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Synthesis and properties of magnetic nanoparticles
coated with biocompatible compounds
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Syntheses and characterization of two types of systems of magnetic nanoparticles functionalized
with biocompatible molecules have been presented. Two colloidal suspensions of iron oxide nanoparticles
fabricated by the same co-precipitation method were obtained; the nanoparticles with perchloric acid
(HC10O,) and with citric acid (C¢HgO7), were coated and dispersed in water. The structure at nanometric
level of functionalized magnetic nanoparticles was analyzed, using data obtained from magnetic,
rheological and structural measurements. Magnetic properties were discussed based on magnetization
measurements. Fourier transform infrared absorption spectra have been recorded to obtain additional
information on the composition of functionalized magnetic nanoparticles. To assess the optical properties
of highly diluted suspensions, UV-VIS absorbance spectra were recorded. Light scattering anisotropy on
functionalized magnetic nanoparticles was investigated as well. The dimensional distribution of the
nanoparticles physical diameter was comparatively presented using the box-plot statistical method applied
to the data provided by transmission electron microscopy.

Keywords: magnetic nanoparticles; magnetic properties; TEM analysis;, FTIR spectra; UV-VIS absorb-
ance, light scattering anisotropy

1. Introduction

Colloidal suspensions of magnetic particles have been studied since the early
1900s but interest of scientists increased in the 1960s with the production of stable
concentrated suspensions of magnetic nanoparticles [1, 2]. Systems of magnetic
nanoparticles led to a significant number of commercial applications [3, 4]. Recent
development of a large variety of functionalized magnetic nanoparticles resulted in
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new biomedical and clinic applications. A major drawback for a lot of applications
remains the lack of well-defined and characterized nanoparticles. Growing attention is
paid to iron oxide nanoparticles (especially magnetite — Fe;0,) embedded in a bio-
compatible compound. Magnetic fluids consist of colloidal suspensions of ferromag-
netic monodomain nanosized particles in various carrier liquids [3]. To avoid agglom-
eration of magnetic nanoparticles due to attractive van der Waals forces, the particles
need to be coated with different complex agents that provide enhanced stability due to
steric hidrance or combined electrostatic and steric stabilization. Synthetic and natural
polyacids (e.g., dimercaptosuccinic acid, citric acid, tartaric acid, aspartic acid, glu-
tamic acid) are the mostly used coating agents [5—7]. Among various methods for
producing magnetic nanoparticles, chemical routes have the advantages of being rela-
tively simple and providing good control over properties of the particles. Water based
magnetic fluids hold great potential for biological applications, considering their in-
fluence in plant growth [8—11].

2. Experimental

Systems of magnetic nanoparticles were fabricated by alkaline hydrolysis of
highly concentrated solutions of Fe* and Fe’ salts following the preparation protocol
proposed in [12]. Solutions of ferric and ferrous salts were prepared in 2 M HCI sol-
vent since the acidic conditions prevent formation of iron hydroxides. 5.0 cm’® of 2 M
stock FeCl, solution and 20.0 cm® of 1 M stock FeCl; solution were added during
magnetic mixing under continuous pouring of 250 cm’ of 1 M NH,OH solution.

The suspensions were finally washed with deionized water to reach approximately
pH of 6.5. After washing, to the magnetic particles precipitate 5 cm’ of 25% solution
of perchloric acid (PA sample) or citric acid (CA sample) were added, the resulted
dark suspension being further stirred for 1 h. The microstructural features of the two
aqueous suspensions of the magnetic nanoparticles were analyzed by means of physi-
cal tests. The rheological properties such as density, dynamic viscosity and surface
tension were measured using standard methods.

To obtain the profile of the nanoparticle dimensions, the magnetic measurements
and transmission electron microscopy were chosen as main investigation methods.
Using a Tesla device with the resolution of 1.0 nm, the transmission electron micros-
copy (TEM) images were obtained for 10* dilutions in distilled water of the samples,
followed by the deposition on collodion sheet. Magnetization and magnetic suscepti-
bility measurements were performed following the Gouy method at constant normal
ambient temperature. Magnetic field intensity was measured by means Walker Scien-
tific MG 50D Gaussmeter with a Hall probe and for sample weighting measurement
an electronic balance ACULAB-200 with 10 *g accuracy was used.

Infrared absorption spectra (FT-IR) have been recorded aiming to get some infor-
mation upon the coated magnetic nanoparticles composition, using a Bruker Vertex 70
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infrared spectrometer and magnetic nanoparticles dispersions in KBr after previous
thermal treatment at 100 °C up to constant weight. To assess the optical properties of
the highly diluted suspensions of magnetic nanoparticles, UV-VIS absorbance spectra
were recorded with a CINTRA 5 spectrophotometer in a double beam mode, using a 1
cm quartz cell filled against deionized water as a reference solvent.

A typical light scattering procedure, with collimated laser beams was used to detec
the far field [13—15], in assessing the light scattering properties of nanoparticles form-
ing magnetic suspensions. A simple experimental setup was assembled, consisting of
a He—Ne laser, a cuvette, a sensitive detector, a data acquisition system and a com-
puter. The cuvette-detector distance D was 2.5 m and x was modified gradually,
changing the angle accordingly. The detector was a photoresistor and had the dimen-
sion d of 5 mm which makes an angular opening of 0.002 rad or 0.1273°. For light
scattering anisotropy studies, the initial magnetic nanoparticles suspensions were di-
luted at the volume ratio of 3.0x10°°, using deionized water right before the light scat-
tering analysis, in order to reduce the magnetic nanoparticles agglomeration rate that
actually begins during dilution.

The light intensity that can be measured using a detector is proportional with the
integral F of the phase function over the polar angle interval [, 6] covered by the
detector. The function F was fit on the experimental data using a program written for
this purpose. Details of the experimental procedure are presented in [16].

3. Results and discussions

TEM images of PA and CA samples are shown in Fig. 1. The analyses of all TEM
measurements resulted in physical diameter distribution histograms (Fig. 2), the mean
of particles diameter being given in Table 1.

Fig. 1. TEM images of two systems of the functionalized magnetic nanoparticles
analyzed in this study: a) CA sample, b) PA sample

Magnetization curves obtained for the functionalized magnetic nanoparticles sam-
ples are presented in Fig. 3. Considering the Langevin equation at high field and ex-
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trapolating to 1/H = 0, the magnetization (M) versus 1/H curves, the saturation mag-
netization was obtained. Also, the initial susceptibility ) was determined from the
slope of the magnetization versus magnetic filed curves at low field. Using magnetiza-
tion measurements data and assuming a spherical particle shape, the magnetic diame-
ters (dy) were calculated according to Langevin’s equation. The results are presented

in Table 1.
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Fig. 2. Histogram of distributions of diameters of functionalized nanoparticles: a) PA, b) CA
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Fig. 3. Magnetization curves of the functionalized
magnetic nanoparticles in aqueous suspensions

Table 1. The data for dimensional analysis and magnetic properties

Sample | rort | fam] | [om] | [Gs] | 2
PA 3.82 10.552 7.112 229.5 0.170
CA 4.67 11.448 6.014 280.5 0.107

b)




Magnetic nanoparticles coated with biocompatible compounds 613

Differences evidenced between drgy and dy, values can be assigned to the surfac-
tant shell of the magnetite core. For these two types of coated magnetic nanoparticles,
the thicknesses of the organic surface layers of 1.72 nm in the PA sample and of 2.71
nm in the CA sample have been calculated. Also, we can see that high magnetization
value was revealed for the aqueous suspension of magnetic nanoparticles coated with
citric acid. The results of measurements of the physical parameters as well as the vol-
ume fraction @, determined from the density measurements, are presented in Table 2.

Table 2. Rheological properties and volume fraction data

Sample D Density i:;?gj Viscosity
0 3 3 .
6l | hem’) | GO | X10° kelms)
PA 4.56 1088 86.7 1.8
CA 5.05 1089 77.1 2.7

Further analysis was carried out based on FTIR spectra (4000 cm '=500 cm ). In
the magnetic nanoparticles coated with perchloric acid (PA sample) the FTIR spectra
show a triple band at 1087 cm ™', 1111 cm ', 1147 cm 'and a double band at, 626 cm™'
and 637 cm' which confirms the presence of iron perchlorate in the solid phase of the
PA coated magnetic nanoparticles system. The narrow but intense absorption of per-
chlorate ions at about 630 cm™' seems to be overlapped onto weaker vibrations of the
iron oxide skeleton situated in the same region.

Also, the 1400 cm ™' band could be assigned to the ferrophase complex vibrations.
An intense band at 1610 cm ' may be assigned to the deformation vibrations of water
molecules trapped onto the magnetite colloidal particles. The low intensity and bifur-
cated bands at 3599 cm ' and 3435cm ! corresponding to OH symmetrical and asym-
metrical stretchings can reveal the presence of free water traces. An intense absorption
region beyond 600 cm ' associated with stretching and torsional vibration modes of
magnetite can also be seen.

In the CA sample, IR spectrum revealed the bands of iron citrate. An intense band
at 3450 cm ' confirms the presence of water traces while the absorption at
3200-3400 cm ' suggests the presence of non-dissociated OH groups of citric acid. At
1600 cm ', an intense band is visible that may be assigned to the symmetric stretching
of OH from COOH group, revealing the binding of a citric acid radical to the magnet-
ite surface. Also, the neighbour band at 1400 cm ' can be assigned to the asymmetric
stretching of CO from COOH group. Low-intensity bands between 400 cm™' and 600
cm ' can be associated with stretching and torsional vibration modes of magnetite.
Thus, we can say that the citric acid binds chemically to the magnetite surface by car-
boxylate chemisorptions, citrate ions resulting this way.
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To assess the optical properties of highly diluted magnetite nanoparticles suspen-
sion (10~ volume fraction), UV-VIS absorbance spectra were recorded on spectropho-
tometer in a double beam mode, with deionized water as reference solvent (Fig. 4).
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Fig. 4. UV-VIS absorbance spectra of the diluted
suspensions of systems of magnetic nanoparticles

The PA sample exhibits an increased absorbance toward shorter wavelengths in
comparison to the CA sample, while for longer wavelengths the CA sample exhibits
an increased absorbance in comparison to PA sample.

For light scattering anisotropy study, two types of diluted magnetic nanoparticles
suspensions (PA and CA) having the volume ratio of 3.0x10°°, hence an optical depth

around 1, to avoid multip

le scattering, were used. For each sample, the light intensity

was measured at various polar angles. The results of the fit that is the C and g values,

the anisotropy parameter

together with the errors in determining them with respect to

the fit are presented in Table 3.

Table 3. The results of the light scattering anisotropy measurement
on the magnetic nanoparticles systems analyzed in this study

Sample Mean size C AC A
P [nm] [au] [au] g g
PA 10.552 233.61 | 0.03 | 0.99108 107
CA 11.448 304.23 0.01 0.98219 5%107°

Figure 5 presents the plot of the experimental data and of the F function calculated

with the C and g values
parameter was measured

from the fit for CA sample. The light scattering anisotropy
for both magnetic nanoparticles suspensions analyzed in this
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study. Examining the data in Table 3,1 we notice that the anisotropy parameter g of PA
sample (0.99108) is higher than that for CA sample (0.98219).

16
O

0

Fig. 5. The plot of the experimental data (circles) and of the calculated
F function (solid line) for CA sample in function of 8

Considering the significance of the g parameter, one can conclude that bigger par-
ticles scatter light more isotropic than smaller ones. The size of the scattering centres
is smaller than the wavelength and thus the light diffusion may be described by the
Rayleigh scattering rather than by the Mie scattering [17, 18]. This might explain the
mismatch of the curve to the experimental data. A better match can be found on bigger
scattering centers, which can be treated in terms of the Mie scattering, better described
by the Henyey Greenstein phase function. In this paper, the experimental results of the
light scattering anisotropy have been presented, without any theoretical explanation on
the difference in the g parameter.

4. Conclusions

Physical characterization of two samples of aqueous suspensions of magnetic
nanoparticles stabilized with citric acid (CA) and perchloric acid (PA), synthesized by
the same protocols was discussed. The highest viscosity and volume fraction were
evidenced for the magnetic nanoparticles coated with citric acid. The high magnetiza-
tion value and small magnetic diameter of coated nanoparticles were found for the
sample based on citric acid coating. The IR spectra confirmed the presence of iron
perchlorate in the solid phase of the PA sample and the presence of citric acid at the
magnetite surface in the CA samples. The anisotropy parameter g of the PA sample
was higher than that of the CA sample.



616 M. RACUCIU et al.

References

[1] PaPEL S.S., US Patent, 3 (1965), 572.
[2] KHALAFALLA S.E., REIMERS G.W., IEEE Trans. Magn., 16 (1980), 178.
[3] ROSENSWEIG R.E., Ferrohydrodynamics, Cambridge University Press, New York, 1985.
[4] SCHERER C., FIGUEIREDO NETO A.M., Brazil. J. Phys., 35 (2005), 718.
[5] MENDENHALL G.D., GENG Y., HWANG J., J. Colloid Interface Sci., 184 (1996), 519.
[6] FAUCONNIER N., BEE A., ROGER J., PONS J.N., J. Molecular Liquids, 83 (1999), 233.
[7] Sousa M.H., RuBiM J.C., SOBRINHO P.G., TOURINHO F.A., J. Magn. Magn. Mater., 225 (2001), 67.
[8] CORNEANU G.C., CORNEANU M., MARINESCU G., BADEA E., BABEANU C., BicA D., CoJOCARU L.,
Abstracts book of 8th Int. Conf. Magn. Fluids, Timisoara, 1998, p. 447.
[9] PAVEL A., TRIFAN M., BARA L.I., CREANGA D.E., COTAE C., J. Magn. Magn. Mater., 201 (1999), 443.
[10] RAcuciu M., CREANGA D., J. Magn. Magn. Mater., 311 (2007), 288.
[11] RAcuciu M., CREANGA D., J. Magn. Magn. Mater., 311 (2007), 291.
[12] ENzEL P., ADELMAN N.B., BECKMAN K.J., CAMPBELL D.J., ELLIS A.B., LISENskY G.C., J. Chem.
Educ., 76 (1999), 943.
13] HAMMER M., SCHWEITZER D., MICHEL B., THAMM E., KOLB A., Appl. Opt., 37 (1998), 7410.
14] HAMMER M., YAROSLAVSKY A.N., SCHWEITZER D., Phys. Med.Biol., 46 (2001), N65.
15] STEENBERGEN W., KOLKMAN R., DE MULF., J. Opt. Soc. Am. A, 16 (1999), 2959.
16] CHICEA D., RAcuciu M., J. Opt. Adv. Mater., 9 (2007), 3843.
17] GOODMAN J.W., Series Topics in Applied Physics, Vol. 9, J.C. Dainty (Ed.), Springer, Berlin, 1984.
18] BRrIERS J.D., Physiol. Meas., 22 (2001), R35.

— r—_,—_,—_——

Received 21 January 2008



Materials Science-Poland, Vol. 28, No. 3, 2010

Fast and easy preparation of a novel highly acidic
sulfonic-functionalized SBA-1 cubic mesoporous catalyst
and its application in the esterification of palmitic acid

A. ABBASI, A. R. MAHJOUB' ", A. R. BADIEI

'Dept. of Chem., School of Basic Sciences, Tarbiat Modares University, Tehran, 14115-175, Iran

2School of Chemistry, University College of Science, University of Tehran, Tehran, Iran

Propylsulfonic acid-functionalized cubic mesoporous silica was prepared through in situ oxidization
of mercaptopropyl groups with H,O, during co-condensation of tetracthyl orthosilicate and 3-mercapto-
propyl trimethoxysilane under strong acidic conditions. The materials obtained with 5-20 mol % loadings
of sulfonic acid groups had surface areas of up to 1300 m*/g and pore sizes of around 2.5 nm. Next, the
catalytic activity of this material was investigated in esterification of palmitic acid as a compound model
in the process of biodiesel production. Methyl ester production by this new nanoporous catalyst shows a
very remarkable yield during a mild liquid phase reaction.

Keywords: cubic mesoporous silica; SBA-1; esterification; biodiesel; palmitic acid

1. Introduction

The discovery of an ordered M41S family of mesoporous materials has stimulated
extensive research, due to the potential use of these materials as prospective catalysts,
adsorbents, and templates for the syntheses of nanostructures [1, 2]. To further explore
possible applications of these materials, much research work has been devoted to the
synthesis of organically hybrid well defined pore structures, highly accessible func-
tional groups, and controlled surface reactivity [3, 4]. Grafting of functional organosi-
lanes by using surface hydroxyl groups as anchor points has been widely used [5, 6].

Generally speaking, it is accepted that a cubic mesostructure is more advantageous
for catalytic applications than a hexagonal one, since three dimensional pore arrange-
ments of cubic mesostructures are more resistant to pore blocking and allow faster
diffusion of reactants. Therefore, organofunctionalized mesoporous silicas with cubic

*Corresponding author, e-mail: mahjouba@modares.ac.ir
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mesostructures would be more desirable than those with hexagonal mesostructures,
such as MCM-41. For the first time, Huo et al. [7-9] reported a successful synthesis of
SBA-1 (cubic Pm3n) through the S'X'T" route, where S, X, and I correspond to surfac-
tant, halide, and inorganic species, respectively. In this approach, acidic conditions
were imposed, and a surfactant having a large head group, namely cetyltriethylammo-
nium bromide (CTEABr) was used. So far, only a few functionalized SBA-1
mesoporous materials have been reported due to their poor structural stability under
hydrothermal conditions. On the other hand, addition of organosilanes in strongly
acidic conditions during the direct synthesis of organofunctionalized SBA-1 mesopor-
ous materials is gives better results [10].

Sulfonic functionalized mesoporous materials have received exceptional attention be-
cause of their many practical applications, such as heterogeneous acid catalysis, toxic mer-
cury ion trapping, biomolecule immobilization, and as a support material for metallic
nanoparticles [11]. Acid catalysts increase the reaction rates of esterification and trans-
esterification processes. Fatty acid methyl esters are products of trans-esterification of
vegetable oils and fats with methanol in the presence of an acid or basic catalyst. These
products are defined as biodiesels. There is a growing worldwide interest in biofuels as an
alternative to diesel fuels, especially in environmentally conscious countries.

Many researchers tried to develop vegetable oil-based derivatives that have prop-
erties and performance similar to those of petroleum based diesel fuel. Biodiesel
(monoalkyl esters) is one such alternative fuel which is obtained by the trans-
esterification of triglyceride oil with monohydric alcohols. It has been reported that
biodiesel obtained from canola and soybean oil is a very good substitute for diesel fuel
[12]. Despite its environmental benefits, a high cost of biodiesel production is the ma-
jor obstacle to its commercialization. The transesterification of waste cooking oil is an
effective way to reduce the cost of raw materials and to solve the problem of waste oil
disposal. Unlike virgin oils, waste oils contain high quantities of free fatty acids (FFA)
and water. Free fatty acid and water can limit the effectiveness of alkali-catalyzed
processes. Also free fatty acids react with an alkali catalyst and produce soaps and
water. Therefore, saponification not only consumes the catalyst, but the resulting
soaps can also cause the formation of emulsions. Both the aforementioned problems
make the production of biodiesels more expensive. For this reason, acid catalysts,
especially heterogeneous catalysts, have attracted much more attention in regard to
esterification reactions and biodiesel production.

This joint study focuses on synthesizing a novel organoacid functionalized meso-
porous catalyst with remarkable hydrothermal stability, in order to catalyze the esteri-
fication of palmitic acid.

2. Experimental

Template preparation. Cetyltriethylammonium bromide (CTEAB) was prepared
by mixing 1-bromohexadecane (98%, Merck) and triethylamine (99%, Merck) in ab-
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solute ethanol under reflux conditions for 24 h. The ethanol is then removed with
a rotary evaporator until a white, viscous paste is obtained. The resulting gel is recrys-
tallised by a minimum addition of chloroform, and then ethyl acetate, until the whole
solid precipitates [13].

Sulfonic acid-functionalized SBA-1 preparation. Sulfonic acid-functionalized
mesoporous silica materials were prepared by one-pot co-condensation of tetracthox-
ysilane (TEOS) and MPTMS in the presence of CTEAB under acidic conditions,
along with a direct reaction with H,O, at room temperature. The final molar composi-
tion of the initial gel was as follows: TEOS: y MPTMS: 0.2 CTEAB: (30—40) HCI:
700 H,0: (0-2) H,0,

In a typical procedure, 8 g of TEOS was first placed in a beaker with 12.5 cm’ of
12 M HCI and 100 cm’ of water, and was subsequently hydrolyzed at room tempera-
ture under stirring for an appropriate duration. Then, 1.5 g of CTEAB was added to
a prehydrolyzed mixture and the stirring was continued. The mixture became
a slightly viscous solution; appropriate quantities of MPTMS and aqueous solution of
H,0, (30 wt. %) were slowly added to the solution. Stirring of the mixture was main-
tained at a constant temperature for 3 h. The solution was then transferred to a Teflon
lined autoclave for about 1 h at 100 °C, and finally the solid was filtered, washed and
dried at 100 °C overnight. The MPTMS/H,O, molar ratio was 1/10, and the
MPTMS/(TEOS + MPTMS) ratio was varied from 0 to 0.20, or 0-20%. The resultant
samples are referred to as SBA-1-SO;H-x-T, where T stands for the prehydrolysis time
of TEOS in minutes and x is the MPTMS/(TEOS + MPTMS) molar percentage.

For example, SBA-1-SO;H-10-30 represents the sample prepared with TEOS pre-
hydrolysis for 30 min and such that MPTMS/(TEOS + MPTMS) = 10 mol %. For
comparison, samples were also prepared without TEOS prehydrolysis. They are la-
belled as SBA-1-SO;H-x-0. Another sample containing 10 mol % of MPTMS was
prepared with TEOS prehydrolysis in the absence of H,0, and is denoted SBA-1-SH
-10-T. The thiol groups in SBA-1-SH-10-7 were post-oxidized to sulfonic acid groups
with a 15fold excess of aqueous solution of H,O, (30 wt. %) at room temperature for
4 h. The solids were then acidified with aqueous solution of 2M HCI, followed by
filtration, washing with water and ethanol, and finally drying at 100 °C. The post-
oxidized sample was defined as SBA-1-SO;H-10-P. A hexagonal MCM-41 sample
was synthesized as described in literature [2]. The resultant MCM-41 was functional-
ized and post-oxidized in the same way, and was named as MCM-41-SO;H-10-P.

Template extraction. Resultant samples were extracted in a Soxhlet extraction ap-
paratus, with ethanol as the extraction solvent, in order to remove templates. FTIR was
used to monitor the removal of templates. All characterizations and catalytic tests con-
firmed the samples were template-free.

Catalyst characterization. N, sorption isotherms were measured using a Belsorp-
18 (Bel Japan Inc.,) at liquid nitrogen temperature. Before taking the measurements,
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the samples were degassed at 150 °C for 4 h. The specific surface areas were evalu-
ated using the Brunauer—Emmett—Teller (BET) method in the p/p, range of 0.05-0.3.
Pore size distribution curves were calculated from the adsorption branch of the iso-
therms and by applying the Barrett—Joyner—Halenda (BJH) method. The pore volume
was taken at the p/po= 0.990 point. X-ray powder diffraction (XRD) patterns were
obtained on a Philips X Pert diffractometer using CuK, radiation (1.5418 A).

Thermogravimetric (TG) analyses were carried out on a Shimadzu DTG 60 ther-
mogravimetric analyzer with the heating rate of 10 °C/min in an air flow of
50 cm’/min. Fourier transform infrared (FTIR) spectra were taken on a Bruker Equi-
nox 55 spectrometer, with the resolution of 2 cm ', using the KBr method. The content
of sulfonic acid centres in the materials was determined by ion-exchange with sodium
cations followed by acid titration [11]. Aqueous solutions of sodium chloride (NaCl,
2 M) were used as the exchange agents. In a typical experiment, 0.20 g of solid,
treated at 150 °C for 5 h, was added to 20 cm’ of aqueous solution containing the cor-
responding salt. The resultant suspension was equilibrated for 4 h, then filtered and
washed with a small amount of water. Finally, the filtrate was titrated potentiometri-
cally by dropwise addition of aqueous solution of 0.01 M NaOH.

Catalytic reactions. The catalysts were heat treated at 200 °C for 6 h in order to
remove adsorbed water in the materials. Then, esterification of palmitic acid with me-
thanol was carried out in a two-necked flask of 50 cm® with a reflux condenser placed
in a hot plate with a magnetic stirrer. In a typical experiment, 0.02 mol of palmitic
acid and 0.2 mol of methanol were mixed under vigorous stirring and heated to 50 °C.
Then, 0.1 g of the treated catalyst was added into the reaction mixture. Reaction rates
were determined during the reaction intervals. Quantitative analysis was based on the
methyl ester products and the corresponding standard methyl palmitate (from Supel-
co). In all cases, the liquid products were extracted from the reaction mixture at ap-
propriate reaction intervals with a filtering syringe, and analyzed using a Agilent 5890
gas chromatograph (GC) equipped with a 30 m x 0.53 mm HP-5 capillary column and
an FID detector.

3. Results and discussion

Powder X-ray diffraction analyses were performed on all the MPTMS functional-
ized materials. The X-ray diffraction patterns of functionalized SBA-1 samples con-
tain three reflections, which correspond to the (200), (210), and (211) reflections be-
longing to the space group pm3n: such patterns are characteristic of materials having
ordered cubic arrays of a cage-like channel structure (illustrated in Fig. 1).

N, adsorption-desorption isotherms of the sulfonic acid functionalized materials
are shown in Fig. 2. The samples prepared with prehydrolysis of TEOS exhibit charac-
teristic type IV isotherms with apparent hysteresis loops, which are typical of
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mesoporous materials, according to the [IUPAC classification. Pore diameter increases
with the prehydrolysis time in the initial gel.
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Fig. 1. XRD patterns of template extracted of: a) SBA-1-SO;H-10-0, b) SBA-1-SO;H-15-0,
¢) SBA-1-SO3;H-20-0, d) SBA-1-SO3H-10-30, ¢) SBA-1-SO;H-10-60
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Fig. 2. N, adsorption isotherms of: a) SBA-1-SO;H-10-0,
b) SBA-1-SO3;H-10-30 and ¢) SBA-1-SO;H-10-60

Basic physicochemical and textural properties of the functionalized materials are
presented in Table 1. Aggr is the BET surface area, V), — total pore volume and D,
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— the BJH pore size All samples prepared by co-condensation of TEOS and MPTMS
show high surface areas and the BJH pore sizes are around 2.1-2.5 nm. The surface
area and the pore volume decrease as the MPTMS content is increased from 5 to
20 mol % in the synthesis mixture. Conversely, the samples prepared without TEOS
prehydrolysis exhibit lower surface areas, smaller pore volumes, and smaller average
pore sizes than their counterparts synthesized with TEOS prehydrolysis.

Table 1. Textural properties of silica materials

Ager' | V2 | D)
[m?/g] | [em’/g] | [nm]
SBA-1-SO;H-10-30 | 1140 | 1.06 | 2.2
SBA-1-SO,H-10-60 | 1170 | 0.97 | 2.3
SBA-1-SO,H-10-180| 1290 | 1.14 | 2.5
SBA-1-SO;H-10-0 | 1050 | 0.95 | 2.1
SBA-1-SO;H-10-PO | 1018 | 0.98 | 2.1
SBA-1-SO;H-5-0 1103 | 099 | 2.1
SBA-1-SO;H-15-0 | 1037 | 0.85 | 2.1

Sample

The sulfur content in the MPTMS functionalized materials was analyzed by TG
and elemental analyses (EA), and the results are given in Table 2. It can be seen that
MPTMS in the initial mixture was mostly incorporated into the silica materials. The
acid capacities of the materials prepared in the presence of H,O, increased with the
MPTMS content in the initial mixture. The numerical values for the acid capacity are
very close to those obtained from EA or TG analyses which is further confirmation
that complete oxidation of thiol groups had occurred. By contrast, the SBA-1-SOsH
-10-P sample obtained by post-oxidation shows lower values for acid capacity than
those obtained from EA or TG analyses: this is attributed to incomplete oxidation of
the thiol groups.

