Cl)(L—O,CMe)CI(O,CMe)],, with the numbering scheme [20]

The structure of compound 11 consists of an infinite one-dimensional helical
chain comprised of cationic Cu(en)?” and mixed-ligand anionic Cd(u—Cl)(u—
0,CMe)CI(0,CMe)* building blocks, linking together through one bridging chlorine
atom and an oxygen atom of the chelating (and also bridging) bidentate acetate ligand
(Fig. 14). The Cd atom in 11 is six-coordinate; the coordination sphere consisting two
acetate groups, one of which is weakly bidentate, the other one being bidentate
[through O(011) and O(012)] and bridging unidentate [through O(011)]. Each of
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Fig. 15. Fragment of the 2D sheet (a) and a view of the layer arrangement (b)
in the structure of [Cu(en),Cd(p—Cl)(u—O,CMe)CI(O,CMe)],, [20]

Fig. 16. Perspective view of ahelical chain in complex
[Cu(en),Cdl 1 64(O,CMeE), 6] together with the atom numbering [20]
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Fig. 17. View of afragment of the 2D layer (a) and a packing diagram
of the polymeric sheets (b) in complex [Cu(en),Cdl; g4(O,CMe€), 36] , [20]

the Cd(Il) is further coordinated by one terminal and one bridging chlorine atom to
form a CdO,Cl, distorted octahedron. The chains of Cu-Cl(2)-Cd-0O(011) atoms re-
veal a helical shape. Two sets of H-bonds assemble the chains, related by the crystal-
lographic planes into a two-dimensional structure (Fig. 15) [20]. The complex 12 is
basicdly 1D helica chain structure formed by Cu(en),” units and Cd(u-O.CMe),
1(O,CMe)* building blocks, which are joined through oxygen atom from aweskly biden-
tate chelate acetate ligand and also through the oxygen atoms of the other acetate
group which is bridging unidentate and bidentate (Fig. 16). However both bridging
acetate sites are dso partialy occupied by iodide ions. Thus as well as bridging
Cd(u—0,CMe),l(0,CMe)* units, there is dso a minor component of Cd(p-O,CMe)
(L) 1(O,CMe)*". There may aso be some Cu(en),Cd(p—).I(0,.CMe)* corresponding the
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Fig. 18. View of the anionic chain motif of complex [Cu,(en)4Cd,(NCS),(NCS)4(O,CMe),],,
together with the atom numbering scheme [20]

replacement of both bridging acetates. In 12 only one nitrogen atom from NH, group
of en takes part in the intrachain hydrogen bonding with oxygen atoms of the acetate
ligands, in contrast with two Ng, atoms that participated in H-bonding in 11. Further-
more, only one type of H-bonding interactions, those involving a hydrogen atom of an
NH, group of en and an oxygen atom of a bidentate acetate group, facilitates the for-
mation of 2D sheets (Fig. 17) [20].
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Fig. 19. Perspective view of a sheet in complex [Cu,(en);Cdy(NCS)2(NCS)4(O,CMe),],,[20]

X-Ray analysis reveals a two-dimensional wave-like polymeric network for com-
plex 13, the crystal structure of which consists of 1D anionic chains of Cdx(NCS)s
(O,CMe),* and Cu(en),?" units. The view of the 1D anionic chain motif together with
the atom numbering scheme is presented in Fig. 18, while Fig. 19 shows the perspec-
tive view of a 2D sheet. Both copper(I1) and cadmium(ll) atoms are joined through
—Cu-SCN—Cd- linkages. The polymeric anion contains two crystallographically inde-
pendent cadmium atoms, Cd(1) and Cd(2), both of which are six-coordinate with
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CdS;N,0, and CdN,O, distorted octahedral geometries, respectively. Both Cd(ll) atoms
are coordinated by one chelating bidentate acetate group, one terminal thiocyanate
ligand, one p; 3-NCS group, which connect the copper(ll) and cadmium(ll) atoms in the
2D layer, and another two p1; - NCS groups which serve bridges between the metal cen-
tres. The polymeric mixed-anion -NCS-Cd(NCS),(O,CMe)-SCN-Cd(NCS),(O.,CMe)
—NCS- chains are amost linear. The resulting 2D sheets consist of 18-membered
[Cda(13NCS)4Cu,Sycs] rings folded in awave-like manner (Fig. 19) [20].
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Fig. 20. Temperature dependences of the effective magnetic moment

for [Cu(en),Cd(u—Cl)(u—O,CMe)CI(O,CME)], (1) [Cu(en),Cdl 64(O,CME) 2 36]n (2)
and [Cu,(en),Cdy(NCS),(NCS)4(O,CMe),] (3) [20]