Table 2. Sulfur contents and acid capacities
of functionalized SBA-1 materials with MPTMS

S Comlent Acid capacity
Sample [mmol/g] [mmol/g]
Calc | by EA | by TG
SBA-1-SO;H-10-30 | 1.4 | 1.28 | 1.30 1.2
SBA-1-SO;H-10-60 | 1.4 | 1.32 | 1.30 1.21
SBA-1-SO;H-10-180| 1.4 | 1.32 | 1.33 1.25
SBA-1-SO;3;H-10-0 141 120 | 1.13 1.10
SBA-1-SO3;H-10-PO | 1.4 | 1.10 | 1.11 0.91
SBA-1-SO;H-5-0 0.75]| 0.77 | 0.58 0.68
SBA-1-SO;H-15-0 1.9 1.5 1.45 1.3

Esterification of palmitic acid with methanol was used to test the catalytic activi-
ties of propylsulfonic acid functionalized catalyst in liquid phase reactions expressed
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by ester yield. The catalytic performance of the SBA-1-SO3H-10-60 catalyst during
esterification at 50 °C, expressed as a function of the reaction time, is shown in Fig. 3.
The methyl ester content increases very rapidly and almost linearly with the reaction
time in the first 150 min. Then, the reaction rate slows down as the reaction time pro-
longs. After 4 h, a conversion of around 85% is obtained.
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Fig. 3. Catalytic esterification of palmitic acid with methanol in function
of reaction time at 50 °C over sulfonic acid-functionalized silica SBA-1 (a),
in comparison to the results over MCM-41-SO;H-10-P (b) and pure silica (c)

Figure 3 also shows that esterification in a homogeneous system without solid cat-
alysts or over pure silica was very weak. Even after 4 h, conversion was lower than
10%. The catalytic activity of MCM-41-SO;H-10-P is also shown in Fig. 3. As one
can see, the acidified cubic SBA-1 catalyst delivers better activity in comparison with
hexagonal MCM-41.

4. Conclusions

Novel functionalized cubic SBA-1 silica materials with various loadings of pro-
pylsulfonic acid groups were fabricated by a simple co-condensation of TEOS and
MPTMS under acidic conditions at room temperature. Samples prepared with TEOS
prehydrolysis showed higher surface areas and pore volumes than those prepared
without TEOS prehydrolysis. Thiol groups could be completely in situ oxidized into
sulfonic acid groups in the synthesis procedure, when H,O, was also added in the syn-
thesis mixture.

Esterification of palmitic acid with methanol was used to confirm and quantify
catalytic activity. This catalytic reaction opens up a new synthesis route which facili-
tates use of inexpensive waste oils, having high free fatty acid contents, for the pro-
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duction of biofuels in mild conditions. Furthermore, the yield is high in comparison
with conventional base catalysts.
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A study on the synthesis, characterization
and photocatalytic activity
of TiO, derived nanostructures
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Syntheses of TiO, derived nanostructures have been conducted at 210 °C by hydrothermal reaction
of commercial TiO,-P25 (Degussa, Germany) in 10 M NaOH aqueous solution. High purity of the as-
produced material was confirmed by scanning and transmission electron microscope analyses. The crys-
tallographic structure, as well as the optical and vibronic properties of this material were examined by
X-ray diffraction, diffuse reflectance (DR) UV-Vis, resonance Raman spectroscopic methods, respective-
ly. Detailed analysis of the phase composition revealed that the rod-like structures are made up of sodium
tetratitanate (Na,Ti4Oy). It was also observed that acid treatment of the material (hydrothermal reaction)
led to a decrease in the diameters of the nanorods. Finally, the photocatalytic activity of the investigated
nanostructures was examined, by observing the reaction photocatalytic decolourisation of two organic
dyes (Reactive Red 198 and Reactive Black 5) under UV-light irradiation.

Keywords: nanostructures; oxides,; chemical synthesis;

1. Introduction

Over recent decades, syntheses and characterization of one-dimensional (1D)
nanostructures such as nanotubes, nanorods and nanofibres have received significant
attention, due to their unusual physical and chemical properties and wide range of
potential applications [1-3]. The most outstanding example of a 1D nanostructure is
the carbon nanotube [4-6]. However, other one dimensional nanomaterials including
metals, oxides or nitrides have also been intensively studied [3, 7-10]. It was noticed
that 1D oxidic nanostructures can offer many remarkable advantages which lead to
new technological applications, particularly in nanoelectronics and nanophotonics

[11].
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Among 1D oxidic nanomaterials, TiO, is one of the most interesting. Recently,
a large number of synthesis experiments of TiO, derived nanotubes, nanorods and
nanowires have been reported. Various methods for preparation of those materials
have been tested such as combining sol-gel processing with electrophoretic deposition,
spin-on processes, anodic oxidative hydrolysis, sonochemical synthesis and pyrolysis
routes [12—14]. Nevertheless, one of the most promising and simple methods for syn-
thesizing TiO, derived nanostructures is hydrothermal treatment of titania powders of
various crystallographic structures (rutile, anatase, and brookite) in a strongly alkaline
aqueous solution of NaOH. These methods do not require any templates and the ob-
tained nanostructures have smaller diameter of ca. 10 nm, and high crystallinity
[15, 16]. At first, TiO,-derived nanotubes with a diameter of about 8 nm were obtained
by hydrothermal treatment of rutile powders in 10 M NaOH solution at 110 °C [15].

In spite of many studies on the structures and proposed formation mechanisms of
the products of the alkaline hydrothermal treatment, it is still a controversial and con-
stantly debated topic among the research community. At first, it was believed that the
products of the hydrothermal synthesis with NaOH are nanotubes and nanorods of
anatase [1-15]. Afterwards, it was reported that nanotubes of H,Ti;0; are formed and
that NaOH acts only as a catalyst [17]. Later, Yang et al. [18] found that the produced
nanotubes are Na,Ti,04,(OH), but not TiO,. Next, Sun et al. [19] argued that TiO,
derived nanotubes are titanates of Na,H, , Ti;0type. Additionally, it was also reported
that thermal behaviour of TiO, derived nanotubes and nanorods are different. Such
nanotubes are usually unstable at higher temperatures (above 500 °C) and break down
into anatase particles, whereas nanorods converted to the metastable TiO, B phase
keep their morphology [20, 21].

In the present study, TiO,-derived nanostructures were produced by a hydrother-
mal reaction using 10M NaOH aqueous solution and Ti0,-P25 (Degussa, Germany) as
precursors. The reaction was carried out at 210 °C. Crystallographic composition,
optical and vibronic properties of the product were also investigated. Furthermore, the
effect of acid treatment on the morphology of the material was investigated. Finally,
the photocatalytic activity of the investigated nanostructures was examined, by ob-
serving the photocatalytic decolourisation of two organic dyes (Reactive Red 198 and
Reactive Black 5) under UV-light irradiation.

2. Experimental

Materials. Commercial titanium dioxide with a crystalline structure of ca. 20%
rutile and ca. 80% anatase and primary particle size of ca. 25 nm (TiO,—P25, Degussa,
Germany) and sodium hydroxide (NaOH, Sigma-Aldrich) were used as the starting
materials for the synthesis of the TiO,-derived nanostructures.

Reactive Red 198 (RR198) and Reactive Black 5 (RB5), produced by Boruta Col-
or Company (Poland), were chosen as the model contaminants for the photocatalytic
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decolourisation tests for the produced materials. RR198 and RBS5 are water soluble
azodyes. Their molecular formulae are presented in Fig. 1. Both dyes exhibit absorp-
tion maxima in the spectral range of visible light (RR198-518 nm and RB5-597 nm).
Moreover, the light resistances of RR198 and RB5 are 4-5 (ISO Blue Wool Scale).
This parameter was estimated by the Boruta Color company, and it is defined accord-
ing to an eight-unit scale, and corresponds to the amount of dye present in a final
product.

a)

HN—

N,

| | SOzH
2
cl
OH NH
HO4SCH,CH-0,S N=—N
NaOsS SO;Na

OH

NH, b)
NaO;S SO;Na

Fig. 1. The molecular formulas of RR198 (a) and RBS5 (b)

Preparation of TiO; derived nanomaterials. As the first step in the preparation of the
nanostructured materials, TiO,-P25 (2 g) was added to 10 M NaOH aqueous solution (50
cm’). Afterwards, the as-obtained mixture was kept at 210 °C in a 70 cm’ autoclave. The
annealing time was fixed at 24 h, throughout which the required temperature was main-
tained. Subsequently, the product of the hydrothermal reaction was washed with distilled
water until the pH of the supernatant reached the value of 7. Next, one batch of the ob-
tained powder was collected and dried at 70 °C for 24 h. The sample prepared in the man-
ner described above shall henceforth be referred to, and was labelled as S1. The remaining
powder was treated with 0.1 M HCI aqueous solution and was dispersed in an ultrasound
bath. Afterwards, this batch was treated repeatedly with distilled water until pH of the
supernatant was about 7. Finally, it was dried at 70 °C for 24 h. That sample shall hence-
forth be referred to, and was labelled as S2.

Experimental procedures and techniques. The morphology of the prepared sam-
ples was observed via scanning electron microscopy (SEM, DSM 962, Zeiss, Ger-
many). The crystalline structures of the samples were characterized by X-ray diffrac-
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tion (XRD) analysis (X Pert PRO Philips diffractometer) using a CoK,, radiation. The
optical properties of the materials were investigated by means of the diffuse reflec-
tance (DR) UV-Vis technique, using a Jasco (Japan) spectrometer. Additionally, the
vibronic properties of the photocatalysts were examined based on their FTIR response.
The measurements were performed using a Jasco FTIR 430 (Japan) spectrometer
equipped with a diffuse reflectance accessory (Harrick, USA). Resonance Raman
analysis was performed using a resonance Renishaw Raman inVia microscope with
the laser radiation of the wavelength of 785 nm. And finally, the BET surface areas
and mean pore diameters of the catalysts were measured by nitrogen gas adsorption
using a Micrometrics ASAP 2010 apparatus.

Determination of photocatalytic activity. The photocatalytic activity of the pre-
pared nanostructure materials was examined by observing the decolourization of the
organic dyes when they undergo photocatalytic reaction. The photocatalytic reactions
were carried out in an open glass reactor containing 20 cm’ of a model solution of
RR198 or RB5 (initial concentration: 30 mg/dm”®) and 10 mg of the produced materi-
als. At first, the solution was mixed in an ultrasonic bath for half an hour. The solution
was subsequently irradiated for 2 h using an 60 W lamp. Next, it was filtered through
a 0.45 um membrane filter. The changes in the concentrations of the dyes were meas-
ured using a UV-vis spectrophotometer (Jasco V-530, Japan) at fixed wavelengths of
518 nm (RR198) and 597 nm (RBS).

3. Results and discussion
3.1. Characteristics of the produced materials

Figure 2 shows the SEM images, at two different levels of magnification, of the
raw material (pristine TiO,-P25, images a), b)), and the S1 and S2 samples (images
¢)-f)). The pristine TiO,-P25 sample consists of granular crystals with an average
diameter of about 25 nm. As is clearly observed, the morphologies of the S1 and S2
samples are clearly different from that of the TiO,-P25 sample. The S1 sample is
composed of rod-like structures. The S2 sample exhibits a similar morphology. It is
clearly observed that the mean diameter of S2 nanoparticles is smaller than that of S1
nanoparticles. The rod length distributions of the samples are shown as histograms in
Fig. 3: histogram a corresponds to the S1 sample, and histogram b corresponds to the
S2 sample. It can be seen that the length of the rods ranges from 1.2 wm to 5.3 wm and
from 1.7 um to 3.2 um for S1 and S2, respectively. This suggests that acid treatment
of S1 leads to an overall reduction in the rod lengths.

The morphology of S2 was studied in greater detail using TEM (data not shown
here). One can observe that the S2 sample consists of nanorod particles having an
average diameter of 35 nm (ranging from 20 nm to 50 nm). Additionally, the produced
nanorods are basically layer-structured, with the layer spacing of 0.96 nm. This value



TiO, derived nanostructures 629

is higher than those obtained by Meg (0.67 nm) [22], Pavasupree and Yu (0.80 nm)
[20, 2] or Tahir (0.32 nm) [24].
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Fig. 3. Distribution of nanorods’ lengths: a) S1 and b) S2

The XRD pattern of the pristine TiO,-P25 sample is presented in Fig. 4a. TiO,-P25 is
a mixture of two different forms of titanium dioxide, such as anatase (marked by the sym-
bol @, JCPDS card No. 21-1272) and rutile (marked by the symbol m, JCPDS card No. 34-
180). For comparison, Fig. 4b presents the XRD patterns of the samples produced after the
hydrothermal reaction and after acid treatment (patterns: 1 — S1, 2 — S2). Detailed phase
analysis reveals that S1 is composed of sodium tetra-titanate (Na,Ti;O9 marked in Fig. 4b
by the symbol A, JCPDS card No. 33-1294). One can also observe that S2 (pattern b) is
a mixture of sodium titanate (Na,TiO; marked by the symbol ¢, JCPDS card No.
11-0291) and hydrogen pentatitanate (H,TisO,;"H,O — marked by the symbol *, JCPDS
card No. 00-044-0131). It is known that K or Na" ions in tetratitanates (such as K,Ti,Oo
or Na,Tis0o) can be exchanged by H' ions in HCI aqueous solutions [2]. Therefore, the
resulting sample contains hydrogen tetra-titanate H,Ti4Oy. Here, the interesting point is
that during the acid treatment of S1, only partial substitution of sodium by hydrogen at-
oms, forming H,TisO;,"H,O occurred. The formation of the additional form of sodium
titanate (Na,TiO3) is detected.
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Fig. 4. Diffractograms of the materials: a) pristine TiO,-P25, b) S1 and S2

The question of what product materials result when NaOH undergoes hydrother-
mal reaction with different titanium dioxide precursors is the subject of intensive dis-
cussions. In many papers, authors argued that TiO,-derived nanotubes and nanorods
are composed of sodium trititanate (Na,Ti;O;) and hydrogen trititanate (H,Ti;O7)
[21, 25, 26]. It is worth pointing out that the nanorod structures of sodium tetra-
titanate (Na,Ti4O9) and hydrogen pentatitanate (H,TisO;;), as the main products of
hydrothermal reaction of titanium dioxide in NaOH solution have not been described
much in the state-of-the-art literature. Furthermore, the presence of anatase phase of
TiO, can be observed in the diffraction peaks of both the S1 and the S2 samples. It
indicates that a small amount of an anatase-type of TiO, still remains in the product
materials.

Figure 5 shows the FTIR spectra of the pristine TiO,-P25 sample (spectrum a) and the
samples produced after hydrothermal reaction and acid treatment (spectra: b-S1, c-S2).
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Absorption bands at about 1000 cm', 1640 cm™', and a very broad band in the
36002600 cm ' range were detected in the FTIR spectrum of pristine TiO,-P25. The
band at 1000 cm™' corresponds to the stretching and bending vibrations of Ti—O-Ti
bonds [27]. The vibration modes at 1640 cm' and in the 3600-2600 cm ' range are
assigned to the binding vibration of H-O—H and the O-H stretching vibration of the
physically adsorbed water [27, 28]. Additionally, here one can notice that the intensi-
ties of the bands at 1640 cm ™' and 3600-2600 cm ' in the FTIR spectra of S1 and S2
are enhanced with respect to the pristine TiO,-P25. This indicates that a large amount
of adsorbed water remains on the sample surfaces. Moreover, in the case of those two
samples, a new absorption band at 1280 cm ' was observed. It is also of note that, for
the S1 sample, a new broad band was detected in the 2040-2380 cm ' range.
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Fig. 6. Raman spectra of: a) pristine TiO,-P25, b) S1 and ¢) S2
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Figure 6 shows the resonance Raman spectra of the pristine TiO,-P25 (spectrum a)
and produced samples (spectra: S1 — b, S2 — ¢). It is clearly seen that the spectrum of
the TiO,-P25 shows six peaks at 143, 197, 396, 445 (of very small intensity), and at
516 and 639 cm'. According to the reference [29, 30], anatase phase of TiO, has six
Raman active modes (4, + 2B, + 3E,) at 147, 198, 398, 515, 640 and 796 cm', while
rutile has four active modes (4, + Bi, + By, + E,) situated at 144, 448, 612 and 827
cm ', respectively. TiO,-P25, as a mixture of anatase (80%) and rutile (20%), has five
Raman peaks (at 143, 197, 396, 516 and 639 cm ') corresponding to anatase, but just
one peak, at 445 cm ', corresponding to rutile [30].

Additionally, in Figure 6 it is clearly observed that the Raman spectra of S1 and
S2 are different from the spectrum of pristine TiO,-P25. Raman peaks observed for
the S1 and S2 nanorods are quite similar to those that have been described before
[12, 31]. Moreover, S1 and S2 samples exhibit relatively weak Raman modes in
comparison with TiO,-P25. This observation can be explained by poor crystallinity
of the obtained nanorods. In the case of the S1 sample, bands at approximately 176,
198, 243, 275, 307, 372, 426, 473, 596, 671, 710 and 923 cm ! are observed. The
Raman modes, at about 176, 198 cm ' and those in the 224-339 cm ' range (namely
at 243, 275, and 307 cm ') are assigned to the stretching modes of Ti—-O—Na [12].
The split peaks in the 396-504 cm ' region and the peak at 596 cm™' correspond to
the bending and stretching vibration of Ti—O bonds. Moreover, the peak at about 923
cm ! is also attributed to the stretching modes of Ti—O [12, 29, 32]. Additionally, the
expected band at 671 cm™' is due to the Ti—~O-Ti stretching vibration [23]. In the
case of the S2 sample, all the above mentioned bands (except the peaks at about 710
and 923 cm ') are detected. Additionally, we can state that the Raman peaks having
maxima at about 372 cm™' (S1) and 361 cm™' (S2) are probably due to TiO, (ana-
tase).

100

80 -

40

20 1

T T T T
Fig. 7. The DR-UV-vis transmission spectra of: 250 300 350 400 450 500

a) pristine Ti0,-P25, b) S1 and c¢) S2 Wavelength [nm]
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The DR-UV-vis spectrum of the pristine TiO,-P25 (spectrum a), as well as the
spectra of the S1 and S2 samples (spectra b and c) are presented in Fig. 7. The absorp-
tion edges of S1 and S2 shift towards shorter wavelengths in comparison with the
pristine TiO,-P25. The band gap energies of all investigated samples were determined
using the DR-UV-vis method and were calculated from the equation:

ahv = A(hv — EGY (1)

where « is the absorption coefficient, 4V is the photon energy, EG is the optical band
gap, A is a constant which does not depend on the photon energy and r is a parameter
equal to 1/2, 3/2, 2 or 3, depending on the type of transition (1/2 for allowed direct,
2 for allowed indirect, 3 for forbidden direct and 3/2 for forbidden indirect optical
transitions) [33, 34]. We can state that the band gap energies of the S1 and S2 samples
are greater than that for pristine TiO,-P25. The calculated EG are 3.049, 3.637 and
3.420 eV for TiO,-P25, S1 and S2, respectively.

Table 1. The band gap values and nitrogen
adsorption data for the samples under study

Sample EG |BET surface| Mean pore
P [eV] | area [m%*/g] | diameter [nm]
TiO,-P25|3.049 52 6.9
S1 3.637 15.6 7.9
S2 3.420 30.3 7.2

Additional characteristic features of the produced nanostructures and the starting
material (such as BET surface area, mean pore diameters and band gap energies) are
listed in Table 1. According to the manufacturer’s data, TiO,-P25 has the specific
surface area of 52 m*/g and the mean pore diameter of 6.9 nm. The specific surface
areas of S1 and S2 samples are lower than that of the pristine TiO,-P25 sample. For
example, the BET surface areas of the S1 and S2 samples are about 3 and 2 times
lower, respectively, than that of the TiO,-P25 sample.

3.2. Photocatalytic reactions

The photocatalytic activities of the produced materials were studied by observing
the reaction, specifically the photocatalytic decolourisation, of two organic dyes (Re-
active Red 198 — RR198 and Reactive Black 5 — RB5) as model contaminants. At the
first stage, the control reaction without catalysts and using RR198 and RBS5 solutions
(having the concentration of 30 mg/dm’) was investigated. A small degree of decolou-
rization was observed in both the dyes (RR198 — 5.64%, RB5 — 3.12%) after 2 h of
UV irradiation.
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Further experiments were conducted using the same organic dyes but contents of
all studied materials did not change (10 mg of TiO,-P25, S1 and S2 on 20 cm’ of dye
solution). Figure 8 shows the decolourization profiles of RR198 and RBS5 dyes, in the
presence or absence of the considered catalysts, and after being subjected to UV-light
irradiation for 2 h. The both organic dyes undergo total decolourization after 1 h of
UV illumination, but only for the TiO,-P25 catalyst. After 2 h of irradiation, the de-
grees of decolourization of the RR198 and RBS5 dyes were 25.7% and 54.9% for the
S1 catalyst, and 34.5% and 61.4% in the case of the S2 catalyst. Furthermore, Figure 8
also shows that the sample obtained after acid treatment (S2) exhibits higher catalytic
activity than the one obtained directly after hydrothermal reaction (S1).

1001 C1RR198
= [IRB5
2 80 4 -5
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3 ®
c 60 £
2 >
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3 404 5
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20 4
0 T
Blank P25 S1 S2
Catalyst

Fig. 8. Photocatalytic decomposition of RR198 and RBS5 in the presence of
the pristine Ti0,-P25 and S1 and S2 samples

As is well known, the catalytic activity of a catalyst material is directly propor-
tional to its BET surface area. Pristine TiO,-P25 exhibits the highest BET surface area
(52 m*/g) and the highest photocatalytic activity in the dye decolourization reaction.
Moreover, one can observe that the BET surface areas of the produced samples de-
creased considerably after the hydrothermal reaction (S1, 15.6 m*/g) and subsequently
increased after acid treatment (S2, 30.3 m’/g). As is clearly observed from the data,
there is a direct correlation between the BET surface area and the degree of dye decol-
ourization: the higher the BET surface area, the higher the degree of decolourization
of the RR198 and RB5 dyes (Ti0,-P25 > S2 > S1). Additionally, it is worth pointing
out that RR198 and RB5 dyes are not adsorbed on the S1 and S2 surfaces. It is known
that the adsorption of the reagents on the surface of the photocatalyst is a very impor-
tant consideration in the photocatalytic process. This might be a possible reason why
the nanostructures described here exhibit less photocatalytic activity, compared with
the Ti0,-P25 sample, in the dye decolourisation reaction. Detailed studies to verify the
proposed explanation are currently in progress.
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4. Conclusions

The syntheses and detailed characterization of TiO,-derived nanorods using com-
mercial TiO,-P25 as a precursor have been described. The obtained nanorods having
an average length of 5.9 um (after the hydrothermal reaction) and 4.05 um (after the
hydrothermal reaction and acid treatment) revealed to be a composition of different
layers of titanates (Na,Ti4O9, Na,TiOs, H,Ti501,-H,0). Additionally, it was proved
that the fabricated nanorods are less active in the photocatalytic reaction of decolouri-
sation of organic dyes than pristine TiO,-P25. Furthermore, we have proved that the
nanorods synthesized from pristine TiO,-P25 exhibit higher photocatalytic activity
than the nanorods synthesized either from hydrothermally treated TiO,-P25 (referred
to as material S1 in this paper) or from hydrothermal-and-acid-treated TiO,-P25 (re-
ferred to as material S2 in this paper).
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Structural characterization and electrical
resistance of the BaPb,_,Bi,O; system
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The electrical resistance R(7) in function of temperature 7, and X-ray powder diffraction (XRD) pat-
terns of polycrystalline samples of the BaPb;_Bi,O; system have been described. R(7) measurements of
single phase samples show that BaPbO; exhibits metal-like properties, and that the system exhibits super-
conductivity in the 0.005 < x < 0.30 range, but insulating properties for x > 0.30. A careful analysis of the
onset of the critical temperature (7¢) reveals its strong dependence on the sample composition in the range
0.005 < x < 0.30 which may be related to the superconducting volume fraction ultimately leading to con-
nected or disconnected superconducting clusters, similar to those observed in granular superconductors.

Keywords: electrical conductance; XRD patterns, superconductivity, superconducting clusters

1. Introduction

In 1975, Sleight et al. discovered superconductivity in Bi doped BaPbOs;
perovskite phase [1]. BaPb; Bi,O; compound exhibits a maximum 7¢ near 13 K de-
pending on the sample composition and heat treatment [2, 3]. By doping the insulator
BaBiO; with K at the Ba sites, Cava et al. and Matheiss et al. reported a new oxide
superconductor having a very high critical temperature 7¢ near 30 K [4-6]. As a con-
sequence, some authors referred to BaPb, ,Bi,O; and BaBi, ,K,O; as the precursors of
the high T, cuprates [6]. Some questions regarding how structural distortions, doping
effects, and critical temperature 7 depend on the sample composition have also re-
ceived some interest [2, 4, 7-11]. Studies [11] of temperature dependences of electri-
cal resistance, R(7), of the BaPb, ,Bi,O; system revealed that Bi substitution at Pb
sites induces a superconductor—insulator transition (SIT) in compounds with x very
close to 0.30. Several authors have focused great attention on the SIT in low and
high temperature superconductors [12—18], however the SIT mechanism of the
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BaPb;_,Bi,0; system is not completely understood [11]. As discussed by some au-
thors, two possible mechanisms may explain disorder induced SIT in granular super-
conductors [18]. Basically, superconductivity can be suppressed either by reducing the
amplitude or changing the phase of the superconductor order parameter. Illustrative
examples of both kinds of SIT are evident by observing the R(T) curves obtained for
homogeneous Bi and granular Ga films [12, 13, 18]. In homogeneous superconduc-
tors, SIT occurs when the critical temperature of the sample is reduced [13, 18]. On
the other hand, disorder tuned SIT in granular samples occurs through a different
mechanism. In such a case, suppression of long range order occurs as a consequence
of the localization of the superconducting clusters without reduction of the 7¢ [12, 18].

In this paper, we present a systematic structural characterization of the
BaPb;_,Bi,0; system and we describe its electrical resistance in function of tempera-
ture. The results allow us to discuss some important aspects concerning the depend-
ence of T-on the sample composition, and the influence of Bi substitution at Pb sites
on the transport properties of the BaPb, ,Bi,O; system.

2. Experimental

Polycrystalline samples of BaPb;_,Bi,0; were fabricated by the solid state reaction
technique using high purity PbO,, Bi,0;, and BaCO; powders. The powders were
compacted, calcined at 780 °C for 24 h, and finally heat treated at 800—850 °C for
24-48 h, depending on the sample composition. All samples were characterized by
X-ray powder diffractometry using CuK,, radiation. The diffractograms were indexed
using a pseudocubic structure (P23) with the lattice parameter a = 4.3 A [4, 6] and
compared with simulations made with the powder cell program [19], utilizing Interna-
tional Tables for X-ray Crystallography [20]. A Perkin Elmer spectrometer (Analyst
800) was used to determine the composition of the samples after heat treatments. The
electrical resistances of the samples in function of temperature were measured with
a Maglab Oxford system, capable of generating the field strength of 9 T, and by em-
ploying the conventional four probe technique. Electrical terminals were prepared
using low resistance (ca. 0.1 Q) sputtered Au contacts.

3. Results

Results of chemical analyses revealed that the nominal composition of the samples
was essentially unchanged during heat treatments. None of the analyzed samples ex-
hibited statistically significant differences from the initial composition, within a stan-
dard deviation of 3%.

Figure 1 shows the X-ray diffractograms for samples that are representative of the
full range (0 < x < 1.0) of Bi substitution. The diffractograms exhibit similar peaks,
suggesting the samples have the same crystal structure. It is also visible that the dif-
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fraction peaks shift with respect to the 26 angle as the sample composition varies,
hence indicating variations in the lattice parameters (notice, for example, how the
peaks at 26 ~ 70° shift systematically to the left as the Bi content x increases between
0 and 1). In spite of questions regarding structural distortions in the BaPb, ,Bi,O; sys-
tem to monoclinic, orthorhombic, or tetragonal [4, 6—8], we have analyzed diffracto-
grams under the assumption that the unit cell is pseudocubic as others have also done
[4, 6].

10 20 30 40 50 60
26 [deg]

Fig. 1. X-ray powder diffractograms of samples with different Bi
contents, over the full range of substitution

Figure 2 shows experimental and simulated diffractograms for x = 0.125. The
simulated values are in close agreement with the experimental results. In Figure 3, the
cubic lattice parameter is plotted against the level x of Bi in the samole. One can ob-
serve an approximately linear dependence, suggesting complete substitutional solubil-
ity of Bi in BaPb; ,Bi,0;. This observation agrees with previous results published in
the literature [6].

In order to study the transport properties of the samples, electrical resistance in
function of temperature was measured. Figure 4 shows the electrical resistivity R(7T)
plotted against temperature 7 of samples having compositions with x € {0.0, 0.05,
0.15, 0.20, 0.30, 0.375}. It is possible to observe how resistivity changes from the
metallic (BaPbOs) to insulator (x > 0.3) as the content of Bi in the compound in-
creases. In the 0.05< x <0.30 range, the samples exhibit evidence of superconductivity.

In order to carefully identify the onset of the critical temperature for all supercon-
ducting samples, T¢ has been defined as the point at which dR/dT versus T changes
from normal to superconducting state. T defined in this way is plotted in Fig. 5 in
function of x in the compound.
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Fig. 2. Experimental and simulated diffractograms for the sample with x = 0.125

4,401
4351
<
©
4.30}
a = 4.26 +0.10429x
corr = 097828
4.25

0.0 0.2 0.4 0.6 0.8 1.0
X

Fig. 3. Pseudocubic lattice parameters (calculated from the diffractograms
of simulations) in function of the Bi content (x)

The superconducting critical temperature increases systematically from 11.2 K at
x=10.005toca. 12 K at x = 0.15, and decreases to 11.6 K at x = 0.30. Below x = 0.005
and above x = 0.30, superconductivity in the system vanishes (see Fig. 4). This behav-
iour is similar to results reported in the literature which show that 7¢ increases sys-
tematically from zero at x = 0.0 to ca. 12 K at x = 0.20, remaining constant until
x = 0.30, and finally vanishing at x > 0.30 [2, 3]. As one can see from Fig. 4, the tran-
sition to the superconducting state does not reach zero resistance for samples having
low Bi contents (0.005 < x < 0.05).
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Our interpretation of these results is that it is related to the fraction of supercon-
ducting clusters present in the samples. Research [21] on the transport properties of
Bi,Sr,Ca; Pr,Cu,Og. (Bi2212 + Pr) polycrystalline samples has shown that the tran-
sition to the zero resistance superconducting state depends on the fraction of super-
conducting clusters in the sample. It was also observed that the zero resistance super-
conducting state is only reached by samples with a large enough superconducting
fraction [21, 22]. If we assume that the resistive transition in the BaPb;_Bi,O; system
can be described by such a mechanism, the transition visible in R(7) curves must de-
pend on the superconducting fraction. Therefore, for samples with low Bi contents,
this fraction must be small, and therefore zero resistance is not attained, which is con-
sistent with the results shown in Fig. 4. On the other hand, if the superconducting frac-
tion is close to the percolation threshold, a decrease in the transition intensity can be
observed which provides information about the onset of the T value. This behaviour
suggests that the existence of superconductivity in the BaPb; ,Bi,O; system must be
governed by the same mechanism of inhomogeneous superconductivity as that re-
ported for high-7¢ superconductors [21, 23].

4. Summary

Assuming the BaPb; ,Bi,O; system has a pseudocubic crystal structure, X-ray
power diffraction data reveal there is a linear relationship between the lattice parame-
ter and the content of Bi in the compound. This indicates complete substitutional solu-
bility of Bi in this system. All prepared samples in the Bi range 0.005 < x < 0.30 ex-
hibit evidence of superconductivity. Careful analysis shows that, for superconducting
samples, the critical temperature 7 depends strongly on the content of Bi. We have
discussed this behaviour within the context of inhomogeneous superconductivity. The
dependence of 7¢ on the Bi content x indicates that granular samples of the
BaPb, ,Bi,0O; system experience transition to the insulating state due to suppression of
the superconducting coupling, much like the transition mechanism observed for granu-
lar superconductors.
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Bismuth sodium zirconium titanate, belonging to a new class of ceramic composite powders, was
prepared by the sol-gel combustion technique. A yellow precipitate was obtained by slow evaporation of
precursor solution at 90 °C for 2 h. The final composition of powder is Big sNaj sTiO3/ZrO,. Small, elon-
gated particles of uniform size and shape were identified with an atomic force microscope. The X-ray
diffraction pattern confirms that the final powder is composite in nature and consists of a very distinct
phase of bismuth titanate, sodium bismuth titanate and zirconia. The electric permittivity for the samples
sintered at 1050 °C is about 640 at 50 Hz.

Keywords: sol-gel combustion; composite; XRD; FTIR; AFM; electric permittivity

1. Introduction

Due to their wide range of applications such as touch sensors for micromanipula-
tion in microbiology [1], piezoelectric transformers and actuators [2—4], lead zirco-
nium titanate (PZT) piezoelectric ceramics are considered as an important candidate
material in electronic industries [5—7]. But, the worldwide restriction on hazardous
substances limits the use of lead. A large quantity of lead based piezoelectric, ferro-
electric and electrostrictive materials such as PbZrOs—PbTiO; (PZT) [8-10] and Pb
(Mg13Nby3)O3—PbTiO; (PMN-PT) [11, 12], are produced every year. Due to the tox-
icity of lead based ceramics, alternative lead free materials are highly preferred in the
electronic industry. For two decades, great effort has been made to find high perform-
ance lead free materials. For instance, (BiysNags)TiO; (BNT) [13, 14], BiyTi;0,, (BT)
[15-18], SrBi,Ta,Oy [19, 20] and BaTiO; [21] based systems have been extensively
studied. However, the remnant polarization and electrostrictive properties of these lead
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free materials are still far inferior to the lead-containing materials currently in use. By
varying the chemical composition, dielectric and piezoelectric properties of lead free
ceramics can be altered. Such materials attract much attention as actuators in elec-
tronic applications. Extensive studies, in multiple directions, have been made on lead
free piezoelectric ceramics by the research community such as the synthesis of pure
ceramics, ceramic—ceramic composites and ceramic polymer composite by various
techniques, such as the sol-gel method [22—-24], coprecipitation [25, 26], solid state
reaction [25] and high temperature deposition technique. Above all, bismuth sodium
titanate, BiysNaysTiO; (BNT), is considered to be an excellent alternative candidate as
a lead free piezoelectric ceramics. BNT is a ferroelectric ceramics with a remnant
polarization of 38 uC/cm’, Curie temperature (7,) of 320 °C and a coercive field (E,)
of 73 kV/cm at room temperature. However, although bismuth sodium titanate (BNT)
is considered to be a good alternate material to PZT ceramics, it has the drawback of
having a strong coercive field (£,) that causes problems in the poling process.

It is known that zirconia is one of the key materials for engineering and electron-
ics. By doping a small amount of zirconia, the properties of the matrix material can be
altered. It has been demonstrated that by doping 0.05 mol % of zirconia, BaTiO; ce-
ramics showed a fairly satisfactory piezoelectric response, with a ds; value of
236 pC/N at room temperature [27]. From this viewpoint, the present work aims to
synthesise lead free ferroelectric ceramic, bismuth sodium zirconium titanate (BNZT),
by self-propagating combustion synthesis; this involves the exothermic reaction be-
tween metal nitrates and an organic fuel, typically ethanol, methanol, urea, or glycine.
The thermal behaviour of the dried gel was analyzed by differential scanning calo-
rimetry (DSC) and thermogravimetric analysis (TGA). An X-ray diffractometer
(XRD) was used to evaluate the phase formation of the calcined powder. Fourier
transform infrared spectroscopy (FTIR) was used to identify tvarious functional
groups. The particle morphology and size was obtained by an atomic force micro-
scopic study (AFM).

2. Experimental

Solutions of bismuth nitrate, sodium nitrate, zirconium oxychloride and titanium
isopropoxide were used as starting materials. Three separate solutions were prepared
and mixed together for combustion synthesis. A stable solution of titanium isopropox-
ide (TiC;;H,30,) was obtained by mixing TiC,,H,sO,4 with acetyl acetone and
2-isoproponal (solution 1). The nominal amount of zirconium oxychloride (ZrOCl,
-8H,0) was dissolved in methanol (solution 2). Solution 3 was prepared by dissolving
bismuth nitrate with acetic acid and HNOs. The required amount of sodium nitrate was
added to solution 3. After preparation, all three solutions were mixed together under
stirring, which yielded a firebrick coloured viscous sol. The sol was slowly evaporated
under stirring at 90 °C. After 2 h, a foam-like precipitate formed, due to the exother-
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mic reaction between the metal nitrates and organic fuel. The precipitate was com-
busted at 400 °C. The final calcination was carried out at 700 °C for 3 h to produce
BiysNaysTiO;3ZrO, composite powder. The calcined powder was ground in a planetary
mill in order to obtain fine particles.

3. Results and discussion

The X-ray diffraction pattern (Fig. 1) for the bismuth sodium zirconium titanate
(BNZT) composite calcined at 700 °C shows the formation of mixed phases. Charac-
teristic peaks corresponding to monoclinic BiTi;0;, crystals (JCPDS File No. 80
-2143) were recordered at 14.61°, 24.35°, 29.40°, 30.06°, 34.08°, 48.99°, 49.89° and
53.26°. The formation of mZrO, and BiTiO; was confirmed by the peaks at 28.09° and
33.56°, respectively. The reflections by rhombohedral BNT crystal planes (JCPDS
File No0.36-0340) were predicted to be at 32.48°, 40.5°and 58.26° with lower intensi-
ties. Since no powder diffraction data is available for the BNZT composite, the phase
formation was analyzed by comparing the existing powder diffraction data files for
BNT, BT and ZrO,

Counts

Fig. 1. X-ray diffraction pattern of BNZT composite

The FTIR spectrum of BNZT composite gel is shown in Fig. 2. Three absorption
bands corresponding to N—H stretching modes were observed at 3184.3, 1355.9 and
1309.6 cm™'. The vibration at 1384.8 cm ' indicates the presence of nitrate, and the
absorption band around 1541 cm™' is due to NO, vibration. The strong and sharp ab-
sorption bands at 894.9 cm ' and 812 cm ' were recorded as being related to Zr—O)
+0(0-C=0).
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Fig. 2. FTIR spectrum of BNZT gel dried at 100 °C

The DSC (Fig. 3) shows various decomposition stages of BNZT gel with respect
to temperature. An endothermic peak at 149 °C is due to removal of adsorbed water,
and a broad exothermic peak between 225 °C to 400 °C is due to the burn out of ox-
alate and nitrates from the amorphous gel. A small exothermic peak around 470 °C
may be related to the crystallization of zirconium oxalate gel into zirconia. A small
exothermic peak between 520 °C to 600 °C is due to the formation of sodium bismuth
titanate phase. From the TGA analysis, a major weight loss of 29 % was predicted,
and the overall yield was calculated to be about 38 % of the starting materials.
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Fig. 3. DSC of BNZT composite
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For the AFM study, the particles were deposited on a Si wafer. Before deposition,
the wafer was thoroughly cleaned with a mixed aqueous solution of HNO; and H,SO,.
The BNZT powder was dispersed in acetone and dip coated on the Si wafer. AFM
images were taken with a silicon cantilever, with the force constant of 0.02 N/m and
the tip height of 10—15 pum in a contact mode. Figure 4 shows the AFM image of
BNZT particles having uniform size and shape. After data fitting, line profiles were
taken to calculate the size of individual BNZT particles. The particles were not spheri-
cal in shape, rather they were elongated. The width and length of a BNZT particle was
measured to be 170 nm and 550 nm, respectively.

Fig. 4. AFM image of BNZT composite powder
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Fig. 5. Temperature dependence of the electric permittivity
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Figure 5 shows the temperature dependence of the electric permittivity. In the
higher frequency range (1-100 kHz), the electric permittivity (ranging from 75 to 211)
is more or less temperature independent and does not increase much for temperatures
below 400 °C. But, at lower frequencies (50—100 Hz), the change of the electric per-
mittivity is significant, and attains a maximum value of 2200 at 400 °C. The electric
permittivity for pure BNT is 400 at room temperature and 1800 at 400 °C for 100 kHz
[28]. For BNT thin film, the electric permittivity was measured to be 300 [29]. Zhu
et al. measured the electric permittivity of potassium bismuth titanate to be 536 [30].

Therefore, in the higher frequency range, the zirconia doped BNT has a lower elec-
tric permittivity compared with pure BNT. The electric permittivity for the considered
composite was measured to be 46 at room temperature and 75 at 400 °C, at 100 kHz.
But, in the lower frequency range, the considered BNZT composite has much higher
electric permittivity of 640 at room temperature and 2200 at 400 °C at 50 Hz.

4. Conclusions

The X-ray diffraction analysis of the calcined powder indicated that the addition
of zirconia suppresses the predominant reflection peak at 32.48° corresponding to
BNT phase. The final powder shows a mixed phase which confirms the formation of
composite between BNT and ZrO,. The reason why the measured electric permittivity,
at higher frequencies is lower than the expected value may be because the ionic radius
of Zr*" is higher than that of Ti*". For equal molar mixing of ZrO, and BNT, zirco-
nium exceeds the stabilization limits and reduces the polarization attributable to the
Ti*" ion, and hence the electric permittivity is reduced to a low value. The relaxation
temperature of the considered composite was not predicted to lie below 400 °C. There-
fore, heavy zirconia doping suppresses the formation of BNT phase and reduces the
dielectric permittivity, increasing the relaxation temperature. The ferroelectric prop-
erty of the considered material is under investigation.
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Application of nanoindentation technique
to extract properties of thin films through
experimental and numerical analysis
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One of the major topics in novel microelectronics are thin film materials — especially their mechani-
cal properties. Accurate description of such materials is necessary in order to assess their reliability and to
predict failures in electronic devices. The mechanical attributes of thin films can be determined using the
nanoindentation test. However, with this equipment it is only possible to obtain estimates elastic parame-
ters: Young's modulus and hardness of the thin layer. In the paper, it is demonstrated that with a support
of numerical methods the plastic behaviour of the material can also be extracted. The numerical FEM
model of the nanoindentation test was elaborated and numerical optimization algorithms were applied.
The goal was to examine the elastoplastic behaviour of the investigated thin film, which is the aluminium
layer in this case. Various numerical material models were used in order to decently extract the material
properties of the investigated thin layer.

Keywords: nanoindentation; finite element method, thin film

1. Introduction

The indentation technique was introduced for the first time in the 19th century. It
was primarily used to measure hardness H of the material. Historically, the indentation
was done by indenters of various shapes, thus leading to a variety of tests and analyti-
cal definitions of hardness. The indentation technique, called nanoindentation [1], was
introduced in 1992 to examine mechanical properties such as elastic moduli £ of in-
vestigated materials. Currently, the nanoindentation technique is used in microelec-
tronics to examine properties of thin layers, which is an important issue in reliability
analysis.

*Corresponding author, e-mail: artur.wymyslowski@pwr.wroc.pl
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2. Nanoindentation

The nanoindentation technique [2] allows assessing Young’s modulus of the in-
denting material. It requires a very precise tip shape, e.g. use of the Berkovich tip, and
therefore assures high spatial resolutions [3] (Fig. 1a). It is based on an the analysis of
real time load displacement during indentation, which identifies a loading and an
unloading curve, as shown in Fig. 1b [4].

A
Fmax -----------------------
=
EA .
A w loading

8 L
L I L :
nIoaﬂn

: depth h [nm]
lateral view top view h h >
f max

Fig. 1. The Berkovich nanoindentation test (a) and its result — the loading/unloading curve (b);
F/A =Hg = F/(24.56h,.), A — contact area, F' — indenting force, Hz — hardness, 4. — contact depth

Taking into account the unloading nanoindentation curve it is possible to define
and estimate the following elastic material properties [3, 5]:
o stiffness S
dF
§=— (1)
dh F=F

max

where Fix is the maximum force during the loading and unloading indentation proc-

esses,
e hardness H
F
H =—max 2
y (2)

where A, is the contact area,
o cffective modulus of elasticity Eq

Ju S
=Nt 2 3
Eeff 2 ,A‘ ( )

where the parameter E. is related to the deformation of both materials: specimen and
indenter.
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2.1. Software tool

In order to perform the requisite numerical analysis, appropriate software had to
be developed. The main aim is to model the elastoplasticity of the material, using:

e Analytical algorithms, based on theoretically justified formulae. The benefit of
analytical algorithms is that elastic properties such as Young’s modulus, can be eva-
luated accurately. Unfortunately, the drawback is that it cannot be used to study the
plasticity behaviour, except the yield strength in some specific cases.

e Optimization analysis combining numerical analysis with optimization algo-
rithms. The goal is to determine the best data fit curves for the experimental measure-
ments of nanoindentation. The data fit curves depend on the selected plasticity model.
The benefit of such an approach is that the elastoplastic behaviour of the material can
be described with reasonably good accuracy.

3. Results and analysis

The properties of a large number of materials used for microelectronic packaging can
be precisely described by mathematical models of elasticity or elastoplasticity. Typical
stress—strain models for elastic and elastoplastic materials are presented in Fig. 2.

a) b)

Om Oy

Oo Og

: 02% e

Fig. 2. The stress—strain curves for elastic (a) and elastoplastic (b) models

The research presented here focused on the mathematical description of the elastic
and elastoplastic behaviour of specific materials. The above can be achieved by:

e analytical analysis, which uses the strict mathematical dependences in order to
assess basic elastic properties of a material,

¢ numerical modelling, which uses finite element modelling (FEM) to describe the
indentation loading and unloading curves, based on data obtained during the indenta-
tion tests.

3.1. Experimental setup

A hysitron triboindenter system, equipped with a Berkovich diamond indentation
tip, was used for the experimental indentation procedure. The calibration of the system
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and of the area function A(%) was undertaken on a fused silica sample, based on the
method of Oliver and Pharr [1]. Aluminium thin layers on a silicon substrate were
indented with indenters of various loads and depths. The aluminium layer, 1 um thick,
was fabricated in an evaporation process. The loading and unloading curves for each
sample were determined experimentally, by performing nanoindentation. One of the
goals was to identify a mathematical model that would accurately describe the rela-
tionship between the indentation depth and the indentation force.

0.6 -
- ! = H[GPa 3000
1 ..
. data fit
031 i 2500
1
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& z
o 03 = 1500
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0.2 10004
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Fig. 3. Hardness H versus indentation depth 4 Fig. 4. Selected experimental results of loading
for aluminium thin layers and unloading indentation experiment

for a thin layer of aluminum on silicon substrate

Classical analysis can describe elastic properties of a material such as the relation-
ship between hardness H and indentation depth 4, as shown in Fig. 3. As can be ob-
served, material hardness should, and does, depend on the indentation depth. Despite
the data scatter, hardness is clearly observed to decrease monotonically with respect to
the indentation depth. Furthermore, the variation in the data measurements is clearly
greater for thinner layers than for thicker ones. In fact, according to Fig. 3, the hard-
ness measurements exhibit strong variation for indentation depths below 600 nm but
are almost constant for indentation depths above 600 nm. This phenomenon is proba-
bly influenced by the presence of the substrate itself. In general, for indentation depths
above 600 nm, the variations in the hardness data over the whole 1 pm thick layer are
“flattened” by the interaction with the substrate. This clearly indicates the depth de-
pendence of hardness and probably of other mechanical properties too such as
Young’s modulus or Yield stress for small indentation depths, e.g. below 600 nm in
case of 1 pm aluminium layers.

In order to verify the most appropriate material model and corresponding proper-
ties for low indentation depths, a number of nanoindentation experiments were made
using aluminium thin layers on silicon substrate. The selected results for the indenta-
tion depths lower than 600 nm are given in Fig. 4.
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The experiments were then analysed numerically. In fact, the experimental results
were the starting point to the numerical analysis. In order to extract the material prop-
erties, a global optimization algorithm based on simulated annealing with defined
constraints technique was applied. In fact, the authors tested a number of optimization
algorithms from local methods to global ones of which the simulated annealing
seemed to be the most efficient and accurate.

3.2. Numerical modelling

A number of problems in contemporary engineering can be solved by numerical
modelling. There are a number of modelling techniques but the analysis presented
here exploits the FEM method, using ANSYS v.11. In fact, FEM models and data
analysis of nanoindentation experiments can accurately describe the loading and
unloading stages. One of the benefits of FEM models is they can exploit different
mathematical models of materials. For example, they are suitable for investigating
elasticity, elastoplasticity, or even viscoelasticity, with or without the hardening effect.
In addition, it can be used to simulate nanoindentation, either using 2D or 3D models.
Based on several numerical experiments, it was found that 2D axisymmetric numerical
models are precise enough to simulate nanoindentation. Figure 5a shows an example
of a 2D FEM model, and in Fig. 5b corresponding experimental data are shown and
the data fit curve provided by numerical analysis.

a) = experimental nanoindentation curve b)
2500] © numerical nanoindentation curve
20004
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Fig. 5. The 2D numerical model of a nanoindentation test (a)
and corresponding experimental and numerical results (b)

A numerical model with adjustable parameters was designed. In particular, it fa-
cilitates a systematic investigation of geometric features, for example thickness of
a thin layer and indenter shape can be modelled by adjusting the area function coeffi-
cients. Thus, the numerical model can be adjusted to the actual geometry of the ex-
perimental indentation process. The results of numerical modelling are in very close
agreement with the theoretical predictions.
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As mentioned earlier, numerical analysis requires an optimization algorithm to
find the best data fit, as shown in Fig. 5b. Many local and global optimization algo-
rithms are available; the authors used simulated annealing, which, in their opinion,
lead to the most efficient and accurate fitting [7]. The above procedure combining
numerical modelling, experimental results and optimization algorithm finely allowed
one to extract the most appropriate elastoplastic material model and corresponding
properties.

Three models of elastoplastic materials were selected:

e bilinear response without hardening defined by two parameters: Young’s mod-
ulus £ and yield stress o,

e bilinear response with hardening defined by three parameters: Young’s modulus £,
yield stress oy, and tangent modulus £,

e non-linear response with hardening, corresponding to the true stress—strain curve
defined by the Ramberg—Osgood dependence [6]. Its three adjustable parameters satis-
fy the following equation:

o o)
€—E+K(Ej (4)

where the total strain ¢ is a function of stress o; it depends on Young’s modulus E as
well as on the constant K and exponent n which describe the plastic hardening of the
material.
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Fig. 6. Data fit curves for the bilinear model Fig. 7. Data fit curves for the bilinear model with

without hardening, showing Young’s modulus £  hardening describing Young’s modulus £, yield stress
and Yield stress o, as functions of the indentation ¢ and tangent modulus E), as functions of the indenta-
depth 4 in the case of a thin layer of aluminium tion depth / in the case of an aluminium thin layer

The data-fit curves for the bilinear model of elastoplasticity without hardening,
describing Young’s modulus £ and Yield stress o, in functions of the indentation
depth /4, are shown in Fig. 6. Young’s modulus £ decreases linearly upon increasing
the indentation depth 4, whereas the yield stress o is observed to decay non-linearly

for small depths, but then it levels off to a constant value of about 150 MPa for higher
depths.
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The data fit curves for the bilinear model of elastoplasticity with hardening, de-
scribing Young’s modulus E, yield stress o, and tangent modulus E, in functions of
the indentation depth 4, are given in Fig. 7. The model is characterised by monotoni-
cally decreasing functions of the indentation depth 4. One of the advantages of the
model is that the values for Young’s modulus £ are higher and more realistic. Unfor-

tunately, similarly to the previous model, it seems to be inappropriate for accurate
analysis of thin aluminium layers.
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Fig. 8. Data fit curves for the non-linear, Ramberg—Osgood model without
hardening, describing Young’s modulus E, constant K (a), and the exponent z (b),
as functions of the indentation depth h, for thin layer of aluminum

The data-fit curves corresponding to the Ramberg—Osgood model for an elasto-
plastic material, describing Young’s modulus E, constant K and exponent » in func-
tions of the indentation depth 4, are given in Fig. 8. The results were obtained under
the assumption that Young’s modulus £ is close to 70 GPa while the constant K is
close to 7x10'°. The only adjustable parameter in that experiment was the exponent 7.
Putting all this information together, and substituting these values into the non-linear

Ramberg—Osgood equation (Eq. (4)), leads to an elastoplasticity model for the mate-
rial (Fig. 9).
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Fig. 9. The stress vs. strain curve for thin
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for the model parameters £, K and n Strain £ [1]



662 A. WYMYSLOWSKI et al.

Another benefit of the above model is that it implies plastic strain even at very
small stress levels, making this approach more expressive than a bilinear elastoplastic-
ity law, when it is applied in a Coffin—Manson type relation for life testing analysis.

4. Conclusions

Current developments and trends in microelectronics are focused on thin layers
and novel materials. This led to application of various tests and measurement methods,
capable of determining basic mechanical properties of such materials on both the mi-
croscale and the nanoscale. The project presented in this paper focuses on the nanoin-
dentation technique. The specific aim was to describe, both numerically and theoreti-
cally, the dynamics of elasticity and elastoplasticity in aluminium. Several
mathematical models were considered: the results of tests showed the Ramberg
—0Osgood model provided the most accurate description of elastoplasticity in the con-
sidered material. Furthermore, the Ramberg—Osgood model provides an accurate de-
scription of what occurs when very thin aluminium layers are subjected to nanoinden-
tation; it shows, e.g., that the Young’s modulus is of the order of 70 GPa, which
corresponds well with aluminium bulk properties. The model is described by three
variables, whose values appear to be almost constant over the investigated range of
indentation depths 4. Finally, it should be possible to exploit the Ramberg—Osgood
model to predict the response of the material over a wide range of indentation depths.
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Fabrication and thermal properties
of Al, TiOs/Al,O3; composites
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Al,TiOs/Al,O3 composites with various Al,O; contents were prepared. The phase compositions and
microstructure evolution of the samples were observed via XRD and SEM, respectively. The thermal
properties, including thermal expansion ratios and the erosion resistance of the Al,TiOs/Al,O3 composites
to molten Al, were investigated. The experimental results show that the relative densities of the prepared
Al,TiOs/Al,O3 composites are proportional to the Al,O3 content, and that the composite samples with
high Al,TiOs contents have good erosion resistance to molten Al.

Keywords: A/,TiOs/Al,0;3 composites, microstructure, thermal expansion ratio; erosion resistance to
molten Al

1. Introduction

Aluminum titanate (Al,TiOs) ceramics has some superior thermal properties such
as low thermal expansion and thermal conduction coefficients, high melting point,
high resistance to corrosion and thermal shock resistance [1-3], thus making it one of
the best candidates for thermal and structural applications. However, there are two
major disadvantages of A1,TiOs ceramics, which limit the scope of its applications.
Firstly, A1,TiOs ceramics is susceptible to extensive microcracking which contributes
to its low thermal expansion coefficient and results in its very low mechanical
strength. Secondly, A1,TiOs ceramics decomposes to Al,O; and TiO, in the tempera-
ture range of 750—1300 °C [4, 5] which severely limits its structural applications.
Thus, some research has focused on the improvement of A1,TiOs ceramics [6-8]. It
has been reported that thermal decomposition of Al,TiOs can be prevented by some
oxide additives such as Al,O;, SiO,, MgO, Fe,0s, ZrO,, FeTiOs, etc. [9, 10] due to the
formation of solid solutions.

*Corresponding author, e-mail: sqqfi@263.net
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In order to explore an efficient way of solving the above two problems, in the pre-
sent paper alumina (Al,O;) was introduced in order to suppress the decomposition of
A1,TiOs ceramics. Furthermore, AL, TiOs/Al,0; composites were experimentally de-
signed and fabricated in order to obtain a ceramic material which has greater mechani-
cal strength than Al,TiOs ceramics.

In particular, as-prepared Al,TiOs/Al,O3; composites have been used as containers
or pipes to transport molten Al; in such applications, Al,TiOs/Al,03; composites are in
contact with molten Al for a long time. Thus, investigation of thermal properties, in-
cluding thermal expansion and erosion resistance of Al,TiOs/Al,O; composites to
molten Al, was also carried out.

2. Experimental

Raw materials used in this paper were: a-Al,O; (Taimei Chemical Co., Ltd., Ja-
pan), anatase-TiO, (Guangdong Orient Ind. Sci. & Tech. Co., Ltd., China), MgO
(Tateho Chemical Ind. Co., Ltd., Japan) and Fe,O; (Taimei Chemical Co., Ltd., Ja-
pan). The characteristic features of the raw materials are shown in Table 1.

Table 1. Characteristic features of the raw materials

Ml | Mean paricesis ) | Pty | PSP
(X‘A1203 1.5 3.99
Anatase-TiO, 0.3 405

> QQo
MgO 1.0 299% | 3g
Fe;0s 1.0 537

In accordance with the design prescription shown in Table 2, raw powders of various
volume ratios were fabricated by mixing them uniformly in a three dimensional mixing
facility for 57 h. The mixtures were then loaded in a die, having an inner diameter of 50
mm, and pre-pressed under 10 MPa for 1 min. After cold isostatic pressing (CIP) at 200
MPa, the samples were sintered for 2 h at 1450 °C, using an electric furnace. Finally, the
samples were cooled down, in the furnace, to room temperature.

Table 2. Design prescription for the specimens

Sample No Volume ratio [%]
" | Anatase-TiO, | a-AlL,O; | MgO | Fe,04
1 88 10 1.5 0.5
2 78.4 20 1.2 0.4
3 58.8 40 0.9 0.3
4 39.2 60 0.6 0.2
5 19.6 80 0.3 0.1
6 9.8 90 0.15 | 0.05
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After preparation, the bulk densities of the sintered products were determined ac-
cording to Archimedes’ principle, using distilled water. The phase compositions were
analyzed by X-ray diffraction (XRD) using a Rigaku-D/Max-IIIA diffractometer with
Cu radiation at 40 kV and 50 mA. The scanning rate of 10 °/min was used to record
the diffraction patterns in the 26 range between 10° and 80°. The microstructure of the
fractured surface of the prepared samples was observed by scanning electron micros-
copy (SEM). The samples were machined into bars of the dimensions 3 mmx4 mm
x35 mm. After polishing, the bars were soaked in a crucible filled with molten Al.
After having been maintained at a temperature of 750 °C for 100 h, the samples were
cooled in air. The lining and elemental distribution mapping were studied by electron
probe microanalysis (EPMA).