Magnetic data for 11-13 are shown in Fig. 20 as g vs. T plots, which indicate
that in all cases the magnetic behaviour is in general paramagnetic, although at the
lowest temperatures a characteristic decrease of g for 11 and 13 is observed. The
Weiss temperatures, calculated on the basis of inverse dependence of molar magnetic
susceptibilities on temperature, € = —1.037, —0.191 and —0,99224 for 11, 12 and 13
respectively, suggest weak antifferomagnetic interactions, probably due to Cu—Cu
contacts, intrachain at a distance of 8.183(1) A for 11 and interchain at a distance of
6.165(2) A for 13 [20]. The room-temperature magnetic moment for each copper
atom, ca. 1.8usg, isin the normal range for isolated S= 1/2 ions.

3. Heterotrimetallic complexes

As the reaction systems employed have been so productive in generating new het-
erobimetallic complex an attempt was undertaken to use the approach developed to
obtain heterotrimetallic complexes (Table 2).
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Table 2. Heterotrimetallic complexes obtained by direct synthesis [25, 26]

Initial system

Complex

Cu’-CoCl,—NiCl,~HL2-CHzOH

Cu,Ni,Co"Clg(L?)s
Cu,Ni,Co"Cl4(LYg

Cu’-CdCl,—NiCl,~HL%Solv
Solv = CHgoH, CH3CN

Cu,Ni,Cd,Clg(LY)62H,0

CU’—CoX ,~ZnO-NHX—HL2-CH;0H
X = OAc, NCS

CuCa"'Zn(L?),(NCS),0Ac

CUP—CoX ,—NiX —H,L*~CH;0OH
X =Cl, Br, OAc, NCS, HCOO, NO;

[Ni(H,L3);][CuCo" (L%),(H,L*)(NCS)] X,

X =NCS, HCOO, NO;

[Ni(HL3),] [CUCO™(L3),(H,L3)(NCS)] X »-2H,0
X =Cl, Br

Cu’—CoX ,—CdX —H,L*-CH;OH
X =Cl, Br, NCS

[CuCo"' Cd(H,L3),(L%),(NCS)X,]-CH;OH
X =Cl, Br

Cu’~CoCl,~ZNnCl,—H,L *~CH,0H

[Zn,CuCo'"'(L3)3Cl3(CH50H)]-CH30H

Fig. 21. The structure of the pentanuclear aggregate { [Ni(H,L3),][CoCu(L>),(H,L3)(NCS)]}**
in [Ni(H,L3),][CoCu(L3),(H,L3)(NCS)](NCS), and [Ni(H,L3),][CuCo(L>),(H,L %) (NCS)],Br,-2H,0
with the numbering scheme [25]

Three novel heterotrimetallic complexes [Ni(H,L>),][CoCu(L3),(H.L%)(NCS)](NCS),
(14),  [Ni(HoL)J[CuCO(L)o(HoL)(NCS)]-Bro2H:0  (15) and  [CuCoCd(HoL)o(L),
(NCS)Br,]-CHs0OH (16) have been prepared using zerovaent copper, cobat thiocyanate,
nickel thiocyanate (14), nickel bromide (15) or cadmium bromide (16) and methanol solu-
tions of diethanolaminein air. The overal structural configurations of isomorphous 14
and 15 [25] are similar with the uncoordinated NCS™ group in 14 replaced by disor-
dered Br~ anion and water molecule in 15. The molecular diagram and numbering
scheme of 14 is shown in Fig. 21 which illustrates the general geometry of the two
compounds. The most prominent feature of the structures of 14 and 15 is the forma-
tion of the “pentanuclear” aggregate { [Ni(H,L3),][CoCu(L3),(H.L3)(NCS)],}*" made
up of two neutral [CoCu(L>),(H,L%(NCS)] units and the cation [Ni(H,L?),]*, previ-
ously unknown. The Ni cation is on a crystallographic inversion centre, the Cu/Co
moieties are situated on general positions. The presence of the molecular inversion
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centre requires all five metal atomsto lie in the same plane. In the Cu—Co—Cu—Co paral -
Ielogram centred on Ni the bridged Cu...Co separations are of approximately 2.924
while other metal-metal distances vary from 4.640 t0 5.328 A.