3. Results and discussion

3.1. Phase compositions of the Al,TiOs/Al,O; composites

In accordance with the design specifications shown in Table 2, the obtained
Al TiOs/Al,0; composites were composed of Al,TiOs solute with 5 mol % of MgTi,0Os
and 1 mol % of Fe,TiOs composites and Al,O;. The reactions for the formation of
MgTi,0;5 and Fe,TiOs can be described by the following two equations:

MgO + 2TiO, = MgTi,0s (1)
F6203 + T102 = Fe2TiOS (2)

s AILLTIO,

CPS

oL
20 40
20 [deg]

Fig. 1. XRD patterns of the Al,TiOs sample with 5 mol % of MgTi,0s
and 1 mol % of Fe,TiOs sintered at 1100 °C for 50 h
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The XRD patterns of the Al,TiOs sample with 5 mol % of MgTi,0s and 1 mol %
of Fe,TiOs sintered at 1100 °C for 50 h are shown in Fig. 1. It is clearly visible that all
the diffraction peaks are related to AL, TiOs. No other phase was detected by XRD,
indicating that the composite solute consisted of 5 mol % of MgTi,05 and 1 mol % of
Fe,TiOs, and that the decomposition of Al,TiOs can be effectively suppressed by using
MgTi,0s5 and Fe,TiOs as the composite additives.

3.2. Densities and microstructures of the AL, TiOs/Al,O; composites

Densities of the sintered Al,TiOs/Al,O; composites are shown in Fig. 2. It is
clearly seen that both the density and relative density are proportional to the Al,O;
content. The density reaches the maximum value of 3.86 g/cm’ for the sample contain-
ing 90 wt. % of Al,Os, while the density reaches the minimum value of 3.51 g/cm’ for
the sample containing 10 wt. % of Al,Os. The reason is that AL, TiOs is very difficult
to fully dense sinter and its density is very low, while Al,O; can easily be densified
and has a higher density than Al,TiOs. As a result, both the densities and relative den-
sities of the obtained Al,TiOs/Al,O; composites are proportional to the Al,O; content.

3.90 08

— —l— density
“g —@— relative density T
o —_—
S 380 F o
2 2
= g
g 196 §
g 370} p
] -
= 5
S z
2 C
@ 3.60 g
a 194 2
ke
&

350 |
0 20 40 60 80 100

Volume content of Al,O, [%]

Fig. 2. Density and relative density of the obtained Al,TiOs/Al,O3
composites in function of the Al,O; content

SEM images of the sintered Al,TiOs/Al,O; composites are shown in Fig. 3. The
sample with the Al,O; content of 10 vol. % experiences significant grain growth
(Fig. 3a); its grain size (after sintering) is ca. 20 um. There are some pores in this
sample, resulting in the incompact structure between the grains, which explains the
low relative density shown in Fig. 2. It is also in Figs. 3a—f that the the grain size is
inversely proportional to the Al,O; content, and the number of pores decreases gradu-
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ally as the Al,Oscontent increases. When the Al,O; content is higher than 40 vol. %, as
shown in Figs. 3c, 3d, the average grain size of the sintered samples is lower than 5 pum,

Fig. 3. SEM images of the Al,TiOs/Al,03 composites with various Al,O3 contents:
a) 10 vol. %, b) 20 vol. %, ¢) 40 vol. %, d) 60 vol. %, e) 80 vol. %, f) 90 vol. %

which is almost the same as the grain size of the raw Al,O; powder. When the AL, TiOs
content is almost the same as the Al,O; content, it is the Al,TiOs that prevents further
growth of grains of Al,O;. When the Al,O; content is higher than 80 vol. %, as shown
in Figs. 3e and 3f, the amount of Al,TiOs is too small to prevent the growth of grains
of the Al,O;, and as a result, many large Al,O; grains can be observed in the SEM
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images. However, hardly any pores at all can be observed, indicating the samples are
fully dense sintered. It can be concluded from these images that the density of a sin-
tered sample is proportional to the Al,O; content, whereas the porosity is inversely
proportional to the Al,O; content, which is quite in agreement with the intrinsic sinter-
ing behavior of Al,TiOs and Al,O;: Al,TiOs is very difficult to be fully dense sintered
while Al,O; can be sintered easily with high density.

3.3. Thermal expansion of the Al,TiOs/Al,O; composites

AL, TiOs has a very low thermal expansion coefficient, and thus very good thermal
shock resistance. The thermal expansion ratios of the sintered Al,TiOs/Al,O; compos-
ites having different Al,O; contents are shown in Fig. 4.

0.10

0.00

-0.10

-0.20

Thermal expansion ratio [%]

-0.30

0 200 400 600 800 1000
Temperature [°C]

Fig. 4. Thermal expansion ratios of the Al,TiOs/Al,O5; composites
with various Al,O; contents

The thermal expansion ratios of all the samples firstly increase and then decrease
as the temperature increases during the heating process, and they firstly decrease and
then increase as the temperature decreases during the cooling process. Al,TiOs crystals
are composed of crystal domains, and the adjacent crystal domains have different ori-
entations. As a result, the thermal expansion ratio of AL, TiOs is anisotropic. Thus,
during the cooling process, an individual crystal domain of the Al,TiOs shrinks, which
causes the anisotropy and the formation of the microcracks in the crystal domains. On
the other hand, during the heating process, the individual crystal domain of Al,TiOs
expands, but the presence of the microcracks prevents the expansion of the crystal
domains. As a result, no obvious expansion is seen between room temperature and
700 °C (see Fig. 4). Moreover, with the increase in the temperature, the microcracks
among the crystal domains are totally repaired, no extra porous area exists for the ex-
pansion, and as a result, the thermal expansion ratio is increased, which is in close
agreement with the results shown in Fig. 4.
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3.4. Erosion resistance of Al,TiOs/Al,O; composites to molten Al

The elemental distribution along the cross-section of a sample of AL, TiOs/Al,O3
composite containing 20 vol. % of Al,O; after the sample had been soaked in molten
Al and cooled in the furnace, was observed by EPMA, as shown in Fig. 5. It is com-
pletely obvious from Fig. 5a that a definite interface exists between Al and
Al,TiOs/Al,O; composites, and nearly no gradient distribution of Al and Ti elements
is observed along the thickness direction according to the Al and Ti line distribution
characterization, as shown in Fig. 5b. Moreover, the results of lining analysis of Al
and Ti elements show that the thickness of Al atomic diffusion is only 10 pm, indicat-
ing that Al,TiOs/Al,O; composites with high Al,TiOs content have good errosion re-
sistance to molten Al

AlKo., 9660

TiKa., 9660

Fig. 5. Back-scattered electron image of a composite sample soaked in molten Al (a)
and the lining distribution of Al and Ti along the thickness of the sample

Fig. 6. Elemental distribution of O, Al and Ti along the thickness of the sample

The elemental distribution along the cross-section of a sample of AL, TiOs/Al,O3
composite having 80 vol. % of Al,O;, after the sample had been soaked in molten Al
and cooled in the furnace, was observed by EPMA, as shown in Fig. 6. It is clearly
evident that there is also a definite interface between the Al and Al,TiOs/Al,O; com-
posites having a low Al,TiOs content. However, some molten Al can be seen to pene-
trate the main body of the material, as shown in Fig. 7. The reason is that when the
sample is rapidly heated in molten Al, high thermal stress is induced on the surface of
the sample.
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Fig. 7. Back-scattered electron image of a composite sample soaked in molten Al

On the other hand, if the sintered sample has a high Al,O; content, it can have
a high relative density, few cracks and low porosity; and these are properties which
lead to rapid cracking. Existing cracks become expanded when they are infiltrated
with molten Al, and some cracks run through the whole sample, resulting in severe
structural damage to the material, indicating that AL, TiOs/Al,O; composites with low
AL, TiOs content have poor erosion resistance to the molten Al.

4. Summary

AL TiOs/Al,O; composites with different Al,O; contents were prepared, using
ALOs, TiO,, MgO and Fe,0; as the starting powders and by performing pressureless
sintering. Some dramatic conclusions follow from the results of our experiments:

¢ Relative densities of the sintered materials are proportional to the Al,O; content.

e The thermal expansion ratios of the Al,TiOs/Al,O; composites are anisotropic.

e As Al,TiOs has a very low thermal expansion coefficient, and very good thermal
shock resistance, the thermal shock and the erosion resistances of the AL TiOs/Al,O;
composites to molten Al can be improved by increasing the A, TiOs content.
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A novel conversion of inert carbon nanotubes
to highly dispersed fibres

X. TANG, Y. ZHAO, Q. JIAO, Y. CAO
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Beijing Institute of Technology, Beijing 100081, P. R. China

Multiwalled carbon nanotubes were functionalized with alkyl groups and transformed to form highly
dispersed carbon nanofibres (CNFs) in ethylenediamine via the Benkeser reaction. The functionalized
CNFs were characterized by transmission electron microscopy, scanning electron microscopy, Raman,
infrared spectroscopoy as well as thermogravimetric analysis. The functionalized CNFs with long alkyl
chains can be highly dispersed in universal solvents such as ethanol, toluene and N, N-dimethyl-
formamide. The conversion mechanism has been investigated and the electrophilic reagents were pro-
posed as key factors affecting the conversion degree.

Keywords: carbon nanotubes; carbon nanofibres; characterization methods, functionalization

1. Introduction

Carbon nanotubes (CNTs) are of great interest, stemming from their extraordi-
nary structural, electronic and mechanical properties [1-3]. Many applications based
on this unique material have been proposed such as mechanically reinforced com-
posites [4], field-emission transistors [5], bio- and chemical sensors [6], and many
others [7, 8]. In order to realize these potential applications, chemical modifications
[9-13] to the surface of CNTs should be performed, to improve their solubility and
dispersion in solvents. Over the past few years, many chemical reactions have
emerged in the sidewall or endcap functionalization of CNTs; a subject having been
extensively reviewed [14—16].

Recently, the chemical functionalization of CNTs using the Benkeser reaction
was studied and single-walled carbon nanotubes (SWNTs) with alkyl and aryl groups
have been successfully functionalized in ethylenediamine, which undergoes a conven-
ient, scalable and moderate process [17]. In contrast with SWNTs, multiwalled carbon
nanotubes (MWNTs) are easier to produce, more economical and have been widely

*Corresponding author, e-mail: jiaoqz@bit.edu.cn
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used in large-scale consumer applications such as CNT-reinforced polymer compos-
ites [18]. Herein, this convenient route has been extended to the functionalization of
MWNTs. Fortunately, inert MWNTSs can also be functionalized with alkyl groups
under Benkeser’s condition. It is very interesting that in this reaction most of the
MWNTs are transformed into disordered carbon nanofibres (CNFs) which also show
good dispersibility in common solvents. To the best of our knowledge, this novel con-
version has not been reported in other chemical reactions involving CNTs [9—16].

2. Experimental

In a typical experiment, 30 mg of MWNTSs and 40 cm’ of ethylenediamine were
mixed in a flask. The mixture was rigorously stirred under argon at ambient tempera-
ture. After 20 min, when the solution became visually homogeneous, pieces of lithium
(100 mg) were added in batches until the dark blue colour disappeared. Then hexade-
cyl iodide was added dropwise to the mixture. The reaction mixture was then stirred
for about 3 h. The resulting dark solution was diluted with ethanol, followed by filter-
ing over a 0.2 um polycarbonate membrane. The dark solid obtained was washed
thoroughly with ethanol and deionized water, and dried overnight in a vacuum oven at
80 °C to produce the functionalized product (30 mg).

A comparative experiment was conducted, and followed the same reaction proce-
dure as earlier, except for the substitution of fers-butanol for hexadecyl iodide. The
product was isolated as a black solid (30 mg).

Raman spectra were acquired using a Renishaw in via-reflex Raman microscope
with a laser light wavelength of 532 nm. Fourier transform infrared (FTIR) data were
recorded on a Perkin Elmer FTIR spectrometer. Thermogravimetric analyses (TGA)
were carried out on a Pyris-1 thermogravimetric analyzer (Perkin Elmer, USA) with
the heating rate of 10 °C/min and in nitrogen diluted air atmosphere. TEM images
were obtained on a JEM-1200EX electron microscope operating at an accelerating
voltage of 100 kV. HRTEM images were acquired using a JEM 2010 high resolution
transmission electron microscope at the accelerating voltage of 120 kV.

3. Results and discussion

MWNTs were subjected to Benkeser reduction conditions in ethylenediamine,
with an excess of hexadecyl iodide as the electrophile. The morphology of the
MWNTs before and after the reaction was investigated by high resolution transmis-
sion electron microscopy (HRTEM) and scanning electron microscopy (SEM). As
shown in Figs. 1 and 2, pristine MWNTSs (p-MWNTSs) show a smooth tube structure
with regular graphite sheets. However, the hexadecylated products exhibit a disrupted
structure with disordered carbon nanofibre features wrapped by some amorphous ma-
terials, which can be ascribed to the organic groups covalently attached to their side-
walls. Nearly all of the hexadecylated products observed display these new fibre fea-
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tures; they have an average diameter of 15-25 nm and lengths ranging from hundreds
of nanometers to micrometers (Figs. 1, 2).

Fig. 1. HRTEM images of p-MWNTs (a),
hexadecyl groups functionalized CNFs (b),
and the obtained product
in the comparative experiment (c)

Fig. 2. SEM images of p-MWNTs (a),
hexadecyl groups functionalized CNFs (b),
and the obtained product

in the comparative experiment (C) BCPCAS4800 15.0kV 8.9mm x200k SE(M) 7/8/2008 200nm

The functionalization and morphological transformation was confirmed by Raman
spectra (Fig. 3a). The intensity ratio of the disorder band (D band) to the tangential
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band (G band) (/p/Ig) for p-MWNTs and hexadecyl groups functionalized carbon nan-
ofibres (f-CNFs) was increased from 0.77 to 1.17. This significant enhancement of the
Ip/I; ratio is related to the presence of defects, as well as of nanoparticles and amor-
phous carbon in the functionalized product which resulted from the reduced Benkeser
procedure. Additionally, the linewidth of the D band is also broadened at about
50 cm ™' as compared with those of p-MWNTs, which further suggests the formation
of CNFs [19-21], and is in agreement with the HRTEM observations.
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The obtained f~-CNFs were further characterized by IR spectroscopy (Fig. 3b). The
f-CNFs show typical C—H stretching modes at 2920, 2850 cm ', as well as a C—H de-
forming mode at 1460 cm ': these were not found in the p-MWNTs and should come
from the long hexadecyl groups attached to the sidewall of the CNFs. Since the re-
duced product was functionalized with hexadecyl groups, the surface property of
f-CNFs could be altered significantly, which was confirmed by the dispersion meas-
urements. As expected, f~=CNFs exhibit good dispersibility in toluene, N, N-dimethyl-
formamide (DMF) and ethanol. Figure 4 shows the dispersed states of the p-MWNTs
and f-CNFs via sonication for 3 min in these solvents. Dispersed p-MWNTs are easily
aggregated, however, f-CNFs are stable as homogeneous black suspensions. As is
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known, highly dispersed f-CNFs can also be used as excellent polymer fillers in the
field of polymer nanocomposites [22, 23].

The TGA curve (Fig. 3c) of the f-CNFs reveals a 23% weight loss in the range of
200 to 400 °C, which can be attributed to the decomposition of the functionalized
hexadecyl groups. The ratio of carbon to hexyadecyl group is estimated to be 62:1,
which is identical to that of dodecyl groups functionalized MWNTs reported by Tour
et al. [12]. The temperature ascribed to the decomposition of their own structural
backbone for f-CNFs is in the range of 550-650 °C, and that is much lower than the
corresponding range for p-MWNTs, which is about 600-740 °C. This indicates that the
obtained f~CNFs have poor thermal stability. It also provides further evidence of the
structural alteration of MWNTs during this Benkeser reaction.

Fig. 4. p-MWNTs and f-CNFs suspensions in toluene (a), DMF (b), and ethanol (c) for variable
times after 3 min of sonication. Time since sonication is 30 min (a), 5h (b), 7 days (c)
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Fig. 5. Proposed mechanism of the conversion process

The mechanism of this interesting conversion from inert MWNTs to highly dis-
persed f-CNFs seems to be complicated. A preliminary study of the conversion proc-
ess was undertaken. A comparative experiment was conducted in the absence of an
electrophile. When hexadecyl iodide was replaced with a proton source, the tube struc-
tures were almost fully preserved (Figs. 1c, 2¢). As mentioned above, nearly all the
MWNTs are transformed into CNFs when hexadecyl iodide was used. Therefore, the
electrophilic reagent plays an important role in the structural conversion. If reagents
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with different electrophilic strengths were used, the degree of structural conversion to
the final product would differ accordingly, thus resulting in materials with different
chiralities and potential uses in electronic applications. Billups et al. [13] proposed
that a single electron transferring (SET) mechanism occurs for their reductive alkyla-
tion of SWNTs (Birch reaction), including the formation of SWNTs salts and alkyla-
tion step in tandum. Mindful of Billups’s investigations, we propose that our Benkeser
reaction may experience the same process, as shown in Fig. 5. Because the fibre struc-
ture cannot be formed without the electrophile in the Benkeser reaction (findings from
the comparative experiment), it is concluded that the structure conversion takes place
at the alkylation step, rather than the reduction step (salts formation step). The lithia-
tion of the MWNTs causes them to disperse well in ethylenediamne and leaves
enough reaction sites for the addition of radicals. Then, the addition of alkyl radicals
to the MWNTs may occur not only at the inner graphite layers but also at the outer
ones of the MWNTSs, which results in the structural deterioration of the MWNTSs, and
thus yields the functionalized CNFs.

4. Conclusions

A novel conversion of inert MWNTSs to highly dispersed CNFs, functionalized
with alkyl groups, was developed under the Benkeser reaction, which was confirmed
and characterized by TEM, SEM, Raman, IR and TG analyses. The high dispersibility
of the CNFs in common solvents was observed in the dispersion experiment. Conse-
quently, this makes then potentially good candidate materials for use as fillers in
polymer composites. Preliminary investigations indicate that the conversion takes
place at the alkylation step. Investigations on the detailed dynamics of the conversion
mechanism, in order to explore the viability of exploiting the considered materials in
various fields of electronics, would be the aim of our subsequent research. However,
the complexity of the conversion process would make this a highly challenging task.
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Thermally stimulated depolarization current
Investigations of copolyesteramide (Vectra B 950)
polymer liquid crystal
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Thermally stimulated depolarization current (TSDC) characteristics of copolyesteramide (Vectra
B950), a polymer liquid crystal having a monomeric composition of 60/20/20 mol % of 6-hydroxy-2
-naphthoic acid (HNA), terethalic acid (TA) and 4-aminophenol (AP) were investigated in the tempera-
ture range 20-250 °C in function of polarizing temperature (80-190 °C), polarizing field (2.77-13.88
kV/cm), polarization time (0.5-2 h) and storage time (1 — 100 h). The TSDC spectra in general comprise
four maxima, namely [, B, o, and 8 with their respective locations around 30°C, 110 °C, 160 °C and 220
°C. The B peak was attributed to the dipolar nature of the carbonyl group (> C = O) present in HNA and
TA non liquid crystalline phase of Vectra B, whereas the B’ peak is due to the dipolar nature of the ester
group. The o peak was assigned to a space charge trapping mechanism. A major contribution towards o
relaxation comes from interfacial polarization arising from liquid crystalline phase inVectra B. A high
temperature of the § relaxation is associated with the onset of melting due to the movement of large seg-
mental groups of liquid crystalline phase.
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1. Introduction

Polymer liquid crystals, i.e. polymers exhibiting liquid crystalline behaviour, were
first reported in the mid 1970s [1-3]. These polymers consist of polar groups in ani-
sotropic distribution and non polar groups in the side chains that determine character-
istic properties of the liquid crystal. Polymer liquid crystals are demonstrably superior
than most widely used engineering thermoplastics with regard to chemical resistance,
low inflammability, low melt viscosity, high mechanical and thermal properties, ap-
plicability at elevated temperatures, and low isobaric expansivity [3—11]. However,
polymer liquid crystals exhibit more complex behaviour than flexible ones. Despite
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their potential for many applications, the molecular dynamics of various dielectric
relaxation processes in polymer liquid crystals are still not well understood, however it
is essential before they can be exploited in practical applications. Various dielectric
relaxation processes in polymers can be accurately described by applying the ther-
mally stimulated discharge current (TSDC) technique [12]. The TSDC technique es-
sentially consists of two steps: in the first step, a thermoelectret state is formed in the
polymers, and then in the second step, the depolarization current spectra at a constant
heating rate are obtained. The main advantage of this technique is its high sensitivity,
which makes it possible to detect very low dipolar or carrier concentrations. In addi-
tion, its very low equivalent frequency allows multicomponent peaks to be resolved
accurately. Various current maxima appearing in the TSDC spectra provide deep in-
sight into the molecular origin of dipolar, space charge and other relaxations.

The paper presents our interpretations, based on TSDC analysis, regarding various
dielectric relaxation processes occurring in aromatic copolyesteramide polymer liquid
crystal, commercially known as Vectra B. Boersma et al. [13] also obtained TSDC
data on Vectra B, but only for one polarization parameter 7, (polarization tempera-
ture) ranging from 200-280 °C. In the present study, the TSDC spectra of thermoelec-
tret formed under various polarization conditions such as field strength, temperature,
time and storage time. In addition, the Cole—Cole distribution was also obtained for
the dipolar relaxation process.

2. Theoretical considerations

The decay of polarization after removal of the external field when a polarized
polymer is heated uniformly is given as [12]:

[dt
P()= f;{exp(— | —)} (1)
0T
where 7 is the dipolar relaxation time and P, is the steady state polarization given by
the Langevin formula [12]
NUE,

P = 2
© 34T, @

where N is the dipole concentration, 4 — the dipole moment, E, — applied electric field,
k — the Boltzmann constant and 7}, — the polarizing temperature.

Furthermore, the temperature dependence of 7 for a single relaxation mechanism
is given by the Arrhenius equation

“T)=1, exp(:—TJ 3)
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where the pre-exponential factor 7 is the relaxation time at infinite temperature, and U
is the activation energy. Based on Egs. (1) and (3), the depolarization current density
is given as the rate of change of polarization

_dP@) _ P
d T

i(t)= (4)

Furthermore, in TSDC experiments since time and temperature both vary simulta-
neously, a new variable T can be introduced by assuming a simple temperature pro-
gram, so that

T=T,+ht 5

: - dT . .
where Ty is the initial temperature and 4 = m is the heating rate.
t

From Equations (1)—(5), the TSD current density i(¢) at a particular time ¢ can be

given as:

NU’E - g -

i(t)= adlad’ exp v_1 exp(—Ude (6)
3kT 7, KT hz, 3, kT

The relaxation time 7 at any temperature 7 can be estimated by the ratio of two
quantities: (i) the area under the TSDC curve between the reference temperature 7 and
T = oo, and (ii) the value of the TSDC at the reference temperature 7.

From Equation (3) we have

U
Int=Inz, +— 7
ot T (7)

The activation energy U can be calculated from the slope of the straight line of the
In «(7) versus /T plot, using the Bucci plot method [12].

3. Materials and methods

The material used in the present study was liquid crystal of aromatic copolyes-
teramide polymer procured by the Good Fellow (UK). The polymer is commercially
known as Vectra B950, with a composition of 60 mol % of 6-hydroxy-2-naphthoic
acid (HNA), 20 mol % of terethalic acid (TA) and 20 mol % 4-aminophenol (AP)
[14]. Henceforth we will refer to this polymer liquid crystal asVectra B. TheVectra B
samples in the form of pallets of thickness 1.8mm and diameter 19mm were metalised
on both sides by vacuum evaporation of aluminum, to form electrical contacts. The
sample holder designed for this purpose was suspended in a specially prepared tem-
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perature-controlled furnace, shiclded against stray pickups. The furnace could be
heated at an arbitrary, but constant, rate from room temperature to 250 °C.

The samples were polarized by subjecting them to the desired field Ep at constant
temperature 7 for the polarization time #,, following the usual method [13]. The TSDC
data were obtained at a constant heating rate / in the temperature range 20-250 °C using
the Keithley electrometer (610C). For studying the aging (storage time) effect, the
polarized samples were stored for a specified period #,. For all the measurements, the
heating rate, polarization time and storage time were 2 °C /min, 60 min and 10 min
respectively, unless specified otherwise. The activation energies U for various relaxa-
tion modes were calculated.

4. Results

Figures 14 illustrate the TSDC spectra of Vectra B samples in the temperature
range 20-250 °C for various polarization and storage conditions. The number of peaks
in the spectra, their location, height and sharpness are found to be governed by the
polarization and depolarization parameter as well as the storage time. The TSDC spec-
tra show current peaks at around 30 °C, 110-130 °C, 160-170 °C and 220 °C, and are
denoted as B, B, o and & peaks, respectively. The values of the activation energy (U)
and the pre-exponential factors 7, for the B’, B and o peaks with E, are given in Ta-
bles 1, 2 and 3, respectively. The activation energy of the & peak, which appears only
for a high polarization time (¢, = 120 min), comes out to be 0.90 eV.

4.1. Polarization field dependence

Figure 1 illustrates the effect of the polarization field £y ranging from 2.77 kV/cm
to 13.88 kV/em on TSDC spectra of Vectra B samples polarized at 7, = 100 °C and
190 °C, respectively. We observe a well defined « peak around 160-170 °C (Fig. 1b).
The peak temperature 7, is almost independent of Ep but the peak current /,, increases
upon increasing polarization field and it exhibits a linear dependence on E,'"” (inset of
Fig. 1b). In addition, a B peak also appears around 30 °C. The B peak located around
110-130 °C, is pronounced only for 7p = 100 °C (Fig. 1a). The peak height /,, for this
peak shows a linear dependence on Ep (inset of Fig. 1a).

4.2. Polarization temperature dependence

The effect of the polarization temperature on TSDC spectra of Vectra B samples
(E, = 5.55kV/cm) is shown in Fig. 2. The presence of the § peak is clearly evident in
Fig. 1a. A shift in the B peak is observed for samples poled at 7 > 110 °C. This tem-
perature is also the glass transition temperature 7, of Vectra B. The o peak appears
only in the spectra of samples poled at high Tp. A shift in the a peak location is also
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observed towards higher temperatures as 7 increases. A significant enhancement in
the height of the o peak is observed in high 7, poled samples. Interestingly, the
peak (around 30 °C) is well defined in all the cases, and is observed to increase as Tp
increases.
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Fig. 1. TSDC spectra of Vectra B samples polarized with various Ep: ¢ —2.77 kV/cm,
o-4.44kV/cm, A —5.55kV/em, X — 6.66kv/cm, o— 8.33kV/cm at 100 °C (a), 190 °C (b)

4.3. Effect of storage time (t;)

The TSDC spectra of Vectra B samples, polarized and discharged under identical
conditions but stored for different times (electret aging), are shown in Fig. 3. An in-
crease in £ suppresses the entire TSDC spectra. The heights of the 8, B, and o peaks
reduce gradually. However, the B’ and B peaks vanish completely at high storage times.
Further, the o peak shifts towards higher temperaturs and becomes broader as ¢, increases.
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Fig. 2. TSDC spectra ofVectra B samples polarized with various 7:
¢0—-80°C,o0—-100°C, A —130°C, X -160 °C, o — 190 °C; Ep— 5.55kV/cm
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Fig. 3. The TSDC spectra ofVectra B samples stored for various aging times:
O—1h,o-5h, A-20h,X—-50h, 0o—100h; Ep—5.55 kV/cm, Tp— 190 °C

4.4. Effect of polarization time

The effect of polarization time on the TSDC spectra of Vectra B samples is shown
in Fig. 4. Upon the increasing polarization time the B’ peak gradually decreases. The
peak at a short polarization time remains unaffected, but at a long polarization time it
disappears completely. A significant increase in the height of the o peak is observed at
high #, and the peak also becomes broader.
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Fig. 4. The TSDC spectra ofVectra B samples polarized for various polarization times:
a) 30 min, b) 60 min, ¢) 120 min; £p — 5.55 kV/cm, Tp— 190 °C

5. Discussion

The dielectric relaxation processes in liquid crystal polymers are quite complex in
nature and presumably result from several different competitive mechanisms involv-
ing various physical states associated with crystalline and amorphous phase. The
chemical structure of Vectra B is shown below [15]:

Lot

The monomeric composition of Vectra B is 60/20/20 mol % of 6-hydroxy-2-
naphthoic acid (HNA), terethalic acid (TA) and 4-aminophenol (AP). A benzene ring
associated with the aminophenol molecule provides the liquid crystalline phase to
the Vectra B, whereas the amide and the ester group act as bridging groups. The dipo-
lar nature of Vectra B arises from the presence of carbonyl [>C = O] groups in HNA
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as well as in TA. A dielectric relaxation process associated with the dipolar nature of
>C = O groups in various polymeric materials (termed as [ relaxation) has been dis-
cussed by many groups [12, 16, 17].

Table 1. Activation energies and pre-exponential
factors for B relaxation of Vectra B

Ep TP U %
[kV/em] | [°C] | [eV] [s]
2.77 190 - -

4.44 190 | 0.11 | 1.1x10°°
5.55 190 | 0.16 | 7.6x107
6.66 190 | 0.13 | 1.6x1077
8.33 190 | 0.13 | 2.3x10°°
5.55 80 0.13 | 4.1x107°
5.55 100 | 0.15 | 2.3x107°
5.55 130 | 0.14 | 5.4x107°
5.55 160 | 0.15 | 5.8x1072

Table 2. Activation energies and pre-exponential
factors for S relaxation of Vectra B

Ep Tp U T
[kV/em] | [°C] | [eV] [s]

2.77 100 | 0.32 | 1.1x10"
4.44 100 | 0.36 | 2.4x107°
5.55 100 | 042 | 1.6x1077
6.66 100 | 0.44 | 2.3x107°
8.33 100 | 043 | 2.7x107°
5.55 80 041 | 2.3x107°
5.55 130 | 0.23 | 5.4x107"
5.55 160 | 0.29 | 7.7x107
5.55 190 | 0.22 | 1.5x107"

Table 3. Activation energies and pre-exponential
factors for « relaxation of Vectra B

Ep Tp U i
[kV/iem] | [°C] | [eV] [s]

2.77 190 | 0.68 | 1.2x107*
5.55 190 | 0.72 | 1.5x107%
8.33 190 | 0.74 | 4.7x107
11.11 190 | 0.79 | 4.4x107°
13.88 190 | 0.82 | 2.4x107°
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In the present TSDC analysis, the current maximum (3 peak) appearing around
110-130 °C (Figs. la, 2) has been attributed to the dipolar nature of >C = O groups
present in Vectra B structure. The dipolar nature of this relaxation can be judged from
certain characteristics observed for this peak, such as: (i) its pheight varies linearly
with the polarizing field (inset of Fig. 1a) which is also an indication of uniform in-
duced bulk polarization [18]; (ii) the activation energy associated with this peak (Ta-
ble 2) is of the same order of magnitude as that predicted theoretically for the side
group orientation in polymers [19]; (iii) a shift in the peak temperature occurs as 7
increases. The broad nature of this peak shows a large distribution in the relaxations
times. This is due to the fact that various >C = O groups present in Vectra B monomer
units are situated at different locations; one >C = O group is present in ester linkage of
HNA and AP and other >C = O is present in amide linkage of TA and AP.

For a certain relaxation process in a polymer, the peak temperature is given as
[12,20,21]:

T =hulm (8)
m k

where 7, is the relaxation time at temperature 7 and & is the Boltzmann constant. The

above dependence shows that for a single relaxation time (single energy of activation)
and for a given rate of heating 4, T,, should be independent of 7 and #,. At low values
of T (or t,) only fast sub-polarizations could be operative but as 75 (or #,) is increased,
more and more sub-polarizations with longer relaxation times would be activated
[22, 23], thereby shifting the peaks towards higher temperatures and also enhancing
their hights. In Vectra B, the distribution of the polarization may appear due to non-
identical environment around different >C = O groups. Vectra B, being a longitudinal
polymer liquid crystal, has 4-aminophenol particles as liquid crystalline phase sand-
wiched between HNA and TA being non-liquid crystalline flexible spacers [24]. Lenz
[25] has shown that flexible spacers are particularly important for thermotropic longi-
tudinal polymer liquid crystals. The type and length of the spacers can determine
whether a nematic, cholesteric or smectic phase is formed. At elevated temperatures,
under the influence of a field, reduction in the length of the spacer results in an in-
crease in the rigidity of molecules there, by shifting 7,, to higher temperatures.

The TSDC maximum appearing around 160—170 °C (o peak, Fig. 1b) has been as-
signed to a space charge trapping mechanism. In polymer liquid crystals, the charge
trapping is possible owing to the presence of crystalline phase, which is responsible
for space charge formation via interfacial polarization (Maxwell, Wagner—Sillars ef-
fects) [26]. In addition, unsaturated amide and carbonyl groups (due to conjugation)
can act as traps for charge carriers contributing to their transport and trapping. The
charge trapping may also take place at aromatic carbon, but the probability is much
lower compared with the probability of charge trapping at carbonyl carbon. It is due to
the delocalization of & electron in the aromatic ring. The space charge origin of this
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peak is also confirmed by the following facts: (i) its peak current /,, depends linearly
on Ep'? (inset of Fig. 1b), which also shows the occurrence of an overall non-uniform
bulk polarization; (ii) during the electret storage, the peak vanishes almost completely
during long storage time (Fig. 3), and; (iii) the corresponding activation energy values
for this peak (Table 3) are in the same range as that reported for a relaxation. Fur-
thermore, it is an established fact that viscoelastic and dielectric properties of poly-
mers are directly related to each other. The dynamic mechanical analysis (DMA) of
Vectra B samples show a maximum in the loss modulus versus temperature curve, at
around 160-170 °C [27]. This is in conformity with the occurrence of o relaxation
around this temperature.

A significant enhancement in the o relaxation observed for high ¢, (Fig. 4c) is also
in conformity with the enhancement in the crystallinity resulting from increased an-
nealing time [28, 29]. The broad nature of the o relaxation for high ¢, further shows
the merger of multiple transition processes (with large distribution in relaxation time)
in the vicinity of o relaxation

An enhancement in the crystallinity with increasing temperature in polymer and
also in liquid crystalline polymers particularly above glass transition temperature has
been reported by several authors [29, 32]. Increase in crystallinity in polymers result
in an increase in ¢ relaxation and lowering of the dipolar relaxation. This is in agree-
ment with the TSDC analysis for this study, namely increases in the o peak intensity
correspond to increases in Tp (Fig. 2). A higher poling temperature or poling time
means more intense annealing and this explains a weaker [ relaxation process in high
Tp poled samples.

The TSDC maximum appearing at high temperature is generally considered to be
due to the charge injection into the polymer from the electrodes directly and/or
through interfacial layers, i.e. the Townsend breakdown [12, 20]. However, in the
present case, the current maximum appearing around 220 °C (0 peak, Fig. 4¢) in high
tp polarized samples cannot be attributed to the charge injection phenomenon, as the
polarization fields used are not sufficiently high to cause the Townsend breakdown.
Furthermore, the possibility of charge injection can also be ruled out because of the
vacuum deposited electrodes. Brostow et al. [33] have shown a high temperature tran-
sition in PET/x.PHB polymer liquid crystal due to melting, i.e. movement of large
segmental groups in liquid crystalline phase. This transition has also been observed by
Quamara et al. [32] in the TSDC analysis of PET/x.PHB polymer liquid crystal. Al-
though the melting temperature of Vectra B has been reported to be around 280 °C
[14], the onset of such a melting process should take place at much lower temperature
than the actual melting point itself. Hence the d relaxations can be attributed to melt-
ing, i.e. to the movement of large segmental groups in liquid crystalline phase. The
onset of this melting process, at around 220 °C, in Vectra B is also evident from an
abrupt decrease in its tensile moduli for the same temperature range [27]. The occur-
rence of O relaxations in Vectra B is also confirmed from our thermally stimulated
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polarized current investigations [34] where we observed a saturation in the polariza-
tion current at around 220 °C.

The B’ peak around 30-35 °C cannot be associated with any known transition in
Vectra B. Though Dreher et al. [11] have shown a dielectric loss peak around 77 °C
but this temperature is almost 45 °C above the B’ peak temperature, thus we are not
sure whether the B” peak can have any relationship with this tand peak. Interestingly,
in the case of Vectra A and Vectra E, transitions are observed to occur around 35 °C,
based on analysis of the temperature versus loss modulus characteristics [27]. Since
the B’ peak also lies in the same temperature range, it appears that some common mo-
lecular dynamics in these polymer should govern this relaxation process. From the
structural analysis of Vectra series polymer liquid crystals (A, B and E), we observe
that the ester linkage is common amongst them. This indicates that the dipolar nature
of ester linkage may be the cause of B’ relaxation. The activation energy associated
with this peak (Table 1) is also in agreement with its dipolar character.

6. Cole—Cole distributions

A distribution function is a measure of the distribution of relaxation times associ-
ated with different relaxation processes in a polymer. As we have discussed above,
there appears to be a broad distribution in the relaxation times for the f relaxation
process in Vectra B. A number of independent causes may be responsible for this dis-
tribution. Though there are several forms of distribution functions suggested by many
authors [35-38], the most suitable one for describing the distribution of relaxation
times 7, for TSDC is given by the Cole—Cole distribution function [35]. We have ob-
tained the Cole—Cole distribution function of the B peak for Vectra B samples for dif-
ferent polarizing parameters, using following equation [35]

_ sin(fn)
2n[ cosh(fu) +cos(fr) |

[ (u) ©)

where eo<7<oo, 0 <A< 1 and u =In(7/7,). The values of 7 and 7, are evaluated
using Eq. (3).

The Cole—Cole distribution curves in the form of f’(u) versus u for Vectra B
samples polarized at various Ep (7p = 100 °C) are shown in Fig. 5. These curves show
the distribution of 7 becomes wider as Ep increases. This is corroborated by the fact
that with an increase in the polarizing field, there should be an enhancement in the
spectrum of dipolar relaxation times. The shifting of  peaks towards higher tempera-
tures as 7p increases suggests that the distribution function is temperature dependent.
In Vectra B, the spectrum of relaxation times is attributable to the presence of differ-
ent >C = O groups in its monomer units at various locations. In addition, the anisot-
ropy of the internal field in which the dipoles reorient may also contribute to the re-
laxation spectrum, as in case of other polymers [38].
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Fig. 5. Cole—Cole spectra of Vectra B samples

7. Conclusions

The TSDC spectra of Vectra B samples polarized under various polarization con-
ditions confirm the occurrence of multiple relaxation processes, denoted f’, B, o, and
d in ascending order of temperature of occurrence in the polymer liquid crystals. The
presence of carbonyl groups in the structure of Vectra B is responsible for the occur-
rence of 3 relaxation, whereas the o relaxation is due to space charge trapping mecha-
nism via interfacial polarization arising from liquid crystalline phase. The activation
energy, as computed using the from Bucci plot method, confirms different types of the
relaxations. The B’ relaxation has been associated to ester linkage and  relaxation is
due to the movement of large segmental groups in a liquid crystalline phase.
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The characteristics of hydroxyapatite (Ca;o(PO4)s(OH),) thin films deposited by the pulsed laser
deposition technique have been describrd. The laser used was a Nd:YAG, operating at the wavelength of
355 nm. All films were deposited at room temperature, either in ambient water vapour or in vacuum, and
were annealed, after deposition in air, at 600 °C. Next, they were examined with the use of an X-ray
diffractometer, Fourier transform infrared spectrometer, atomic force microscope, micro scratch tester
and scanning electron microscope. The analyses showed that crystalline films exhibiting very strong
adhesion to the substrate have been obtained.
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1. Introduction

Growth of thin films of chemically complex materials by the pulsed laser deposi-
tion has several advantages. The method is versatile — the laser energy source is out-
side the chamber and can be changed; practically any material can be vaporized; tar-
gets can be used, either in vacuum or in a atmosphere consisting of various reactive
gases; sequential ablation of suitable targets allows deposition of multilayered films of
various materials. Very precise control of the film thickness is possible, by adjusting
the laser pulse mode. High quality films with good adhesion to the substrate can be
fabricated with a high deposition rate.

Other advantage of the method is that the stoichiometry of the target is preserved
in the deposited films, even in the case of materials having a complex structure. This
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probably results from the fact that a high energy flux to the surface of a target causes
all material constituents to be vaporized practically at the same time, regardless of
their evaporation temperature. Stoichiometry is, in fact, preserved only in the vicinity
of a target. At further distances it is lost due to differences in the molecular masses of
the expanding elements and the resulting differences in their rates of expansion.

In this work, the films produced by Ilaser ablation of hydroxyapatite
(Cajo(PO4)6(OH),) were studied. Synthetic hydroxyapatite (HA) is a biocompatible
ceramics. It is chemically similar to the mineral component of mammalian bone. For
this reason, the human body (and bodies of other mammals as well) can adapt HA. HA
into it. HA is classified as a bioactive material, forming strong chemical bonds with
surrounding bones, unlike other materials such as alumina and zirconia, which are
identified as foreign materials and become encapsulated by fibrous tissue. HA is de-
posited onto orthopaedic implants in order to increase the surface area of bone
—implant contact.

Important factors determining the quality of the HA coating are the cohesive
strength, the degree of crystallinity and the adherence to the metal surface. In addition,
phase stability is essential for successful growth of the osteoblast cells on the film. In
the case of hydroxyapatite, it has been found that good coatings are obtained when the
ambient gas is water vapour or argon mixed with water vapour at the pressure of
10-150 Pa [1, 2]. In all cases, heating of the substrate over 400 °C is necessary in or-
der for the deposited films to have a crystalline structure. Otherwise amorphous films
are obtained which exhibit rapid in vivo degradation, and are unsuitable for medical
applications that require biological fixation of the implant to bony tissue [1]. In the
case of human joint replacements, titanium alloy TisAl,V is a typical substrate used
for film deposition. On the other hand, films deposited on TisAl,V substrates at ele-
vated temperatures exhibited very poor substrate adhesion, which was attributed to
softening of the substrate, formation of a titanium oxide layer between the hydroxya-
patite film and the TisgAl,V substrate, and thermal stresses [1]. Also, the shapes of real
implants are complicated and they cannot be heated during deposition as easily as flat
substrates. Deposition at room temperature increases adhesion [1, 3] but then post-
deposition annealing of hydroxyapatite thin films is necessary to obtain a crystalline
film structure. Those experiments, conducted at room temperature, were made with
a KrF laser operating at the wavelength of 246 nm and fluency 1-5 J-cm *[1, 3, 4].

In this work, a Nd:YAG laser was used. A hydroxyapatite (HA) target was ablated
under various conditions, i.e. during expansion into vacuum or water vapour. The
substrate was kept at room temperature. Next, the deposited HA films were annealed
and examined.

2. Experimental

An Nd:YAG Quantel YG981 laser was operated at the wavelength of 355 nm with
a pulse energy of 100 mJ and 10 ns pulse duration. The repetition rate was 10 Hz. The
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hydroxyapatite target was a dense disk, acquired from the Berkeley Advanced Bioma-
terials, Inc. The laser fluence was ~3.3 J-cm ™ (intensity 7 = 0.33 GW-cm ). The inci-
dent angle of the laser beam was 45° to the surface normal. The deposition was made
in a PLD chamber, either in vacuum or in ambient water vapour, at the pressure of
20 Pa. The number of pulse changes ranged from 12 000 to 18 000. The substrates
were TigAl,V alloy discs positioned at the distance of 4 cm from the target and kept at
room temperature. All substrates were polished with abrasive grinding paper and
cleaned with acetone, isopropanol and distilled water before use. The roughness of the
substrate surface, as measured with a Form Talysurf scanning profilometer, indicated
that the Mean square deviation of the substrate surface was about 0.05 pm.

The deposition rate was about 0.18 nm per pulse in water vapour and 0.5 in vac-
uum. The difference is understandable because in the presence of an ambient gas, the
ablated particles are scattered in collisions with the gas molecules and only part of
them reach the substrate. After deposition, the substrates were annealed for 1 h in am-
bient air at 600°C. Next, they were examined with the use of an X-ray diffractometer
(XRD), Fourier transform infrared spectrometer (FTIR), Atomic force microscope
(AFM), micro scratch tester (MST) and a profilometer. All tests were made at least in
duplicate, showing good reproducibility of results.

3. Results

3.1. Film structure

The identification of phases present in the deposited films was made with the use
of X-ray diffractometry. The CuK, line of the wavelength of 1.54 A was used. The
spectra are shown in Fig. 1. Figure la shows the diffractogram of the HA target,
Fig. 1b shows the diffractogram of HA film deposited after 18 000 pulses in an atmos-
phere of water vapour under the pressure of 20 Pa, and Fig. 1c shows the diffracto-
gram of HA film deposited after 12 000 pulses under vacuum. One should note that
the deposition rate is much higher in vacuum and that the 12 000 pulse coatings are
about twofold thicker than the 18 000 pulse coatings obtained in water vapour. All the
pertinent peaks of the HA target are present in the deposited films, although some of
them are overshadowed by titanium or steel peaks arising from the substrate. All peaks
are narrow, which indicates that polycrystalline phase prevails in the deposited films.
The only peaks not present in the pattern for the HA target are the titanium peaks,
which means that the HA films are not contaminated by any of the dehydrated forms
of HA, such as a-tricalcium phosphate (a-TCP) or B-TCP [5].

Absorption spectra of the deposited films, as obtained with the use of the Fourier
transform infrared spectrometer (FTIR), are shown in Fig. 2. Characteristic bands [6]
of HA are present in all the spectra, i.e., the phosphate band PO,, the carbonate band
CO;, the hydrocarbon band CH and the hydroxyl band OH.
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Fig. 1. Diffractograms (CuKo, 1.54 A) of the HA target and deposited films. All peaks,
except for Ti6Al4V, correspond to hydroxyapatite: a) HA target, b) HA film deposited
in water vapour, 18 000 pulses, ¢) HA film deposited in vacuum, 12 000 pulses

Four vibrational modes of phosphate ions, denoted as v1, v2, v3 and v4, are ob-
served. The vl mode has the frequency of 950-1000 cm ', the v2 mode 430460 cm ',
the v3 mode 1040-1090 cm ', and the v4 mode 520—660 cm'. In both cases, namely
for 18 000 pulses in water vapour or 12 000 pulses in vacuum, three well-defined and
sharp peaks, occurring at 566, 598 and 630 cm', are observed in the v4 phosphate band.
Also, the v3 phosphate band has well defined peaks at 962, 1000, 1060 and 1087 cm .
Weak carbonate bands v3 lie at 1415 and 1465 cm'. Peaks corresponding to hydro-
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carbon bond are situated at 2850 and 2930 cm ' and a broad hydroxyl band in the
3000-3600 cm ' range. Narrow peaks indicate the presence of a polycrystalline phase.
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Fig. 2. FTIR spectra of deposited films:
a) 18 000 pulses, water vapour, b) 12 000 pulses, vacuum

3.2. Topography

The topography of the deposited films was studied by the atomic force micros-
copy, using a Veeco Multi Mode IV SPM. The microscope was used in a tapping
mode together with phase mode imaging. In the tapping mode, a stiff cantilever is
oscillated close to the sample in an intermittent contact mode. Part of the oscillation
extends into the repulsive regime, thus the tip intermittently touches or “taps” the sur-
face. This mode avoids the surface damage associated with contact mode imaging, in
the case of soft samples. In phase mode imaging, the phase shift of the oscillating can-
tilever relative to the driving signal is measured. Contrasts between these phase shifts
can be correlated with specific properties of materials such as adhesion forces, surface
inhomogeneities, etc. However, in the case of hydroxyapatite such an analysis is still
not reliable. Therefore pictures obtained from phase imaging are not presented here.

The topography of the deposited films is shown in Fig. 3. The coating deposited in
ambient water vapour after 18 000 laser pulses (Fig. 3a) exhibits a fine-grained struc-
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ture in comparison with coatings deposited under a lower pulse count. This coating is
characterized by a highly homogeneous distribution of grains.
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Fig. 3. Topography of deposited layers of hydroxyapatite from AFM:
a) 18 000 pulses, water vapour, b) 12 000 pulses, vacuum
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Fig. 4. SEM images of the HA coatings; a) 18 000 pulses, water vapour, b) 12 000 pulses, vacuum

In the case of 12 000 laser pulses in vacuum (Fig. 3b), the topography of the sur-
face coating is considerably different. The grains are of a larger size and on the surface
of large grains appear much smaller grains. The images from a scanning electron mi-
croscope (Fig. 4) show the same differences. Roughness parameters of films were also
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measured with a Form Talysurf scanning profilometer. Mean arithmetic deviation was
0.314 pm and 0.557 pm in the case of 18 000 laser pulses in water vapour and 12 000
laser pulses in vacuum, respectively.

3.3. Adhesion

The adhesion of the deposited HA films to the substrate was evaluated by scratch
tests. The tests were made with the use of a CSM micro-scratch tester equipped with
a Rockwell indenter tip of 200 um radius. The tip was drawn across the coated surface
under progressive loading. The scratch test parameters were as follows: load: 1-70 N,
loading rate: 20 N/min, scratch length: 3 mm, scratch speed 0.87 mm/min. Typical
results are presented in Fig. 5, which shows the frictional force and the friction coeffi-
cient as the normal force increases. The acoustic emission signals were very weak and
therefore they are not presented. The characteristic feature of the signals presented in
Fig. 5 is that when the load reaches the value at which the HA film becomes cracked
or delaminated from the titanium substrate, both the frictional force and the friction
coefficient change abruptly. The images obtained during scratch tests were addition-
ally examined under a scanning electron microscope to confirm conclusions drawn
from the scratch tester results (Fig. 6).
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Fig. 5. Scratch tests of HA coatings a) 18 000 pulses, water vapour, b) 12 000 pulses, vacuum

The critical loads at which the first transverse crack lines appear were 43+5 N.
Significant differences between the 18 000 pulse coatings deposited in water vapour
and the 12 000 pulse coatings deposited in vacuum have not been observed. Before the
critical load was reached, the films were only squeezed and dislocated to the sides of
the scratching track. No major film delamination was observed in any of the coatings,
thereby indicating their high adherence.

The results are encouraging in comparison with those obtained for elevated sub-
strate temperatures. Arias et al. [7] deposited HA coatings in a water vapour atmos-
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phere under the pressure of 45 Pa, using an ArF laser at the fluence of 1 J-cm ™. The
substrates were heated to 460 °C. All the coatings were 0.9 um thick. The scratch tests
were made using a CSM micro-scratch tester equipped with a Rockwell tip of 200 um
radius. The displacement of films was observed at the load of ca. 10 N.

15kV. * . X300  ~50Hm X300 ~ 50pm RS -ZUK:

15KV IX3007. 50um.

Fig. 6. Scanning electron microscope images from the scratch tests: a) 18 000 pulses, water vapour,
d=0.7 mm, b) 18 000 pulses, view of the transverse crackings at d =2 mm, c¢) 12 000 pulses,
vacuum, d = 1 mm, d) 12 000 pulses, vacuum, view of the transverse crack lines for = 1.9 mm

In experiments conducted by Fernandez-Pradas et al. HA coatings were deposited
in a water vapour atmosphere under a pressure of 45 Pa using a KrF excimer laser
operating at 248 nm at the fluence of 2.3 J-cm . The substrates were heated to tem-
perature of 575 °C. The scratch tests were made using a 50 um radius tip. Film dis-
placements were found to be dependent on the pulse count. The displacements oc-
curred at the loads of 5.7, 2.9, 1.7 and 0.3 N, corresponding to pulse counts of 2000,
4000, 9000 and 18 000, respectively. The thicknesses of these films were 0.17, 0.35,
0.75 and 1.5 pm, respectively. In othe experiments of the same authors [9], HA coat-
ings were deposited in a water vapour atmosphere under the pressure of 10 and 45 Pa
using a Nd:YAG laser with the operational wavelength of 355 nm. The laser fluence
was 3.1 J-em *. The scratch tests were made using a 50 pm radius tip. Crystalline coat-
ings 1-4 pm thick were obtained at the substrate temperatures between 500 °C and
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600 °C. Under these conditions the critical loads were about 1 N. In addition, the coat-
ings obtained under the pressures of 10 Pa or 45 Pa, contained either CaO and TetraCP
phases (at 10 Pa), or a-TCP phase (at 45 Pa).

Comparison of the results of scratch tests is difficult as the tips in individual ex-
periments have different radii. Very rough estimation can be made based on geometrical
similarity [10] which requires equal ratios of the layer thickness to the scratching tip
radius. Hence results of the scratch tests of 3—6 um thick coatings should be compared
with those for 0.75-1.5 pum thick coatings scratched with 50 pm tip. Additional condi-
tion of equal pressures requires scaling the critical loads with the square of tip radius.
This means that critical loads obtained with a 50 um tip should be multiplied by a factor
of 16 to be compared with our results. This scaling leads to a critical load 5-27 N for 1.5
and 0.75 um thick films obtained in [8] and 16 N for films obtained in [9].

The critical load determined with the use of a 20 pum tip, was 2 N [3]. The authors
of the paper do not report the film thickness. However, the experimental conditions
(vacuum, laser fluence 4-5 J-cm *) suggest that the films were very thick (over 10 pm)
and the results cannot be compared with those obtained in the present work.

4. Conclusions

The results show that satisfactory deposition of thin films of hydroxyapatite can be
achieved using an Nd;YAG laser operating at 355 nm. The HA films can be obtained
at room temperature, provided post-deposition annealing in ambient air is performed.
Such processing makes it possible to obtain good HA films either in ambient water
vapour or in vacuum. The crystalline structure of the deposited films is not contami-
nated by any of the dehydrated forms of HA. The scratch tests showed that HA coat-
ings 3—6 um thick adhere strongly to the TigAl,V substrates.
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Effect of Y>" and Nb™* co-doping on dielectric
and piezoelectric properties of PZT ceramics
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The effect of co-doping of Pb,_, Y [(Zro 53 Tig.47)1.Nb,]O; bulk materials (0 < x < 0.03) with Y*" ions
and Nb>* on their dielectric and piezoelectric properties o was investigated. Samples fabricated by con-
ventional oxide mixing (OM) were sintered at 1250 °C for 2 h in a Pb-rich atmosphere. During the tetra-
gonal-rhombohedral transition in the doped PZT ceramics a negligible effect was observed after additions
of Y*" and Nb>* ions. The co-doping with both ions was noted to inhibit grain growth and promote densi-
fication and electrical properties. The optimal doping level was found to be at x = 0.015, for which the
electric permittivity of 907, the piezoelectric constant of 323 pC/N, g3 of 40 mV/N, Q,, of 272 and the
electromechanical coupling factor (k,) of 0.49 were obtained.

Keywords: piezoelectric properties;, PZT ceramics, dielectric properties

1. Introduction

Lead zirconate titanate Pb(Zr, ,Ti,)O; (PZT) ceramics of a general formula ABO;
possess outstanding piezoelectric, pyroelectric and ferroelectric properties [1, 2]. Spe-
cial attention is given to modified PZT systems having compositions near their mor-
photropic phase boundaries (MPB), between Ti-rich tetragonal and Zr-rich rhombo-
hedral phases with monoclinic phases [3].

The effect of doping on various physical and chemical properties of this material
was identified and extensively exploited to improve the performance of the material.
Many aliovalent compositional alterations to PZT have been studied, either with
higher valence substitutions (donors) or with lower valence ions (acceptors) [4]. PZT
ceramics can be doped with ions to form “hard” and “soft” PZTs. Hard PZTs are
doped with acceptor ions such as K*, Na* (for site A) and Fe**, AI**, Mn’* (for site B),
creating oxygen vacancies in the lattice [5, 6]. Soft PZTs are doped with donor ions

*Corresponding author, e-mail: alikhorsandzak@gmail.com
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such as La®" and W®" (for site A) and Nb>*, Sb™" (for site B) leading to the creation of
site A vacancies in the lattice [7—10]. Soft PZTs normally have higher permittivity,
larger losses, better piezoelectric coefficients and are easy to pole. Thus, they can be
used for applications requiring very high piezoelectric properties. Doping PZT ce-
ramic with a small amount of Nb (ca. 2 wt. %) significantly increases the electric per-
mittivity and piezoelectric coefficients [11, 12]. The fatigue behaviour of PZT has also
been improved by the addition of Nb [13]. Yttrium doping is another way to improve
the properties of PZT ceramics. Li et al. [14] have shown that Y-doped PZT has
a large remnant polarization, a small leakage current, and good fatigue endurance.
However, very little information is available on the effect of Y*" and Nb>" co-doping
on the microstructure and piezoelectric coefficient of PZT ceramics [15].

In this study, we studied the effect of Nb and Y co-doping on the grain size, struc-
ture as well as on dielectric and piezoelectric properties of PZT ceramics.

2. Experimental

PbO, ZrO,, TiO,, Nb,Os, and Y,0; (Merck, >99% purity) were used to fabricate
the samples were fabricated according to the formula: Pb; Y (Zros3,Tig47)1.Nb, O3
(0.01 £ x<0.03). 5 % wt. excess of PbO was added to compensate for the loss of lead
(Pb) during the final heat treatment. The mixed powder was ball-milled for 3 h in
ethanol using zirconia balls and a Teflon jar, and then the mixture was dried at 100 °C.
Calcinations were carried out at 900 °C for 2 h with the heating rate of 4 °C/min. For
granulation, 3 wt. % of poly(vinyl alcohol) (PVA) was added to the PZT powder as
a binder which was then pressed into disc-shaped pellets, each having the diameter »
of 11 mm and the thickness of ca. 2 mm under the pressure of 250 MPa. The sintering
temperature was 1250 °C and the isothermal sintering time was 2 h, under the heating
rate of 4 °C/min. The samples were characterized by X-ray diffraction (XRD), and
a scanning electron microscope (SEM) was used to study the microstructures of the
sintered pellets. The electric permittivity K;; was deduced from the capacitance,
measured at the frequency of 100 Hz. The specimens were poled for 30 min in silicone
oil at 120 °C under the field of 2.5 kV/mm, and they were cooled to room temperature
before the electric field was removed. All electromechanical measurements were per-
formed one week after poling. The piezoelectric constant ds; was measured with a ds;
meter (Penne Baker, model 8000, USA) and the voltage constant g;; was calculated
from the following equation:

ds;
83 =
&K,

(1)

Other piezoelectric parameters such as mechanical quality factor Q, and coupling
factor k, were calculated from the impedance—frequency curves [16].
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. 254(f,~ 1) ((fa —f,.)I ) %
kp = - ’ Qm = . B 2 (2)
7, /, [2n fz.0(f-17)]

where f; is the antiresonance frequency and f; is the resonance frequency of disk shape
PZT samples.