The divalent nickel ion adopts a dlightly distorted octahedral environment by in-
teracting with two oxygen and two nitrogen atoms in the equatorial plane and two
axially disposed oxygen atoms from two H,L? ligands.

The metal atoms within [CoCu(L?),(H,L*)(NCS)] units are bridged by two oxygen
atoms of two diethanolamine ligands. The copper(ll) atom has distorted square-
pyramidal coordination to a NO3Nycs donor set. Each [CoCu(L®),(H,L3)(NCS)] unit is
linked to the central Ni complex by two strong O—H...O™ and one weaker N-H...O”
charge-assisted hydrogen bonds, this arrangement producing eight-membered
H-bonded rings (Fig. 21). Additional intermolecular association in the lattice occurs
through the hydrogen bonding of the N-H...N, N-H...S, O-H...S and N-H...Br
types involving thiocyanate groups (14) and bromide anions (15) to form 3-D frame-
works (Fig. 22).

Fig. 22. View of [Ni(H,L3),][CoCu(L®),(H,L%)(NCS)],(NCS), showing
the hydrogen bonding network involving the uncoordinated thiocyanate anions [25]

X-ray crystalographic anaysis of [CuCoCd(H.L%)(L%),(NCS)Br,]-CHsOH (16) [25]
reveals an asymmetric three-metal atom core with metal atoms in a triangular array
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(Fig. 23). With Cd*" adifferent structure is obtained — the [CoCu(L%),(H,L*)(NCS)] unit is
now linked to Cd centre through coordination of oxygen atoms of L* groups on the Co
atom to form a discrete heterotrimetallic molecular species. The structural properties of the
Cu/Co moiety are similar to those in 14 and 15 with Co atom being six-coordinate and Cu
atom displaying a distorted square-pyramida coordination. The geometry of the cadmium
atom can be described as distorted octahedral with donor atoms of diethanolamine ligands
and bromine atom.
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Fig. 24. Temperature dependences of the effective magnetic moment
for [Ni(H,L°),][CoCu(L%),(HoL *)(NCS)]o(NCS), (1),
[Ni(HoL )] [CuCo(L%),(H2L%)(NCS)]Br2-2H;0 (2)
and [CuCoCd(H,L3),(L3),(NCS)Br,]-CHLOH (3) [25]

Experimental magnetic data for 14-16 are displayed in Fig. 24 as g vs. T plots.
These show that in all cases the magnetic behaviour is paramagnetic [25]. On the as-



Direct synthesis as a new approach to heteropolynuclear complexes 307

sumption that the Co® ions are diamagnetic, the room-temperature magnetic moment
for 16, 1.95 B.M., istypical of isolated S= 1/2 ions. The t values (per mole of com-
plex) of the { Cu,Co,Ni} complexes 14 and 15 are 4.18 and 4.3 B.M., respectively.
Those are similar to the calculated value of 4.03 B.M. for a high spin Cu,"Ni" combi-
nation in which the constituent metals have typical e values of 1.9 and 3.0 B.M.

4. Direct template synthesis

Various solvents have been used to develop techniques of direct synthesis of het-
erobimetallic ethylenediamine complexes. Condensation of acetone with ethyl-
enediamine resulted in the open-chain ligand, becaming the beginning of a new syn-
thetic approach to heteropolynuclear complexes that we called “Direct template
synthesis* (Table 3).

Table 3. Heterobimetallic complexes obtained by direct template synthesis [27, 28]

Initial system Complex
5

Cu’-M°—en-nHX—~(CH3),CO - Solv [CEL Ko
o X =Cl, Br,NCS

°=2n, [CuL®][MnCl,]
Ni"—M"—en-nHX—CH3),CO — Solv [NIL%][ZnX,] X =Cl
Mo=Zn, Mn Br, NCS ) ,
X = c_l Br, NCS [NILZ][MnX,] X =
Solv = dmf, dmso, CH;OH, CH;CN Cl,NCS

[Co"'L>Cl,][ZnCl4(d
mf)]
[(NiL%)6(Cr(NCS)e)q]

C0’—ZnO—en-2HCl—(CH3),CO-dmf
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Solv = dmf, dmso, CH3;OH, CH,CN
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Complexes [CuL®Zn(NCS),] (17) and [NiL°][Zn(NCS),] (18) [27] have similar
compositions and aso similar crystal architecture. The M(L®)? and Zn(NCS),* ions
can be seen as the main building blocks in both structures. In the case of 17 they are
associated via the semi-coordinate Cu...S bond of 2.9 A in amore robust “molecular”
building block, [Cu(L®)-u-SCNZn(NCS)3] (Fig. 25). The building blocks M(L®)?" and
Zn(NCS),* are arranged in such a way that infinite helical chains form along the
a-axis. The cations Cu(L®)?*" and Ni(L®)? are weakly bonded to the anionic chains
through N-H... S hydrogen bonds and the semi-coordinate Cu...S bond of 2.9 A in the
case of 18.