3. Results and discussion

3.1. XRD patterns

The phase formation and orientation of pure and doped PZT samples were investi-
gated by X-ray diffraction analysis in the range of 20-100°, using Cuk, radiation as
shown in Fig. 1.

Intensity [a.u.]

20 30 40 50 60 70 80 90 100
20 [deg]

Fig. 1. XRD patterns of Pb_,Y (Zr( 53Tig 47);-,Nb,O3 samples: a) x = 0.0,
b) x =0.01, ¢c) x = 0.015, d) x = 0.02, and (e) x = 0.03
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The XRD results reveal the coexistence of a perovskite type tetragonal phase with
a rhombohedral one, free from a pyrochlore phase. X-ray patterns show that tetrago-
nality is increased with doping levels x = 0.01 and x = 0.03, since at 26 = 73° an extra
peak appears next to the main peak [17]. In these cases, the balance between the tetra-
gonal and rhombohedral crystalline phases is disturbed, but tetragonal phase prevails.
Maximal tetragonality in doped PZT occurs at x = 0.01, and corresponds to maximum
intensity of the XRD peaks. Generally, high-piezoelectric activity at the MPB is at-
tributed to the a number of thermodynamically equivalent states, which allows a high
degree of alignment of ferroelectric dipoles. Such a high degree of alignment and en-
hanced polarizability at the MPB results in a dramatic enhancement of dielectric and
piezoelectric properties near the MPB. Recently it has been shown that the monoclinic
structure could be pictured as providing a bridge between rhombohedral and tetrago-
nal structures, which makes the polarization easier [6].

3.2. Surface morphology

Typical SEM images of pure and doped PZT with Y and Nb (x = 0.015) are
shown in Figs. 2 and 3. The SEM results indicate that the average grain size of doped
PZT is smaller in comparison with pure PZT, and it was found to be about 3pm.

BSD  Date :16 Nov 2008

A=Qi
Photo No.= 1128 Time :11:53:20

Fig. 2. Typical SEM images of polished Fig. 3. Typical SEM image of polished
and subsequently etched pure PZT and subsequently etched doped PZT
ceramics (Zr/Ti ratio 53/47) sintering (x =0.015) ceramics (Zr/Ti ratio 53/47)
at 1250-C for 2 hours sintering at 1250°C for 2 hours

3.3. Piezoelectric coefficients

Electrical properties such as the electromechanical and piezoelectric properties,
were systematically evaluated with respect to the Nb and Y ratio. Table 1 shows the
values of the ds; piezoelectric coefficient g3;, the mechanical quality factor O,, and the
coupling coefficient k, for various x values of Nb and Y co-doped PZT. In the case of
co-doping, the d3; and gs; coefficients reach a maximum value at x = 0.015 and their
evolution versus ratio are very similar. The k, increases as x increases, and reaches
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amaximum at x = 0.02, then it decreases for higher values of x. The Q,, increases
upon x increasing. At room temperature, the optimum value of ds; is 323 pC/N and
that of &, is 0.49, corresponding to x = 0.015.

Table 1. Dielectric and piezoelectric properties of PZT doped with various elements

P ds; 833

Compound e Jem’] Ki3 [pC/N] | [mV/N] ky | On
Pb (Zr55Tig.45)0.975Nb.02503 [4] - 679 | 233 - |045]122
Pby.g92L.29.08 (Z10.55T10.45)0.975Nb0.02503 [4] - |1978| 338 - 105873
Pby 89(BaSr)g,11(Zrq.50-Ti.48)0.99Mny 91)O3+1%F [6] - |1650| 340 - 08| -
Pby g9(BaSr)g.11(Zrg 5~ Tig.48)0.00Mng 01)O3 [6] - 1190 | 260 - 07| -
Pb; g3 Yi[(Zrg 5, Tig.48)1--Nb,] O3 (0.02) [15] - 1380 - - 0.6 | —
Pb 03[(Zr0.52Tig 48)1-Nb,]O3 (» = 0.02) [15] - 925 - - 0.48| —
Pb(Zry,5:Tip 48)0.975Nb0.02503 [17] - - - - 1027 -
0.8Pb(Zr1/2Ti1/2)03—0.2Pb(C0,/3Nb2/3)03 [19] - 716 - - - -
0.15[Pb(Ni;sNb»3)05]-0.85[Pb(Zr,, Tiy)0s] +1%Y,05[20]| 7.53 |1616] — — |o47|128

Present work

Pb g3 Yi[(Zrg 53Tig.47)1--Nb,] O3 (0.0) 7.54 | 584 | 190 37 10.37|453
Pb g3 Y,[(Zrg.53Tig47)1-,Nb,] O3 (0.01) 7.64 | 823 | 309 42 |0.44 267
Pb; 03— Yi[(Zrg 53T1 47)1-xNb,]O; (0.015) 7.56 | 907 | 323 40 0.49(272
Pby 03— Yi[(Zry 53 Tig 47)1-:Nb,]O3 (0.02) 756 | 945 | 218 26 0.50|303
Pby 03— Vo[ (Zry 53 Tig 47)1-.Nb,]O5 (0.03) 742 | 723 206 32 0.30|305

3.4. Densities and electric permittivities

The electric permittivities of the samples are increased after co-doping with Nb
and Y, and attain a maximum value of 945 at x = 0.02 (Table 1). Initially, the densities
of the doped PZT ceramics increase in proportion with the doping level. Maximum
density is attained at x = 0.010; for higher values of x, the density is inversely propor-
tional to the doping level. The number of Pb vacancies in PZT is closely related to the
types and valence of the dopants. This is due to the Pb vacancies that are compensated
by electrons produced by the donor dopants [15]. Doping Y*" will create more Pb*"
vacancies in order to maintain electroneutrality. As a result, the densification is en-
hanced and therefore the densities of the doped PZT ceramics are increased for doping
levels ranging from x = 0.01 to 0.03. The decrease in the density for x > 0.01 may be
attributed to the decrease in the diffusivity of Pb vacancies, which results from the
cation gradients within the PZT grains and/or the dopant segregation at the grain
boundaries. Similar results have been reported when other donor dopants were em-
ployed [18]. The results were compared with those of other studies (Table 1).

4. Conclusion

We have considered the effect of Y** and Nb>" co-doping on the dielectric and
piezoelectric properties of the Pb; ,Y,[(Zrys3Tip47)1Nb,JO; (0 <x <£0.03), namely
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(PZT) ceramics. The XRD results reveal the coexistence of a perovskite type tetrago-
nal and a rhombohedral crystalline phases being free from a pyrochlore phase. X-ray
patterns show that tetragonality is increased for doping levels x = 0.01 and x = 0.03,
since at 20 = 32° an extra peak appears next to the main peak. The characterization of
ceramic samples showed that significant change in the piezoelectric properties occurs
at 0.015 wt. % of dopant in PZT. The optimized piezoelectric parameters were ds;
=323 pC/N, K33 =907, k, = 0.49, O,, = 272, g33 = 40 mV/N for the modified compo-
sition. These parameters were similar to those for the soft PZT materials and are use-
ful for the development of underwater transducers, piezoelectric accelerometers and
medical applications.
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Mesoporous silica materials with well-ordered hexagonal structure were synthesized under acidic
conditions. The influences of crystallization conditions, aging conditions, acid sources HX and acid/
tetraethyl orthosilicate ratio on the order degree and the morphology have been discussed. The increase of
crystallization temperature or crystallization time was beneficial for the condensation of silica species, but
had no effect on improving the order degree of mesoporous silica. The order degree of mesoporous mate-
rials using various acid sources HX under the same acid concentration swas as follows: HNO;>HBr>

H,S0,>HCI which differed from that in the Hofimeister series; the sulfate anions SO?™ can play a sup-

porting role on pore structure in the form of space occupation, leading to forming more ordered products
than in HCI. Besides, the NO; and Br™ ions showed contrary effect on the growth of micelles, the bigger

the pore wall thickness we obtained, the less HBr or the more HNO; we used.

Keywords: mesoporous silica, synthesis conditions, acid source; acidic anions

1. Introduction

Since the publication by Mobil’s scientists,of the first paper on the so-called
M41S family of mesoporous molecular sieves with regularly ordered mesopore ar-
rangements and narrow pore size distributions, mesoporous materials have attracted
increasing attention due to growing interest in their engineering applications as well as

*Corresponding author, e-mail: yxyang@ecust.edu.cn
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in heterogeneous catalysis, ion exchange, adsorption separation and other advanced
techniques. So far, various synthetic routes have been developed, including ST (ST,
S'XT, SMT, SI, NI, etc. [1-4]. Among them, the synthetic routes of well-ordered
hexagonal mesoporous silica belong to the ST and S'X 1" pathways. According to
Huo [3] et al., the alkaline route involves direct co-condensation of anionic inorganic
species with a cationic surfactant in the ST pathway. By contrast, the acid route in-
volves condensation of ionic inorganic species in the presence of similarly charged
surfactant molecules, this S'XI" pathway is mediated by counterions of opposite
charge to that of the surfactant head group.

It is noted that the synthesis by the S'T” route is different from that by the S'XT'
route. As Huo et al. pointed out, the ST route is carried out in alkaline conditions by
self-assembly of anionic silicates and cationic surfactant molecules [3], where
S"= C,H;,1N"(CH3)s;, n = 8-18, and I is the anionic silicate species. The synthesis is
performed under conventional hydrothermal conditions, which usually requires that
the reaction system be under a liquid self-pressure, and at high temperature for a long
reaction time. This will restrict the engineering applications of mesoporous materials.

However, the S"X T route achieves self-assembly via a different route from the
former, but it uses the same long quaternary ammonium surfactant as a structure-
directing agent in acid condition, where S" = C,H;,.N'(CH;);, X =CI, Brf,SOf[,
NOj, etc., I' is a cationic silicate species. As Stucky et al. proposed [5], the ammo-

nium surfactant S” is used as a templating agent, but the acid anion X plays a role in
this route, as it serves to buffer the repulsion between the I" and the S” by means of
weak hydrogen bonding forces in acidic conditions. Thus the S'XI" route can offer
more versatile structures and morphologies than the S'T route, due to its weaker sur-
factant/silicate interaction in S'X I, the association of S'X  determines the structure
and morphology of the mesoporous materials.

It is noted that the acidic system has the pH value lower than 2, the soluble silicate
species promote acidic ionization, because their isoelectric point (IEP) is larger than 2
[6, 7]. Thus the mesoporous materials framework is considered as formation via the
S'XT self-assembly route in acidic media [3]. The advantage of this method is that
the reaction system needs no liquid self-pressure, and the high quality mesoporous
molecular sieves can be obtained by a reaction of short duration at low temperature.

Although hexagonal close-packing mesoporous silica can be obtained either in al-
kaline conditions or in acidic conditions, there are lots of differences in both properties
such as the pore size, pore wall thickness and pore structure, except that they have the
similar crystal symmetry. Stucky [5] proposed that acid synthesis and alkaline synthe-
sis are two different routes via a quite different internal mechansim. At present, less
attention is focused on studies of acid synthesis, in contrast to studies of alkaline syn-
thesis. In particular, there have been few comprehensive studies on the conditions of
syntheses. Thus in this paper, we discuss experimental factors affecting acid synthesis,
including acid sources, the molar ratio of acid/ tetraethyl orthosilicate (TEOS), the
temperature and the reaction time, in order to study the influence of various experi-
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mental conditions on the order degree and properties of mesoporous materials. Here,
we find that ordered mesoporous silica can be synthesized, using a surfactant etyl-
trimethylammonium bromide (CTAB) templating in a acid medium, by the S'XT
route at a low temperature of 30 °C, and in a short time ca. 24 h. We attempted to ob-
tain highly ordered mesoporous materials, based on the results of comprehensive tests
on various acidic anions.

2. Experimental

Reagents. The following reagents were used: cetyltrimethylammonium bromide
(CTAB), nitric acid, hydrochloric acid, hydrobromic acid, and sulfuric acid (all A.R.
grade, Shanghai Chemical Reagent Company Ltd., China), tetracthyl orthosilicate
(TEOS, Shanghai Chemical Reagent Company Ltd., China).

Synthesis of mesoporous silica. The structure directing agent CTAB was dissolved
in HBr(aq.), HCl(aq.), HNOs(aq.), H,SO4(aq.) respectively, with vigorous stirring,
followed by slowly adding TEOS in certain proportions. The chemical composition of
the mother gel was 1 CTAB : 3.0 TEOS : 18.7 HX : 741 H,O, where X : CI', NO;,

SO;", or Br. The resulting mixture was stirred at 30-35 °C and kept static to aging.

Then it was cooled down to room temperature (RT). The resulting white precipitate
was filtered, washed with deionized water and dried in air at RT. Finally, the product
was calcined at 550 °C for 6 h; the temperature was raised from RT to 550 °C under
the heating rate of 2 °C-min .

Characterization. The powder X-ray diffraction measurements of the mesoporous
silica were performed on a D/max 2550 VB/PC X-ray diffractometer, using Ni-filtered
CuK, radiation (40 mA, 40 kV, 1° (20) min ') at RT. The Fourier transform infrared
(FTIR) spectrum was recorded on a Nicolet 510P FT-infrared spectrometer, over the
spectral range of 4000-400 cm ', at the resolution of 2 cm ', using KBr wafers.

The pore images and ordering of mesoporous silica were observed with a JEOL
JEM-2100F type transmission electron microscope, operated at 200 kV. The surface
morphology of mesoporous silica was observed with a Hitachi s4800 field emission
scanning electron microscope, at an accelerating voltage of 15.0 kV. The samples
were dispersed in ethanol by sonication and subsequently dropped on carbon micro-
grids.

Nitrogen adsorption—desorption measurements at 77.4 K were carried out on an
ASAP2405 volumetric adsorption analyzer from Micromeritics. Before the measure-
ments, the samples of mesoporous silica were outgassed at 600 °C in the adsorption
apparatus, the surface area of the mesoporous silica was calculated, using the BET
equation, from adsorption data within the P/P, range of 0.05-0.30. The adsorption
capability and pore structure of calcined mesoporous silica were calculated from the
adsorption isotherms, by the BJH approach.
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3. Results and discussion
3.1. Analysis of the experimental process

After a few seconds, when TEOS was slowly added to the acid solution in the
presence of CTAB, ivory-white colloidal precipitate was produced which indicates
that the TEOS had been hydrolyzed SiO, gel formed. The longer the stirring time, the
greater the quantity of precipitate produced.

The process has been conducted in two stages: the first stage begins with the
TEOS addition and ends when the precipitation process is complete; the second stage
starts with the crystallization process and ends with the aging process. During the first
stage, a magnetic stirrer must be used for stirring, while during aging process, in the
second stage, the sample should be kept static at constant temperature. It was also
found that CTAB did not easily dissolve in HBr(aq.), unlike the other three acids.

3.2. The role of crystallization temperature
and crystallization time on the mesoporous synthesis

As Huo et al. proposed, well-ordered hexagonal mesoporous silica could be syn-
thesized at room temperature in the acidic medium [3, 7]. It is questionable, however,
whether this temperature is optimum with respect to the ordering and properties of
mesoporous silica. How will the quality of mesoporous silica be influenced by an in-
crease in the temperature? To answer this question, subsequent discussion shall be
based on the results of experimental tests.

Figure 1 shows small angle X-ray powder diffraction (SXRD) patterns of the
products synthesized, using HCI and HBr as the acid sources, at various temperatures.
The SXRD pattern for the as-made product synthesized using HCI by crystallization at
30 °C shows one strong (100) diffraction peak, 26 = 2.14°, and two weak diffraction
peaks, 260 = 3.64° and 4.24° (Fig. 1), which are indexed to the (110) and (200) crystal
faces, respectively. The corresponding crystal plane spacing dyqy was calculated to be
4.12 nm, based on the Bragg formula A = 2dsind. This shows that the sample is
strongly representative of a hexagonal symmetry channel structure. The results of
indexing of the SXRD pattern with a = 4.1440 nm ¢ = 2.7911 nm are given in Table 1.
HCI was the acid source at 30 °C, the XRD data refer to the as-synthesized sample.
dexp 18 the empirical value for the interplanar spacing, and d, is the theoretical value
of the interplanar spacing, skl are the Miller indices for the hexagonal unit cell. Ta-
ble 1 shows that all the diffraction peaks in the pattern of the as-made product can be
readily indexed by a set of lattice parameters. The largest relative deviation between
the theoretical predictions and the experimental data is 0.23%, which indicates that the
as-made product, synthesized by crystallization at 30 °C, is a single phase with hex-
agonal symmetry.

The SXRD patterns for the as-made product synthesized by crystallization at
50 °C and 70 °C all show a strong (100) diffraction peak near 2.52°, corresponding to
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the crystal plane spacing of about 3.50 nm; it is evident however that the (100) diffrac-
tion peak has been broadened to some extent, and that the (110) diffraction peak is
hard to distinguish. For the product crystallized at 90 °C, a poor SXRD pattern was
observed, which exhibits a broadening peak with a peak packet near 2.00° in the low-
angle region, indicating that the product contains large amount of non-hexagonal
phase, and thus the (100) diffraction peak was heavily widened.

a)
100 90°C b)
100 90°C
= 70°C
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Fig. 1. SXRD patterns of the products 10 30°C
synthesized using HCI and HBr at various )
temperatures: a) HCI before calcination, b) HCI after 2 4 6 8 10
calcination, ¢) HBr before calcination 20 [deg]

Table 1. The index results of XRD data

20 [deg] | dexy [nm] | deo[m] | Akl
2.14 4.1249 | 4.1440 | 100
3.64 24253 | 23925 | 110
4.26 2.0725 | 2.0720 | 200

As a note, according to our analysis presented above, when the crystallization
temperature increases from 30 °C to 90 °C and when HCI as the sole source of acid,
the crystallization degree of the as-made products obviously becomes lowered, and the
pore arrangements of the as-made products become more disordered. By comparing
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SXRD patterns of the products synthesized using HCI before and after calcination, as
shown in Fig. 1, it can be observed that the peak shape of each calcined product be-
comes less sharp than that of the as-made product, indicating that the ordering degree
decreases. It is probably because a large amount of template is removed after calcina-
tion, leading to the inorganic framework collapsing to a different extent.

As can be seen in Fig. 1, the SXRD pattern for the as-made product synthesized
using HBr by crystallization at 30 °C shows one strong (100) diffraction peak,
26 =2.02°, corresponding to a crystal plane spacing of 4.37 nm; and two weak diffrac-
tion peaks at 26 = 3.52° and 4.08°, which are indexed to the (110) and (200) crystal
faces, respectively. It is consistent with the reported data regarding the characteristic
diffraction peak of MCM-41, and it indicates that an inorganic framework of as-made
products is obtained and has a hexagonal mesoporous structure. Furthermore, two
undefined weak peaks appear; they are labeled by stars at about 3.40° and 6.70° within
the range of 26 = 3—7°. For clarity, an XRD experiment was also performed on CTAB.
The results showed two well-defined strong diffraction peaks at about 3.40° and 6.70°,
which indicates that the two aforementioned, poorly defined, weak diffraction peaks
can be attributed to CTAB. Because of the poor solubility of long hydrophobic chains
CTAB in HBr(aq.). the unreacted template separates out during the formation of
mesoporous silica.

When the crystallization temperature rises to 50 °C, the as-made product dis-
plays one defined (100) diffraction peak at 2.37°, and two peaks of template CTAB,
but the peak corresponding to (110) crystal faces is hard to distinguish. One can also
observe an apparent broadening of the (100) peak with a peak packet in the low-angle
region, when the crystallization temperature reaches 90 °C, indicating the as-made
product has a low degree of crystallization. Thus it may be concluded from Fig. 1 that
upon increasing the crystallization temperature, the degree of crystallinity and pore
order of as-made products becomes lower, if HBr is the sole acid source.

Thus, no matter what source of acid we use, the degree of crystallinity and pore
order of the as-made products both decrease upon increasing the crystallization tem-
perature. It is probably because there is an aggregation-dissociation balance between
template agent micelles and individual template agent molecules in the synthesis sys-
tem [7]. When the temperature increases, the molecule thermal movements are accel-
erated, the molecules of template in micelles are easy to free itself from bound states,
and become individual molecules. It leads to the number of micelles decreasing.

In addition, the higher thermal activity of molecules causes instabilities among the
micelles, and thus the packing arrangements of micelles become less ordered. When the
product is crystallized at 50 °C and 70 °C, the density of the micelles decreases, and the
packing arrangements of micelles become slightly disordered. For this reason, the conden-
sation rate of silica species also increases. It leads to the formation of many high polymers
of silicon species, even the formation of some amorphous substances among sparse mi-
celles. As a consequence, the SXRD patterns of the as-made product crystallized at 50 °C
and 70 °C are broader and less defined than that of the product crystallized at 30 °C.
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When the product is crystallized at 90 °C, the packing arrangements of micelles
become relatively disordered; the density of micelles in solution obviously decreases
as well but the condensation rate of silica species seriously increases. This leads to the
formation of quite a large number of amorphous silica among sparse micelles, and
thus the SXRD patterns become broader and less distinct, resulting in broadening of
the (100) diffraction peak. Consequently, an increase in the crystallization temperature
can accelerate the condensation rate of inorganic species, if synthesis is performed in
an acid aqueous medium, but it makes no improvement to the quality of the products.
On the contrary, it probably causes degradation in the quality of the product.

30 h

Intensity [a.u.]

24 h

2 4 6 8 10
20 [deg]

Fig. 2. SXRD patterns of the samples synthesized at various time

Figure 2 shows SXRD patterns of the products synthesized at 30 °C using HCl as
the acid source for various durations of crystallization. When the as-made product is
crystallized for 24 h, the SXRD pattern displays a well-defined diffraction peak and
two weak diffraction peaks in the range of 1.0-10°. Whereas the as-made product is
crystallized for 30 h, the SXRD pattern displays a single broadening peak indexed as
(100) diffraction, which indicates low order of the product. This demonstrates that a
prolonged crystallization time results in a poor degree of crystallinity and low-ordered
pore structure of as-made products. It is probably because prolonged crystallization
time leads to the deterioration of the mesopore structure [8], and disappearance of the
mesoporous features. According to Gao [9], the crystal product may change into
amorphous state after prolonged crystallization. This is also noted that the MCM-41
phase is in a metastable state, prolonged crystallization time may cause the system to
transform into more stable amorphous state.

3.3. Role of aging temperature and aging time in the mesoporous synthesis

Figure 3 shows SXRD patterns of the products at various aging temperatures with
various aging times after crystallization at 50 °C for 30 h, using HBr as the sole source
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of acid. It can be seen from Fig. 3 that at comparatively low temperatures (50 °C or
30 °C), no matter how the two factors, aging temperature or prolonging the aging time
are changed, the peak profiles in the SXRD patterns can be observed to remain almost
unchanged. This indicates the above two factors have no influence on the degree of
crystallinity or on the ordering of the pore structure of the products. Because the hex-
agonal structure of the products has been formed after crystallization for a certain
time, so low aging temperature has no effect on the stability of hexagonal arrays of
cylindrical micelles, and prolonging the aging time has no significant effect on the
degree of crystallinity and ordering of pore structure. This demonstrates that under the
precondition of keeping no effect on the stability of the micelles, the ordered hexago-
nal structure may not be influenced by the condensation of the silicate species.

100 °C, aging for 25 h

100 °C, aging for 16 h

50 °C, aging for 41 h

50 °C, aging for6 h

o

30 °C, aging for6 h

0 2 4 6 8 10
20 [deg]

Fig. 3. SXRD patterns of the samples synthesized under various aging conditions

When the crystallized product was transferred to the hydrothermal reactor for ag-
ing at 100 °C, the degree of crystallinity and the ordering of the pore structure de-
creased sharply. As shown in Fig. 3, after aging at 100 °C for 16 h or 25 h, its diffrac-
tion peaks in the low-angle region disappeared completely. It occurs because the
stability of loose hexagonal arrays of cylindrical micelles may be influenced by a high
aging temperature, while the condensation and deposition of silicate species are accel-
erated if the aging temperature is raised, thereby leading to the decrement of both the
degree of crystallinity and the ordering of the pore structure. The results described
above demonstrate that the reaction temperature should be limited to 100 °C in acid
synthesis, otherwise the order and quality of the mesoporous product will be seriously
degraded. This route is different from alkaline synthesis, in which most products are
synthesized at temperatures above 100 °C. In the case of alkaline synthesis, high tem-
peratures can feasibly accelerate the condensation of silicate species in the crystallized
product, and optimize the degree of long range order. However, in the case of acid
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synthesis, such is not the case. In conclusion, high temperature alkaline synthesis is
feasible, whereas high temperature acid synthesis is not feasible.

3.4. Acid source with various acidic anions

To study the influence of acidic anions for four various acid sources on the order
and quality of the mesoporous product, the mesoporous materials were synthesized by
using CTAB as the surfactant and TEOS as a silica source in the presence of various
acid sources: H,SO,, HCI, HBr, and HNO;.

100 449 a)
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100
110
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100 1O
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100, . 1200
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Fig. 4. SXRD patterns of the samples synthesized using various acid sources:

a) before calcination (the illustration is locally magnified), b) after calcination

Figure 4 shows the SXRD patterns of the crystallized product at 30 °C before and
after calcination. It was found that the synthesis using HBr acid leads to the appearing
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a diffraction peak of the template (denoted with the asterisk in Fig. 4a). That is due to
poor solubility of the template CTAB in HBr (aq.). Even when CTAB was dissolved
in HBr (aq.) under stirring for a long time, there were still some white deposits in the
solution, so that a small quantity of undissolved template was mixed with the as-made
products. As can be seen from Fig. 4a, all the SXRD patterns of the as-made products
display a strong well-defined (100) diffraction peak, and several medium-sized or
small peaks in the range of 3—5°, indicating the inorganic framework of the as-made
products, which is typical for a hexagonally symmetric channel structure of mesopor-
ous MCM-41.

The order degree of mesoporous materials can be measured from the peak inten-
sity and the half-peak width in low-angle diffraction. As shown in Fig. 4a, when
HNO; is used as the acid source, the SXRD pattern of the as-made product exhibits
a strong, well-defined (100) diffraction peak, and two medium-sized peaks in the
range of 3—5°. If HBr is used as the acid source, the resulting product material exhibits
a medium-sized peak and a small peak in the range of 3—5°, which are both less in-
tense than those corresponding to HNO;. If H,SO, is the acid source, a medium peak
and a small one are observed beside one strong diffraction peak, showing the low
mesoporous order of the product, compared with the HBr sample. However, using
HCI acid results in two small peaks in the range of 3—5°, as compared to three prod-
ucts using HNOj;, HBr and HCI. Therefore, the order degree of the mesoporous mate-
rials is observed to decrease in the following order: HNO;>HBr>H,SO,>HCI,
which points to unusual anion response, different from the so-called Hofmeister series
(from most ordered to least ordered ): NO; >Br >Cl ~SO; [10].

According to Huo et al. [3, 7], the chief driving force governing self-assembly in
an acidic medium is an electrostatic interaction between the positive charged silicon
species (I') and the cationic micelles (S"X") with the attached counterions (X), which
can catalyze the condensation of positive-charged silicon species. The higher is the
constant of association of counterions with a cationic surfactant, the stronger the asso-
ciation between the (S"X") micelles and the silicon species (I), and thus more stable
micelles are formed, leading to the formation of more ordered products.

As reported by Lin, at 30 °C the association constants of NO;, Br and CI” on the

CTAB micelles are 0.220, 0.122 and 0.018 respectively [11]. Based on these results,
we can conclude that the order degree of our products decreases in the following or-
der: HNO; > HBr>HCI. It is reasonable and consistent with the above analysis.
Unlike three different monovalent anions, the sulfate anions SO, simple tetrahedral

oxoanions, can adopt a number of coordination modes, such as monodentate, bidentate
bridging, bidentate chelating, tridentate, and even tetradentate bridging, etc., contribut-
ing to the structural diversities of the final networks [12]. In contrary to CI™ anions,
they can act as ligands to form hydrogen bonds with the micelle SN" and silicates
species I in several ways, and thus promote growth and stability of micelles, leading
to forming more ordered products than those fabricated using HCI.



Synthesis of mesoporous silica by cationic surfactant templating 719

Figure 4b shows the SXRD pattern of the calcined products by using various acid
sources HX (HCIl, HBr, HNO;, H,SO,). One can clearly observe that nearly all these
products possess one main diffraction peak at (100) crystal face, except the product
obtained using HCI. It shows more broadening than the corresponding peak for the as-
made product. It probably occurs because a large number of templates are removed
when the products are calcined, causing the pore wall of the product obtained with
HCI to collapse. Another explanation for the peak-broadening might be asymmetrical
condensation of the residual silicon species, resulting from the presence of CI™ anions
and high temperature calcination.

In synthesis, when each initial reactant mole ratio was fixed, the products that had
been synthesized using various acid sources had rather rich morphologies. Thus, we
can use SEM to compare and study these different morphologies.
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Fig. 5. SEM of the samples synthesized using various acid sources a) HNO; b) HBr ¢) HCI d) H,SO,
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As we can see from the SEM images shown in Fig. 5, the surface curvature of the
products decreased in the following order: NO; > Br > SOi’ > CI'. For HNO;, the

resulting product consisted of micrometer-sized gyroidal spheres. When HBr was used
as the acid source, the product was observed to consist of cashew-like particles. When
HCI was used as the acid source, the resulting product appeared the least ordered
among all the products obtained with an acid source; Figure 5c shows a disordered
block-like structure. When the acid source was H,SO,, the resulting product appeared
less ordered than the two products obtained with HNO; and HBr. The images of the
product derived with H,SO,4 are shown in Fig. 5d: they exhibit a mixture of spherical,
ellipsoidal and caterpillar-like shapes of various sizes and non-uniform distributions.

So far, the formation mechanism of incredible morphologies has not been clari-
fied yet, but it is certain that all these morphologies discussed above maybe related to
the formation process of interior ordered mesostructures which can be controlled by
acidic anionic ions [13]. The following anions are listed in increasing order of their
ionic radii: NO; < Br < CI”" < SO; . Acidic anions having smaller ionic radii make
more associations between the surfactants and the silicates, compared with those hav-
ing larger anionic radii, so more charges are neutralized, ultimately leading to a more
ordered morphology [14].

With HNO; as the acid source, NO; ions have the smallest ionic radii among four
anionic ions used in the experiment. Therefore, the association of NO; between sur-
factants and silicates is strongest. The largest amount of charges neutralized would in
turn help the formation of gyroidal spheres. By careful observations, we also find that
spiral distortion occurs on the surface of the spherical shapes, as shown in Fig. 5a.
Maybe because large steric hindrance during the process of micelle formation of NO;
induces strong space repulsion between adjacent two layers of micelles, spiral distor-
tion helps to reduce the repulsive effect.

With HCl as the acid source, Cl” ions have relatively large ionic radii, leading to
weak association of CI” between surfactants and silicates, and thus less of charge neu-
tralized. As a result, the micelle surface has large charges left, and the lower surface
curvature cause the formation of disordered, block-like structures.

According to existing literature, NO; and Br anions have stronger binding
strength to the surfactant, in comparison with SOi’ and CI anions. However, the ionic
radius of Br~ lies between the ionic radii of NO; and CI. Therefore, during the proc-
ess of association with surfactants and silicates, the surface charges are partly neutral-
ized, which determines the formation of a cashew-like morphology.

With H,SO, as the acid source, the divalent SOi’ anions adsorbed on the pore

wall preferentially bind with free hydroxyl ions of mesoporous silica. This effectively
reduces the number of free hydroxyl ions on the pore wall, and thus prevents the pore
structure from collapsing as a result of bonding and dehydration of free hydroxyls.
And to certain degree, it also plays a role of structure direction agent. Simultaneously,
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space occupation of SO;~ can play a supporting role on pore structure in several ways

due to its different coordination modes, leading to formation of mixture of spherical,
ellipsoidal and caterpillar-like structures.

Fig. 6. TEM of the products synthesized using various acid sources a) HNO; b) HBr ¢) HCI d) H,SO4

Figures 6a and 6b show that with HNO; and HBr, the resulting products all have
hexagonal structures. The TEM image shown in Fig. 6 clearly illustrates an ordered
arranged pore channel structure with a bend or kink. In the top right hand corner of
Fig. 6a, a non-parallel pore channel with kink helices can be observed, which may
lead to the formation of micrometer sized gyroidal spheres, shown in Fig. 5a. When
HBr is the acid source, the product exhibits a well ordered parallel oriented pore chan-
nel structure can be observed along the [110] direction, as the image shown in Fig. 6b
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the image clearly shows a large number of hexagonal structure channels and packing
along the axis of parallel channel. In a word, the products synthesized with HNO; and
HBr both present regularly, well-ordered parallel arranged pore channel structure. It is
because the strong association interaction between NO;, Br and cationic surfactant

that favors the stability of the micelles forming.

As shown in Fig. 6¢, the TEM image of the product with HCI shows only discon-
tinuous pore channels, indicating low order degree of these samples. But when using
H,SO, as acid sources, an ordered parallel pore channel can be seen in Fig. 6d, except
for a part of discontinuous channels shown in the lower right corner. It thus leads to
a conclusion that the order degree of our products decreases as follows: HNO;>HBr
>H,S0,>HCI, in a good agreement with the conclusion based on XRD and SEM
analyses.

To investigate the effect of the acid source on the pore size of the products and the
shrinkage of cells in the product after calcination, nitrogen adsorption—desorption
measurements at 77.4 K were carried out on an ASAP2405 volumetric adsorption
analyzer from Micromeritics. The adsorption capability and pore structure of calcined
mesoporous silica were calculated from the adsorption isotherms obtained by the BJH
method.
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Fig. 7. Sorption isotherms of the products synthesized using various acid sources

In Figures 7 and 8, N, sorption isotherms of the products are shown, using various
acid sources, all belonging to standard type IV at the relative pressure P/P, of
0.01-0.99, showing the presence of mesopores. The measured Brunauer—Emmett
—Teller surface areas (Sggr) of the products derived with HNO;, HBr, HCI and H,SO,
as acid sources are 1297, 1309, 1661 and 1466 m’g, respectively. Their pore volumes
(V,) are 0.9021, 0.6901, 0.9598 and 0.8571 cm’-g ', respectively.
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The physisorption isotherm of the products derived with HNO;, HBr, H,SO,4 and
HCI all show hysteresis loops. The two branches in the isotherm remain nearly hori-
zontal and parallel over a wide range of relative pressures between 0.30 and near satu-
ration, indicating inkbottle type mesopores. Rapid change in the amount of N, sorption
causes only minor variation in the corresponding relative pressure, indicating a rela-
tively narrow distribution of pore sizes in the three products.
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Fig. 8. Pore size distributions of the products synthesized using various acid sources

As can be seen in Fig. 7, the capillary condensation occurred in the pore channel
of product with HNO;, HBr, H,SO, and HCIl was located at various middle parts of
adsorption isotherms, the location of them moved from low to high values of P/P, in
the incremental order: HNO; = HBr < H,SO, < HCI, so the product derived with HCI
showed a large hysteresis loop at high P/P,, which is generally indicative of a large
pore size.

As can be seen in Fig. 8, the product derived with H,SO,. exhibits the strongest
peak among all products derived from the four considered acid sources. The product
derived with HCI shows a stronger peak than for the products derived with HNOj; or
HBr, near the 2.70 nm radius. This indicates that the product derived with H,SO,4 has
the highest percentage of small pores, and that the product derived with HCI, and the
second highest percentage small pores. The percentages of pores of most probable
sizes in the products with HNO; and HBr were calculated about 71.3% and 68.4%
respectively, while the percentage in products with HCI and H,SO,4 were calculated
about 85.6% and 91.6%, respectively.

It was also found that the pore diameter of the product derived with HCI is
2.74 nm, thus it is larger than the pore diameters of the products derived with other
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acids, namely 2.44 nm, in the case of HNO; and HBr, and 2.52 nm for the product
derived with H,SO,.

Thus it can be seen that the pore sizes and pore volumes of synthesized products
are different for various acid sources. The detailed parameters of pore structure meas-
ured by N, sorption-desorption isotherms are given in Table 2, where D is the pore
size, L — pore wall thickness (L = ay— D), ao— the unit cell constant (ao= 2d,00/3"?),
dyoo 1s the interplanar spacing of the synthesized products after calcination. The Ad|
value shows shrinkage of a cell after calcination due to template removal and silicon
species polycondensation in the pore wall. When polycondensation degree of silicon
species is low in mesoporous material formation, a looser pore wall tends to be
formed, and thus results in a larger Ad,, value.

Table 2. Porous properties of synthesized products on pore size,
surface area and pore wall thickness with various acid source

Before After
Product calcination calcination Ad100 o Sger Ve D I
identifier 20 dioo 20 dioo [nm] [nm] | [m%g] | [em*g] | [nm] | [nm]
[deg] | [nm] | [deg] | [nm]

HNO; 2.142 | 4.121 | 2.487 | 3.549 | 0.572 | 4.098 | 1297 | 0.9022 | 2.440 | 1.658
HBr 2.018 | 4374 | 2.413 | 3.658 | 0.716 | 4.224 | 1309 | 0.6901 | 2.440 | 1.784
HCl 2.119 | 4.166 | 2.786 | 3.169 | 0.997 | 3.659 | 1661 | 0.9598 | 2.740 | 0.919
H,SO, 2.096 | 4211 | 2.684 | 3.280 | 0.922 | 3.798 | 1466 | 0.8571 | 2.523 | 1.275

Basically, we find that all of these mesoporous materials exhibit large surface ar-
eas (ca. 1300 m*/g) and uniform pore sizes. Furthermore, the pore sizes can be ad-
justed by changing the acid source used in the synthesis. The d spacings vary with the
choice of the acid source; by comparing the decrement in the d,o value after calcina-
tion at 550 °C, one can observe that the decrement, (Ad;q), in the do value for the
HNO; product is only about 0.572 nm smaller than the corresponding decrements for
the other acids (about 1.0 nm). While the pore wall thickness (L) for the HNO; product
appears to be large, as presented in Table 2, it indicates that the strongly adsorbed
NO; ion catalyzes more effectively condensation of silicon species and facilitates the
formation of a stronger wall for the hexagonal structure in mesoporous silica. It was
also found that Ado for the HBr product is about 0.716 nm smaller than for HCI and
H,SO, ones, indicating that the negative species Br~ binds more strongly to the surfac-
tant than either CI" or HSO, . The Ad, for the HCI product shows the largest value,
yet the pore wall thickness of the HCI product apparently decreases, further demon-
strating that Cl” binds the most weakly to the surfacant.

The parameter Adjgo of the H,SO, product is slightly lower than for the HCI prod-
uct. The pore wall thickness for the H,SO, product appears to be larger than for the
HCI product. This indicates a stronger binding of the negative species SO, to the



Synthesis of mesoporous silica by cationic surfactant templating 725

surfactant, compared with the binding of CI™ to the surfactant, and it is in very good
agreement with the SXRD results.

In order to study the coordination properties of SO; and CI anions to the silicate

species I, we also performed IR experiments on the products made with HCI and with
H,SO,. The spectra of these two as-made products are shown in Fig. 9.
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Fig. 9. Infrared spectrum of two as-made products

The IR spectra of the two as-made products are relatively similar and broad bands
corresponding to stretching vibration of the Si-OH group at 3371 cm ' and sharp
bands to asymmetric Si—O-Si stretching vibrations at 1073 cm ' occur in both spectra.
The symmetric Si—O—Si stretching vibrations occur at 801 cm ', whereas the Si—-O-Si
bending modes at 458 cm™'. Thus, the IR spectra indicate that the products must be the
silica.

As can be seen in Fig. 9, the two as-made products also display two distinct peaks
corresponding to CH, and CH; groups of CTAB at 2930 cm ™' and 2852 cm ', and to
three stretching vibrations of CH, at 1633 cm™', 1482 cm™' and 728 cm™'. Also, a weak
band at 564 cm ' can be attributed to the Br~ of CTAB, indicating the presence of sur-
facant in the as-made product. In contrast to the IR spectra of the as-made product

with HCI, the as-made product with H,SO, also displays two weak bands of SO;
occurring at 1129 cm ' and 620 cm™', which illustrates that SO;™ acidic anions were

actually involved in a templated self-assembly process of mesoporous material. But
there is no evidence of CI™ bands in Fig. 9; perhaps this is because only a very small
number of Cl™ acidic anions participated in the actual formation of the mesoporous
material, a number so small that their presence is not detectable by the infrared sensor.
The results demonstrate that SO; acidic anions show stronger binding to the as-made

product than the CI” acidic anions.

According to Huo and Yokoi et al. [3, 15], quaternary cationic surfactants CTAB
can associate the acidic anions (X') to form S"X micelles in an acidic environment,
which can catalyze the condensation of the positive-charged cationic silicate species
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(I"). Thus the mesostructure formation of S"X —I" mesoporous intermediates is driven
by the electrostatic interaction of the positive-charged silicate species (I') and micelle
association of the S'X" in this paper. The divalent anions SO}~ can act as ligands, to

form hydrogen bonds with the micelle S* as well as the silicates species I', which per-
haps enhances the interaction between I" and S"X . However, the CI” anions as nega-

tive counter-ions, are different from the SOi’ anions; they have a shielding effect for

the positive charge on the S* micelle surface due to the polarizability of CI™ ani-
ons [16]. This causes the strength in counter-ion binding of C1” to S* micelles less than
that in counter-ion binding of SO} to S micelles. On the other hand, the anions

SO;", as negative counterions, also have a shielding effect for the positive charge on
the S” micelle surface [17], leading to weaker binding of the negative species SO.™ to
surfactant than that of NO; and Br to surfactant. Now, this leads to conclusion that

the series orders ions with increasing the strength in counter-ion binding to micelles of
CTAB from left to right under the same acid concentration, and is as follows: CI,
SO; ™, Br, NOj, instead of so-called Hofmeister series orders SO;~, Cl', Br, NO; .

Next, we investigated the influence of various acid contents on the products. We
studied the acid systems HNO; and HBr for they all have the strongest binding ten-
dency. At a HA/TEOS molar ratio between 1 and 3, the influence of acid contents is
more apparent. The N, adsorption studies were performed with the same instrumenta-
tion to investigate the influence of the acid content on pore size of the products.

3.5. Role of acid contents

As can be seen from Figs. 10 and 11, the crystallinity degree and structure order-
ing of two products using HA (HNO;, HBr) all increase as the molar ratio of HA to
TEOS ranges from 1 to 3 in the low-angle region, which is in accordance with the
report of Zhang et al [18]. In this study, we also found that increase of the HNO; con-
tent resulted in an enlargement of the d spacing of the X-ray d,oo peak. This enlarge-
ment corresponds to the two strong peaks, related by hexagonal symmetry, which
appear in the SXRD pattern. But incremental addition of HBr content resulted in
a decrease in d spacing of the X-ray d,(y peak, whereas low HBr content resulted in an
apparent broadening (100) peak with a peak packet in a low-angle region. This is be-
cause various anions in HA can interact with TEOS to modify the rates of hydrolysis
and particle nucleation, affecting the final particle size and the extent of cationic sili-
cate species condensation in the materials, leading to different properties of surfaces
and morphologies of the final products [19].

Nnitrate anions possess a higher charge density than bromide anions [10] and they
also are characterized by 7 electronic structure, forming hydrogen bonds with the mi-
celle SN and silicon species I" by bidentate bridging [16]. Consequently they can
reduce the repulsion between the surfactant headgroups, and thus affect contraction of
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micelle in solution. This leads to decreasing radii of micelles as the HA/TEOS ratio
increases. However, bromide anions, as heavier halogen ions, show correspondingly
stronger m back-donation [20, 21], they can form the d-pm back-donation, accepting

the electron from nitrogen element in the (CH,), N—groups of micelle S'N', which

makes the surfactant headgroups more positive. This may produce more repulsive
force between head groups, and thus affects expandability of micelle in solution, lead-
ing to radius of micelle increasing as HA/TEOS ratio increases. The results shown in
Tables 3 and 4 can confirm these conclusions.
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Fig. 10. SXRD patterns of the samples with HNOj; at various HA/TEOS ratios
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Fig. 11. SXRD patterns of the samples with HBr at various HA/TEOS ratios
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Table 3. Porous properties of the samples with HNOj3 at various HA/TEOS ratio

Before After
HNO, calcination calcination M ay Sger Ve D* L*
/TEOS 20 dioo 20 dioo [nm] [nm] | [m%g] | [em*g] | [nm] | [nm]
[deg] | [nm] | [deg] | [nm]

3 2.141 | 4.123 | 2.514 | 3.511 0.612 | 4.054 | 1691 | 0.9297 | 2.555 | 1.499
2 2.210 | 3.994 | 2.560 | 3.448 | 0.546 | 3.981 | 1782 | 0.9410 | 2.493 | 1.488
1 2.278 | 3.875 | 2.611 | 3.381 0.494 | 3.904 | 1316 | 0.7462 | 2.820 | 1.084

Table 4. Porous properties of the samples with HBr at various HA/TEOS ratio

Before After

HNO, calcination calcination Adygo ay SBET Ve D L

/TEOS 20 dioo 20 dioo [nm] [nm] | [m%g] | [em*/g] | [nm] | [nm]
[deg] | [nm] | [deg] | [nm]
3 2.266 | 3.896 | 2.588 | 3.411 0.485 | 3.939 | 1119 | 0.7950 | 2.693 | 1.125

2 2.263 | 3.901 | 2.514 | 3.511 0.390 | 4.054 | 1388 | 0.7275 | 2.456 | 1.598
1 1.838 | 4.802 | 1.979 | 4460 | 0342 | 5.150 | 1302 | 0.7224 | 2.507 | 2.643

By comparing the decrement of the d;qy value (Adiq) of the product before and af-
ter calcination in Tables 3 and 4, one may conclude that its value does not depend on
the acid type but only on the acid content. Because the decrease of the unit cell before
and after calcination is originated from condensation of silicate species in pore wall,
thus the higher the condensation degree of the product before calcination, the more
compact the pore wall is, and thus the lower the value of Adjg. It leads to conclusion
that decreased acid content favours the condensation of the inorganic species. As is
known, in the acid synthesis system, the acidic medium plays a dual role. It not only
promotes the hydrolysis of TEOS, and protonation of oligomeric silicate species but
also produces anions of X in the surface layer of the electrical double layer structure.
For these reasons, when the acid content is decreased, the electric charge density of
oligomeric silicate species decreases, leading to static electric repulsion decreasing
between the silicate species. This favors crosslinking and condensation between them,
resulting in a compact pore wall, and a decrease of Adg. On the other hand, a de-
crease of concentration of anions of the electrical double ayer structure can decrease
drive force of the silicate species aligning along template micelles, and this goes
against assembly of organic-inorganic interface. In short, the two factors make self-
condensation rate of inorganic species apparently higher than the assembly rate along
the template surface, thus this results in a considerable amount of SiO, high polymer
producing among the assembled template micelles, even the amorphous products be-
ing formed. Consequently, the quality and the ordering degree of the product decrease
inevitably.
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4. Conclusion

Increase of the crystallization temperature and the crystallization time are benefi-
cial for the condensation of silica species, but have no effect on improving the order of
products in acid conditions. The order degree of mesoporous materials with various
acids is as follows: HNO;>HBr>H,S0O,>HCI, which seems to be different from the
Hofmeister series NO;, Br—, Cl-, SOi’. The products consist of micrometer sized
gyroidal spheres, cashew like, and disordered block like structures, corresponding to
the products derived with HNOs, HBr, and HCI. However, SO, anions can enhance

the pore structure in several modes, leading to the formation of a product which con-
sists of a mixture of spherical, ellipsoidal and caterpillar like structures. Various acid
contents are another key factor affecting the order and pore size of products. With
increasing acid contents, the ordering of products increases, but the pore size of prod-
uct with HNO; decreases, while with HBr increases accordingly.
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Atomic layer deposition of HfO, investigated in situ
by means of a noncontact atomic force microscopy

ES
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Brandenburg University of Technology, Department of Applied Physics and Sensors,
Konrad-Wachsmann-Allee 17, 03046 Cottbus, Germany

An ultra high vacuum atomic force microscope operating in a noncontact mode has been employed
to investigate in situ atomic layer deposition (ALD) of HfO,. Tetrakis-di-methyl-amido-Hf and H,O were
used as precursors and the deposition process was performed on Si(001)/SiO, substrate maintained at
230 °C. The relation between the film growth and the root mean square surface roughness was studied
after each ALD cycle. The histograms of the initial stages of the ALD process have been compared in
terms of the surface height data as a way of characterizing the growth process. Parameter values corres-
ponding to HfO, layer thickness and coverage were calculated. A detailed analysis of the surface height
histograms allowed one to construct a simplified growth model and confirm the completion of the first
HfO, layer after four ALD cycles.

Keywords: atomic layer deposition; high-k dielectric thin films; atomic force microscopy

1. Introduction

High-k hafnium based gate dielectric materials are the main components allowing
improvement in the miniaturization of advanced integrated circuits, particularly com-
plementary metal oxide semiconductor devices [1-3]. Fabrication of high-k layers
with thicknesses that measure just a fraction of a monolayer can be achieved by the
atomic layer deposition (ALD) technique [4, 5]. ALD is a repeated deposition and
oxidation process allowing conformal, homogeneous, controlled growth of ultrathin
films [6]. The evolution of surface texture occurring in the initial stages of the ALD
process is still not known, although several growth models exist [7-9].

In most cases, experimental data obtained ex sifu, may suffer from sample con-
tamination that may significantly distort properties of materials. We recently proposed
An in situ technique has been proposed for measuring the early stages of ALD growth
by means of synchrotron radiation photoelectron spectroscopy [10]. For the study
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demonstrated in this paper, the ALD reactor was attached to an ultra high vacuum
(UHV) atomic force microscope (AFM). By means of this setup, the substrate was
transferred into an AFM measurement chamber without breaking the vacuum and the
surface topography was measured in the cycle by a cycle routine.

Outstanding resolution in real space is routinely achieved by a powerful technique
of frequency-modulation (FM) AFM [11-14]. In this paper, the application of FM
-AFM has been applied to topography measurements of the initial stages of ALD
growth. The deposition process was started on SiO,/Si(100) substrate and 4 ALD
cycles were completed. Both the root mean square (RMS) surface roughness and sur-
face height histograms were used to analyze the growth process. Based on the surface
height histogramdata fitted with Gaussian functions, it was shown that RMS surface
roughness is closely related to the standard deviation of the surface height. The RMS
surface roughness measured in early stages of the ALD process can be correlated with
existing models [15, 16]. Upon undertaking a detailed analysis of the surface height
histograms, it was possible to develop a simplified model of the HfO, growth.

2. Experimental

Sample preparation. Chemically oxidized Si(001) p-type substrate with a 2.2 nm
Si0, layer was used for sample preparation. The sample was sonicated in spectropho-
tometric grade water for 120 s and dried with pure nitrogen. Then it was immersed in
commercially available diluted 0.1 M HF solution for 120 s, again cleaned in spectro-
photometric grade water for 20 s and dried in nitrogen. Subsequently, within one
minute, the substrate was placed in the UHV chamber, via the fast-entry loadlock.
Synchrotron radiation photoelectron spectroscopy tests of the samples revealed that
after etching the mean thickness of the SiO, layer was reduced to ca. 0.5 nm (not
shown).

The ALD reactor was equipped with valves for introducing the Hf-precursor and
the oxygen source, with a current feed-through for the direct heating of the sample,
and a manipulator for transferring the sample into the AFM measurement chamber.
During the growth process, the substrate temperature was maintained at 230 °C and
the whole ALD reactor was heated to 60 °C. The pulse duration for tetrakis-di-methyl
-amido-Hf (TDMAHY) was 1 s, under the pressure of 1x10° mbar, and for H,O 2 s, at
1x10* mbar. During the process, TDMAHf was heated to 60 °C. After each exposure
to TDMAHT and H,0O, the chamber was purged for 1 s with N, under the pressure of
1x10 > mbar. The duration of one complete cycle was 45 s.

Noncontact AFM measurements and topography analysis. Omicron large sample
beam deflection UHV/AFM operated in a FM mode was used for topography meas-
urements at ambient temperature. Silicon cantilevers, with typical tip radius-of-
curvatures of less than 7 nm, were utilized. The average spring constant and resonance
frequency were about 42 N/m and 320 kHz, respectively. The images were recorded



Atomic layer deposition of HfO, 733

under the scan frequency of 1 Hz with the resolution of 256x256 pixels. For each
ALD cycle, we measured 3 AFM images at various positions, and also with various
scan areas. The scanning probe image processor (SPIP, Image Metrology, Denmark)
was used for the AFM data analysis.

For AFM data analysis, the most commonly applied parameter is the RMS surface
roughness S,, which equals the standard deviation of the surface height, and thus it de-
scribes the spread of the surface height histogram, also called the height distribution (HD),
around the mean value. A Gaussian or near-Gaussian surface HD is expected to result
from an entirely random ALD process. An analysis of the HD can be applied to extract
additional information about ultrathin film growth in ALD process. This is especially valid
in the early stages of ALD growth before the completion of the first HfO, layer.

A multi-normal probability procedure that finds the parameter values of the Gaus-
sian peaks in the surface topography was proposed by Cogdell [17]. The procedure
can be used for surface characterization, once it has completed the task of HD data-
fitting Gaussian functions. For instance, in the so called dual process, one can distin-
guish between two surface textures even when one surface lies on top of the other.
Nevertheless, there is no established method of HD data fitting in the case of ALD
processes. The authors propose a data-fitting strategy based on the Levenberg
—Marquardt least square algorithm using Gauss functions. It is a well known fact that
ALD does not produce a complete layer after one cycle, due to steric hindrance [18].
Consequently, in the surface height histogram, two contributions are observable before
the completion of the first layer; one is attributed to the substrate and the other to the
deposited material. A dual process is relevant for the data study, because a layer of
HfO, on a SiO, substrate is deposited, resulting in two distinguishable Gaussian peaks
in the HD data.

3. Results and discussion

Figure 1 shows the surface topography, obtained by NC-AFM measurement, be-
fore the ALD process cycle (0) and after each subsequent ALD cycle (1-4). From the
topography, RMS surface roughness was calculated, and surface height histograms
were obtained (Fig. 2, left column).

2.5nm

0.0 nm

Fig. 1. Results of NC-AFM investigations in the first four ALD cycles performed
with TDMAH{f and H,O as precursors. Each number corresponds to a completed ALD cycle.
Cycle (0) depicts SiO, substrate before deposition. Image size: 400x400 nm
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Fig. 2. Left column: surface height histograms calculated from topography images. For each ALD cycle
the raw height data is leveled using the plane correction in order to set the arithmetic mean value y
of the image to zero. The curves are normalized to the same maximum level. Fit performed with a fixed
width of the substrate peak taken from cycle 0. Dark grey peaks represent SiO, substrate, and light grey
— deposited HfO,. Right column: proposed model of the ALD growth. For each cycle HfO, coverage was
calculated from the area ratio of the peaks present in the height histograms

In general, AFM measurement produces a model of the surface as a discrete two
dimensional function z(x,y) with M xN elements. However, in most cases, AFM im-
ages are square matrices with M = N and 256256 or 512x512 elements. For calculat-
ing the RMS surface roughness, we applied the equation

M-1N-1 12

ZZ( (x,.9,)— 1) (1)

kOIO
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where z(x;,),) is the height of the surface model at the point with coordinates k and /
with 4 being the arithmetic mean of the height of the surface model. We set the x val-
ue of the surface to zero by applying the plane correction in the SPIP software. Equa-
tion (1) is identical with the definition of standard deviation, thus the S, parameter can
also be considered as the standard deviation of the surface height.

In principle, it is possible to calculate RMS surface roughness from the surface
height histograms. For such calculations, we fit the surface height histogram with one
Gaussian peak, and RMS surface roughness is then equal to the half of the width of
the peak. We use the Gaussian function of the form:

4 2(x-p)’
hx)=h +—2 ¢ v 2)

172
T
wl &
(2)

where h and A are the values of the baseline and peak area, respectively, w is the
width of the peak, o = w/2 is the standard deviation of the surface height. With the
parameter set to zero, we can directly compare the surface height histograms, as in general
the arithmetic mean is different for each ALD cycle and this causes the Gaussian peaks to
shift. As all the surface histograms have Gaussian or near-Gaussian distributions, the RMS
surface roughness S, and the standard deviation o of the surface height should be closely
related, and this fact is evident in Table 1, as well as the associated data plot shown in
Fig. 3. Throughout this paper the standard deviation of the surface height will be used as
calculated from Eq. (1), as an RMS surface roughness parameter.
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Fig. 3. Evolution of the RMS surface roughness during the ALD growth.
The error bars for the plot of the standard deviation of the surface height
oare derived from the fit error of the Gaussian peak width

From the calculated data, we see that, after the first ALD cycle, S, increases from
0.25 nm to about 0.33 nm and reaches a maximum value of 0.35 nm in the second
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cycle. In the third and fourth cycle S, equals 0.21 nm and 0.23 nm, respectively. As
a result of HfO, deposition, starting from the third cycle, S, decreases. After the fourth
ALD cycle, S, is close to the surface roughness observed before the start of the ALD
process (cycle 0). The RMS surface roughness behaviour is in agreement with the
ALD growth model developed by Nilsen et al. [16, 18]. The model predicts that at the
beginning of the ALD process, the surface roughness initially increases, reaches
a maximum value, and then subsequently decreases as a result of amorphous material
deposition.