Fig. 25. Packing of helixes in the crystal of [CuL°Zn(NCS),] [27]

The nickel atom in [NiL°][ZnCl,] (19) [27] (Fig. 26) has a square-planar environ-
ment being coordinated to four nitrogen atoms of the two ethylenediamine moieties of
the ligand. The five-membered metal-chelate ring has the gauche conformation, and
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the two six-membered rings have a chair conformation. The cations linked together
via the N-H...N bond of 3.1 A and 174° to form cationic chains. Those are further
connected by [ZnCl,]* anions through the set of the linear Zn—Cl...H-N and cyclic
Zn—Cl...H,N motifsinto a 2D net (Fig. 26).

The main structural blocks in the crystal of [Cu(L?)][MnCl,] (20) are [Cu(L")]*
cations and [MnCl,]?" anions (Fig. 27). The coordination environment of Cu(ll) atom
is formed by six (4N + 20) donor atoms of L’. The geometry of [MnCl,)* is near
tetrahedral, the average Cl-Mn—Cl bond angle being 109.5°. Hydrogen bonding seems
to play an important role in the formation of the crystal lattice of 20, taking into ac-
count the potential capacity of [Cu(L?)]** to act as a hydrogen donor and [MnCl,]*
anion to act as a hydrogen acceptor. All of the five protons and al the chlorine atoms
from the anion areinvolved in the N-H...Cl and O-H...Cl bonds (Fig. 27) [28].

aa T Paa Pua:
a: e Date Daie Do
PR i Joie ey
A Dien: Do Paa: Pay
e Ve Daie Paa:
aibas PhePas Fae

* -

Fig. 26. The hydrogen bonded sheet of [NiL®][ZNnCl,] and its motif [27]

In contrast to the above mentioned compounds [Cu(L®)ZnCl3], (21) [27] possesses
a molecular (0D) framework (Fig. 28). Each molecule is a centrosymmetric dimer in
which two [Cu(L®)ZnCl3] halves can be distinguished. These halves are bound by long
range, or semi-coordinate, Cu—Cl(1) bonds (2.728(2) A) forming an eight-membered
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Fig. 27. Fragment of the layer in [CuL"][MnCl,] with indication
of H-bonds (@) and packing of the layers along the b axis (b) [28]

metallocycle based on atetranuclear Zn,Cu, skeleton with alternating metal and O/Cl
atoms. The sguare-piramidal coordination geometry around the copper centre is cre-
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ated by 2N and 20 donor atoms from the monodeprotonated (L%~ ligand in the basal
plane and chlorine atom CI(1) occupying the axial position. The zinc atom (with
ZnCl;0 chromophore) adopts a very distorted tetrahedral symmetry. An interesting
feature of the structure is the existence of two strong intramolecular H-bonds between
neutral and deprotonated OH groups of L2 (with the O...O distance of ca 2.5 A)
which form an additional 8-membered ring joining copper atoms inside the dimer
molecule.

Fig. 28. Molecular structure of [CuL®ZnCl3], with the numbering scheme [27]

A large amount of compounds that can participate in condensation reactions prom-
ises new advancesin the field of direct template synthesis.

5. Conclusion

This paper describes novel synthetic routes to heteropolynuclear complexes devel-
oped using simple starting materials and relatively mild reaction conditions. Well
-known classic acidoligands — carbonate and nitrate — have been of much interest re-
cently as building blocks for the construction of coordination polymers. For example,
carbonate group can act even as a ug-bridge [29]. Heteropolynuclear complexes with
these anions have to form in conditions of direct synthesis as well, for example, in the
systems:

M°(1)-M°(2)-L—CO,/NOSolv.

It is hoped that this synthetic approach will be profitable in obtaining novel heter-
opolynuclear complexes with various nuclearity and dimensionalities.
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