Table 1. Evolution of the RMS surface roughness during the ALD growth.
For not perfectly Gaussian surface the S, and o parameters differ.

Cycle RMS surface Surface height
number | roughness (S,) [nm] | standard deviation (o) [nm] oerror [nm]
0 0.25 0.249 0.003
1 0.33 0.360 0.005
2 0.35 0.374 0.005
3 0.21 0.208 0.002
4 0.23 0.223 0.002

Surface height histograms (Fig. 2, left column) can be used to calculate how the
HfO, coverage changes dynamically with the deposition cycle, i.e. during the ALD
growth. Clear evolution of the surface height histograms from a single Gaussian (sub-
strate) to a near-Gaussian, especially evident in the first and second cycle is observed.
The height histogram turns again into a Gaussian, for the third and fourth ALD cycles,
which was also confirmed by a single Gaussian fit (Fig. 2, left column insets). For the
calculations of the surface coverage, the surface height histograms are fitted with two
Gaussian peaks of the form stated in Eq. (2): the first Gaussian peak is attributed to the
Si0, surface, whereas the second is attributed to the HfO, deposited material. In the
data-fit, we used fixed width of the SiO, peak assuring that we deal with conformal,
efficient ALD growth that is not modifying the RMS surface roughness of the sub-
strate. However, we do see alerting of the substrate already form the fist ALD cycle as
the SiO, Gaussian distribution is not perfectly fitted to the left tail of the surface height
histogram. There are two explanations for this. Firstly, it is not possible to measure
exactly the same area with an AFM tip after each ALD cycle and, secondly, the sub-
strate surface is somehow modified during the ALD growth. Table 2 presents the rele-
vant data describing the evolution of the HfO, coverage during the initial deposition
cycles.

The presented results allowed us to construct a mathematical model of the HfO,
growth in the early stages of the ALD process (Fig. 2, right column). The model
shows only the SiO,/HfO, interface profile. The profile roughness R, is derived from
the S, parameter and, for the purpose of simplification, we assumed R, = S,. The initial
roughness of the SiO, surface is connected with the Si roughness. Much research was
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performed in the field of very thin SiO, layers and it is now established that the
roughness of the SiO, is duplicating the roughness of the Si substrate [19, 20], al-
though this may not necessarily be true for a native oxide [21].

Table 2. HfO, coverage calculations

Cycle SiO, HfO, SiO,/HfO, | HfO,/SiO, HfO,
number | peak area | peak area ratio ratio coverage [%]
0 - - - - 0
1 0.35 0.46 0.76 1.32 62
2 0.44 0.47 1.02 0.98 49
3 0.12 0.37 0.32 3.08 84
4 0.30 0.22 1.36 0.73 100

The mathematical model of the SiO, surface is based on real measurement data.
The numerical values of the raw data for the cross-section were rounded off and re-
compiled to form a discrete grid of height values. The mesh spacing of the grid corre-
sponded to a sampling distance of 0.1 nm. The entire substrate is represented as a dis-
crete collection of 80 vertical columns lying in a grid. Based on the number of grids,
the HfO,/SiO, coverage ratio was estimated from the height histograms. In the calcu-
lations, we assumed that the area ratio equal to 1 reflects 50% of the surface coverage.
Height of each element of HfO, grid was 0.5 nm as this value is in agreement with the
literature [22-24].
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Fig. 4. Separationof peaks and HfO, coverage in the initial stages of the ALD growth.
For the coverage around 50%, the separation of peaks reflects the height of the incomplete HfO, layer

With some assumptions, the peak separation presented in Fig. 4 can be interpreted
in terms of an incomplete HfO, layer, having non-uniform thickness. Three different
fitting procedures were used and up to the second cycle the peak separation equal to
(0.46+0.02) nm was obtained (average value taken from 6 data fits) [25]. For the sur-
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face coverage of approximately 50%, where the AFM tip refers to both the SiO, and
HfO, surfaces in approximately equal amount, the peak separation faithfully reflects
the true height of deposited HfO, material. For the HfO, surface coverage exceeding
84%, the Si0O, surface no more can serve as a height reference. In that case, the AFM
tip detects more HfO, surface, and due to observed conformal growth, the deposited
high-k surface roughness duplicates the SiO, substrate roughness, thus as a result the
mean peak separation is reduced. In consequence, after completion of the first HfO,
layer, the separation of the peaks equals zero.

Black horizontal lines reflect the standard deviation of the surface height and may
be directly connected to RMS surface roughness. The middle dashed line is the arith-
metic mean value of the height data and shifts (approximation) to positive values of
the height vs. ALD cycles.

The presented model is more accurate in terms of the height than in horizontal di-
rection as the correlation length was not taken into account. In a rough estimation, the
model reflects the behaviour of the surface skewness correctly. Due to the fixed sub-
strate roughness, the obtained model is an approximation. From the height histogram
data, clearly substrate changes vs. the ALD cycles can be seen. This is most evident in
the second ALD cycle in which the HfO, coverage is smaller than in the first ALD
cycle and the peak separation slightly increases. The first possible explanation for
substrate modification might be the interfacial layer growth between the deposited
HfO, and the Si0, substrate [26—29]. A small increase in peaks separation between the
first and second cycle may indicate that underneath the deposited HfO, (and only
there) the HfO,/SiO, interface increases. However a very small difference equal to
0.03 nm, being at the limits of AFM sensitivity, cannot be reflected on the model pic-
ture. In another explanation we may state that, the SiO, substrate is so rearranged in
the second cycle that the SiO, surface is larger. Third possibility may be connected
with slightly different measurement positions between first and second ALD cycle. As
the presented possibilities are hard to reflect in the model, the HfO, coverage was
simply lowered in the model picture. In the third ALD cycle, the HfO, coverage
reaches 84% and finally in the fourth cycle the layer is complete when the peak sepa-
ration equals zero.

In the first four cycles, the ALD process follows substrate morphology, meaning
that the starting SiO, surface influences HfO, growth in the initial phase of the deposi-
tion [30]. High quality surface fabricated by properly chosen etching procedures might
be desirable when performing the ALD process [31].

As a general rule, AFM measurements suffer from the tip sample convolution ef-
fect, due to the tip shape and mainly to finite tip radius [32—34]. Most particularly, this
effect strongly depends on the height and aspect ratio of the features present on the
surface and the tip radius. Nevertheless, in the presented measurements, this effect is
lowered due to the small surface roughness and low aspect ratio of the observed fea-
tures.
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4. Conclusions

We showed that the FM-AFM technique is sensitive to surface changes induced
by the ALD process from the very beginning of the deposition. RMS surface rough-
ness increases during the first two ALD cycles. From the third ALD cycle and on-
wards, the surface becomes smoother as a result of amorphous HfO, deposition. We
have illustrated that the study of surface height histograms is very helpful to gain addi-
tional information about the ALD growth. By detailed analysis of the peaks appearing
in the surface height histograms, it was possible to calculate the HfO, coverage in the
early stages of the ALD process, and confirm that the first high-k layer was complete
after four ALD cycles. The completion of the first HfO, layer after four ALD cycles
was also confirmed by synchrotron radiation photoelectron spectroscopy (not shown).
The surface coverage calculations were helpful for developing a simplified model of
the HfO, growth in the initial phase of the ALD process. Forthcoming experiments
with more ALD cycles will reveal additional details about HfO, the nanoscale dynam-
ics of HfO, deposition on SiO,/Si(001) substrate.
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Morphology and characterization
of cockloft-like ZnO/morin hybrid

Y.Li,Y.-L.Zou

College of Science, Civil Aviation University of China, Tianjin, 300300 P.R. China

Morin modified multilayer ZnO with a cockloft-like morphology was fabricated in alcohol solution,
using hydrothermally synthesized ZnO nanodisks and morin as the precursors. The samples were charac-
terized by field emission scanning electron microscopy, X-ray diffractometry, Fourier transform infrared
spectroscopy and fluorescence spectroscopy. The results show that the cockloft-like ZnO hybrid, having
hexangular morphology with the diameter of 1.5-2 um and the thickness of ca. 1 um, is composed of
a multilayer flatform stacked by numerous ZnO nanodisks in its middle and a meshlike muffle made up of
countless morin nanoparticles with the diameter of ca. 40 nm. The UV emission of the as-fabricated
product is obviously attenuated by morin nanoparticles assembling on the surface of the ZnO nanodisks.

Keywords: zinc oxide; morin; modification; morphology; cockloft,; disk

1. Introduction

Zn0O, a n-type I[I-VI compound semiconductor with a direct band gap energy of
3.37 eV at ambient temperature and strong exciton binding energyof 60 meV, has
currently attracted intensive interest in optics, electronics, catalysis, etc. Many papers
focused on the synthesis of various ZnO nanostructures with particular morphologies,
such as nanowires [1, 2], nanobelts [3], nanorods [4], nanotubes [5-7] and nano-
disks [8]. Furthermore, various elements and compounds were doped into ZnO struc-
ture to improve its properties, such as Pt [9], titanate [10], CdS [11] and PbS [12]. The
fabrication and the toluene sensing properties of TiO,-doped ZnO nanostructures have
been reported. It was found that a TiO,-doped ZnO sensor exhibits remarkably en-
hanced responsiveness to 100 ppm toluene [13]. A colloidal Fe-doped ZnO nanocrys-
tal was synthesized and its distinct ferromagnetic resonance signal at room tempera-
ture was revealed [14]. On the other hand, organic dyes such as cationic azobenzene
dye [15] and rhodamine [16] are increasingly used as dopants and modifiers of inor-
ganic nanomaterials. Among all the organic dyes, morin is usually used as a useful
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dopant or modifier, especially as a fluorescent reagent. The photoluminescence of porous
anodized aluminum oxide impregnated with morin was investigated [17]. A SiO,-morin
nanocomposite was successfully synthesized and the reactivity of the nano SiO,, in terms
of selective binding and extraction of heavy metal ions was greatly improved by morin
modification [18]. The interaction between morin and TiO, was investigated by analyzing
the UV-vis absorption, UV-vis diffuse reflectance spectrum [19]. Morin was also interca-
lated into NaY zeolite, as a modified electrode material [20]. The synthesis and the photo-
catalytic property of the dye-sensitized ZnO have been reported [21]. ZrO,/morin nano-
composite was fabricated by a simple heat refluxing method and the enhancement of its
photoluminescence was disclosed [22]. To our knowledge, there have been no reports on
morin modified ZnO. Therefore, it is necessary to research the fabrication and characteri-
zation of morin modified ZnO structure. In this paper, we report a cockloft-like structure
of morin modified multilayer ZnO, and its properties are characterized via X-ray diffrac-
tometry, field emitting scanning electron microscopy, Fourier transform infrared spec-
trometry and fluorescence spectrometry.

2. Experimental

Materials. All reagents such as zinc chloride (ZnCl,, 98%), ammonia (NH;-H,O,
25%), and N,N,N-trimethyl-1-hexadecanaminium bromide (CTABr, C;oH4;,BrN, 99%),
morin hydrate (C;sH;007xH,0, 99.5%) and absolute ethanol (C,HsOH, 99.7%), pur-
chased from Kewei Company of Tianjin University, were analytical grade, and were
used without further purification.

Fabrication. The fabrication of morin decorated ZnO disks was carried out ac-
cording to the following procedure. In the first step, 6 g of ZnCl, and 0.05 g of CTABr
were dissolved into 90 cm’ of distilled water, and then 6.5 cm’ of ammonia was
slowly dropped into the former solution under vigorous stirring to form the reactant
mixture. Subsequently, the solution was loaded in a 250 cm’ beaker placed in a water
bath and was hydrothermally treated, first at 95 °C for 3 h and then at 50 °C for 1 h.
The resulting white precipitate was washed several times with distilled water and al-
cohol, and dried at 60 °C for 10 h in an oven to obtain ZnO products. In the second
step, the as-synthesized ZnO particle was mixed with 10 cm® of morin solution, using
alcohol as a solvent, and the mixture was thoroughly mixed until it was dried by natu-
ral evaporation in atmosphere to obtain the products.

Characterization. The morphologies of the as-synthesized samples were investi-
gated by 1530VP model field emission scanning electron microscopy (FESEM). The
X-ray diffraction (XRD) pattern of the obtained particles was identified on a DX-2000
X-ray diffractometer with CuK,, radiation (A = 0.1542 nm). Photoluminescence (PL)
spectra of these samples were measured with a WGY-10 fluorescence spectropho-
tometer with a Xe lamp (150 mW). The excitation wavelength was fixed at 230 nm.



Cockloft-like ZnO/morin hybrid 743

The spectrum of these samples at ambient temperature was observed in the wave-
length range of 350600 nm. Fourier transform infrared spectroscopy (FTIR) meas-
urements of the samples were undertaken on a Nicolet 380 spectrometer with the spec-
tral resolution of 1 cm'. The samples were mixed with KBr, in the weight ratio of
sample-to-KBr of 1:100, and were then pressed into pellets for characterization.

3. Results and discussion

FESEM images and XRD spectra. Figurel shows the images of the as-prepared
ZnO disks and the mesh-like morin masked multilayer ZnO. In Figure 1a, a very large
number of nanodisks 1.5 um in diameter and ca. 50-100 nm thick can be observed,
which can be easily indexed to a wurtzite ZnO structure (Fig. 2a) and has an unclear
hexagon shape.

Fig. 1. FESEM images of the fabricated ZnO nanodisks (a) and the cockloft-like ZnO --
formed in morin solution with a concentration of 0.005 mol/dm® (b, ¢, and d)
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Here, the synthesis of the as-prepared product was carried out hydrothermally at
a relatively low temperature (95 °C) and under magnetic stirring, using zinc chloride
and ammonia as the starting materials. But it was reported that the morphologies of
ZnO synthesized materials produced under the same conditions usually appear as rods,
tubes and particles etc., not disk like shapes. Compared with other synthesis condi-
tions of nano ZnO, the main difference is that continuous stirring was undertaken dur-
ing the hydrothermal synthesis in this paper. This implies that the dynamic growth
mechanism is possibly changed by stirring. In Figure 1b, a particular structure can be
clearly observed, which looks like some very regular cockloft type structure. This
special structure has hexagular morphology with the diameter of 1.5-2 um and
the thickness of about 1 um. Further details can be observed in Figure 1c, the cockloft
is composed of two components: the middle part of the cockloft is a multilayer flat-
form made up of ZnO nanodisks and a meshlike muffle composed of morin nano par-
ticles with the diameter of about 40 nm. In every single layer of this structure, numer-
ous morin nanoparticles, adsorbing to the fringes of the hexangular ZnO disks, quite
orderly form a necklace around the multilayer ZnO flatform. Observing the profile of
the outboard surface of the cockloft in Fig. 1d, there are numerous morin particles
self-assembled into a nanomesh with pores of ca. 40—-100 nm in diameter in a good
order.

Intensity [a.u.]

2 U
W\W
1 1 1 1
30 40 50 60 70

20 [deg]

Fig. 2. XRD spectra of the fabricated ZnO nanodisks (a) and the cockloft-like ZnO
formed in morin solution with a concentration of 0.005 mol/dm? (b)

The outstanding change of the XRD patterns of the prepared samples can be
caused by the self-assembled structure of morin particle to multilayer ZnO. Except
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XRD peaks at 31.84°, 34.81° and 36.33°, all XRD diffraction peaks of the multilayer
ZnO in Fig. 2, spectrum a almost disappear and several peaks related to morin appear
in spectrum b, due to the dispersion and the absorption of X-ray by morin particles.
The XRD measurement results reflect the morphology of the ZnO multilayer masked
by morin mesh in a visible manner.

Based on the results above, the assembly mechanism of morin-modified ZnO can
be proposed as follows. ZnO nanodisks come out under stirring in hydrothermal sys-
tem during the first step of the synthesis. In the second step, morin nanoparticles crys-
tallized from the alcohol solution preferentially adsorb on the fringe of these nano-
disks to form a laciness round ZnO nanodisks. Then, the nanodisks stack together
along plane (0001) by the dipolar force of ZnO, and meanwhile morin nanoparticles
belonging to the neighbouring laciness combine with each other to form a meshlike
muffle. In this way, the cockloft-like ZnO/morin composite structure is achieved.

Transmittance [a.u.]

c

1 1 1 L 1 1 1

3500 3000 2500 2000 1500 1000 500
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Fig. 3. FTIR transmittance spectra of the fabricated ZnO nanodisks (a), the cockloft-like ZnO
formed in morin solution with a concentration of 0.005 mol/dm’ (b) and pure morin (c)

FTIR spectra. Figure 3 shows the FTIR spectra of ZnO disks (spectrum a), morin-
modified ZnO (spectrum b) and morin (spectrum ¢). In spectrum a, the absorption peaks of
ZnO nanodisks located at 560 and 902 cm™' can be attributed to the bend vibration and the
stretching vibration of Zn—O, respectively. The peaks at 1196 cm 'and 1340 cm ' are as-
signed to the C—O bond of CTABr remains. The peaks at 1613 cm ' and 2359 cm™' are
assigned to OH and CO;>" The peaks at 1620, 1460 and 1216 cm ' in the spectra of
morin (Fig. 3, curve c) can be assigned to the C=C vibration in benzene rings and
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asymmetric stretching vibration of C—O-C, respectively. The bands between 993 and
630 cm' are assigned to the stretching vibration of -C—-OH [19]. Comparing the IR
spectrum of ZnO nanodisks and morin with that of the as-fabricated morin modified
ZnO, the bands at 993, 797 and 630 cm ' disappeared with the appearance of new
bonds at 951, 832, 714, 609 and 463 cm'. Weak bands at 902 and 560 cm ' corre-
sponding to Zn—O were concealed by strong ones. It implies that some new chemical
bonds were formed between ZnO disks and morin particles.
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Fig. 4. Room temperature PL spectra of the fabricated ZnO nanodisks (a),
the cockloft-like ZnO formed in morin solution using alcohol as the solvent with
the concentration of: b) 0.003 mol/dm®, ¢) 0.005 mol/dm’, d) 0.007 mol/dm?, €) 0.009 mol/dm?,
£) 0.011 mol/dm®, g) 0.013 mol/dm®, h) 0.015 mol/dm® and i) 0.017 mol/dm®

PL spectra. Figure 4 shows the room temperature PL spectra of ZnO nanodisks
and morin modified ZnO nanodisks. It is clearly observed that the intensity of the UV
emission at about 396 nm [23, 24] evidently decreases as the dosage of morin in-
creases in the fabrication process of the morin modified ZnO nanodisks. In general,
the intensity of the UV emission of the reported morin doped inorganic oxide is usu-
ally strongly enhanced by introducing an appropriate dosage of morin into oxide [19].
Here, the attenuation of the UV emission is caused by absorption of the exciting light
by morin and the emittion from nano ZnO. The fact is that ZnO particles are muffled
by numerous morin particles, which reduces the intensity of the excitation light arriv-
ing at the surface of ZnO and the emission emitted from the ZnO surface. The radical
of morin does not integrate into ZnO structure and does not change the energy band
structure, and therefore the emission mechanism of ZnO nanodisks cannot be changed.
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4. Conclusion

A well ordered structure of morin modified multilayer ZnO with a cockloft-like
morphology can be successfully fabricated via a simple adsorption process in alcohol
solution, using ZnO nanodisks synthesized in a hydrothermal system and morin as the
precursor. The cockloft-like ZnO composite, having a wurtzite structure and a hexan-
gular morphology with the diameter of 1.5-2 um and the thickness of about 1 pum, is
composed of two parts: a multilayer flatform stacked by numerous ZnO nanodisks in
its middle and a meshlike muffle made up of a very large number of morin nanoparti-
cles with diameters of ca. 40 nm. Comparing the IR spectrum of the ZnO nanodisks
and morin with that of the as-fabricated cockloft type composite, it can be observed
that the bands at 993, 797 and 630 cm™' disappear with the occurrence of the new
bands at 951, 832, 714, 609 and 463 cm ', which implies that some new chemical
bonds are formed between ZnO disks and morin particles. The UV emission of the as-
fabricated product is obviously attenuated by morin nanoparticles assembling on the
surface of ZnO nanodisks.
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Coordination properties of diethyl
(pyridyn-2-ylmethyl)phoshate ligand
with chloride transition metal salts

B. ZUROWSKA' ", U. KALINOWSKA-LIS?, J. OCHOCKI®

lFaculty of Chemistry, University of Wroclaw, 14 F. Joliot- Curie St., 50-383 Wroclaw, Poland

“Department of Bioinorganic Chemistry, Faculty of Pharmacy,
Muszynskiego 1, Medical University, 90-151 £6dz, Poland

A new series of chloride transition metal complexes containing a diethyl (pyridyn-2-ylmethyl)
phosphate (2-pmOpe) ligand, of the general formula [M(2-pmOpe),Cl;] M = Cu, Ni, Mn) and
[M(2-pmOpe)Cl,] (M = Co, Zn), were synthesized and studied. The stoichiometry and stereochemistry of
the compounds were confirmed by elemental analysis, spectroscopic and magnetic studies. The ligand
containing two donor atoms, heterocyclic pyridyl nitrogen and phosphoryl oxygen atoms, binds in
a didentate chelate manner in all complexes. The octahedral (Cu, Ni, Mn) and tetrahedral (Co, Zn) coor-
dination sphere complete chloride ions included in coordination. The magnetic behaviour (for paramag-
netic centres) and spectroscopic analyses of the complexes indicate a mononuclear structure and suggest
existence of a very weak exchange coupling between the metal centres in the crystal lattice.

Keywords: transition metal complexes; N,O-donor ligand; spectroscopy, magnetism

1. Introduction

The title compounds have been synthesized and investigated as a part of the pro-
gram of research regarding metal complexes of the N-heterocyclic phosphonate and
phosphate ligands. Recently, much attention has been focused on the synthesis of
phosphonate and phosphate diesters, derivatives of pyridine or quinoline and their
platinum(Il) and palladium(Il) complexes, because of their potential [1] and signifi-
cant [2—14] anti-tumour activity. In previous studies, the authors have demonstrated
high reactivity of pyridyl- and quinolyl-substituted phosphate diesters to transition
metal ions [15-26]. However, the interaction of the new class of organophosphorous
compounds, i.e. phosphate esters, derivatives of pyridine, with transition metal ions is
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still little known. Studies on the structure and biological activity of platinum(Il) and
palladium(Il) complexes with diethyl (pyridin-2,-3- and -4-ylmethyl)phosphate
(2-pmOpe, 3-pmOpe and 4-pmOpe, respectively) have been published [1, 14]. Recent-
ly, we reported the coordination properties of 2- and 4-pmOpe ligand with perchlorate
metal(Il) salts [25, 26] and chloride zinc(I) [27]. Further investigation of the reactivi-
ty of the N-heterocyclic phosphate ligands to transition metal salts concern the interac-
tion of 2-pmOpe ligand (Fig. 1) with chloride transition metal salts.

In this paper, interactions of chloride metal(Il) salts with 2-pmOpe ligand have
been analysed, and stoichiometries as well as geometrical arrangements of the result-
ing species have been proposed. Physicochemical properties of the compounds and
their possible structures were discussed based on their spectral properties (infrared,
ligand field spectra) and magnetism analyses.

2. Experimental

Reagents and physical measurements. The starting materials and solvents for the
syntheses obtained commercially were used as received. The compositions of the met-
als were determined using a Carl Zeiss Jena atomic absorption spectrophotometer and
an ARL Model 3410 ICP spectrometer. Elemental analyses were carried out using
a Perkin-Elmer elemental analyzer 2400CHN. Solid state electronic spectra (28 000
—4000 cm ') were obtained on a Cary 500 spectrophotometer. Magnetic measurements
were carried out with a Quantum Design SQUID magnetometer (MPMSXL-5 type).
The measurements were recorded at the magnetic field strength of 0.5 T in the tem-
perature range 1.8-300 K. Corrections for diamagnetic contributions were based on
subtracting the sample holder signal and estimating the contribution }, from the Pas-
cal constants [26]. The effective magnetic moments were calculated from
teir = 2.83(xT)"* using temperature independent paramagnetism of 60x10°¢ cm’**mol ™ for
Cu(II) ions, of 500 type 10 cm*mol ™" for Co(II) ions and of 220x10°® cm*mol " for
Ni(II) ions [29].

Synthesis of 2-pmOpe ligand. The diethyl (pyridyn-2-ylmethyl)phosphate
(2-pmOpe) (Fig. 1) ligand was prepared according to the procedure described else-

where [1].
X
(j\/ i
N/ O\//

P—o0

)

CH4

Fig. 1. Formula of the 2-pmOpe ligand
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Syntheses of 2-pmOpe complexes. The chloride complexes were synthesized by
dissolving an appropriate hydrated metal chloride (1 mmol) in ethanol (10 cm’) and
adding to a solution of the ligand (1 or 2 mmol ) in ethanol (20 cm’). The resulting
solutions were filtered and left to evaporate slowly at room temperature. Attempts to
obtain monocrystals so suitable for X-ray identification were unsuccessful.

Anal. Calc. for CyH3,Cl,CuN,OgP, (1): C, 38.44; H, 5.17; N, 4.48; Cu, 10.17.
Found: C, 37.85; H, 5.62; N, 4.44; Cu, 10.31 %.

Anal. Calc. for Cy0H3,CI,NiN,OgP;, (2): C, 38.74; H, 5.21; N, 4.52; Ni, 9.46.
Found: C, 38.55; H, 5.82; N, 4.34; Ni, 9.13 %.

Anal. Calc. for C;(H;sCl,CoNO,P (3): C, 32.05; H, 4.31; N, 3.73; Co, 15.71.
Found: C, 32.48; H, 4.33; N, 3.42; Co, 15.23 %.

Anal. Calc. for CoHsCl,ZnNO4P (4): C, 31.48; H, 4.23; N, 3.67; Zn, 17.41.
Found: C, 31.78; H, 4.33; N, 3.42; Co, 17.23 %.

Anal. Calc. for CyH3,Cl,MnN,OgP, (5): C, 38.97; H, 5.24; N, 4.55; Mn, 8.91.
Found: C, 38.55; H, 5.32; N, 4.34; Mn, 9.13 %.

3. Results and discussion

A series of M(I[) (M = Cu, Ni, Co, Mn and Zn) chloride complexes with diethyl
(pyridin-2-ylmethyl)phosphate ester (2-pmOpe) have been synthesized. The stoichiome-
try of the complexes was identified from the elemental analysis and metal determination
data. Results of analyses showed that the 2-pmOpe ligand is able to form coordination
compounds with M(II) chloride salts in a 2:1 or 1:1 molar ratio, resulting in the follow-
ing stoichiometries: [M(2-pmOpe),Cl,] (M = Cu, Ni, Mn) and [M(2-pmOpe)Cl,]
(M = Co and Zn). All the studied compounds are stable in solution when exposed to air.

3.1. Spectroscopic properties

In the IR spectra of the complexes under study, the absorption bands were as-
signed to C=C and C=N stretching modes of a pyridine molecule, and were observed
in the 1600—1500 cm ' range for a free ligand. These absorption bands are not shifted
appreciably, whereas characteristic bands corresponding to out-of-plane and in-plane
ring deformation of the 2-substituted pyridine ring (observed at ca. 400 and 600 cm ',
in a free ligand, respectively) are shifted to higher frequencies by ca. 20 cm ' and
13 cm', respectively. This suggests coordination of the pyridyl nitrogen donor atom
[30, 31].

A strong absorption band at 1270 cm ' which corresponds to P=0O stretching vi-
brations of a free ligand, in the spectra of all complexes is shifted by ca. 40 cm ' to-
wards lower frequencies, indicating coordination of the phosphoryl oxygen to the
metal ions.

The far-IR frequencies of the v(M—CI) stretching vibrations corresponding to cop-
per, nickel and manganese compounds are observed at 316, 236 and 317 cm™', respec-
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tively. The v(M—Cl) symmetric and asymmetric vibrations in [Zn(2-pmOpe)Cl,] (302,
329 cm™) and [Co(2-pmOpe)Cl,] (310, 324 cm ') are consistent with a pseudotetra-
hedral environment [32]. It is worth emphasizing that the IR spectrum of Zn(Il) com-
plex presented here exhibits significant differences in line shapes, relative intensities
and position of the bands, compared with the spectrum of the complex obtained ear-
lier, namely [Zn(2-pmOpe)Cl,], [27], in which the ligand acts as an N,O-bridge, indi-
cating some differences in ligand conformation.

In the ligand field spectrum of the Cu(Il) compound, only one band is seen at
13 870 cm "1t is associated with the 2Eg—> T »¢ transition in O, symmetry, which indi-
cates that the coordination sphere N,O,Cl, produces a weak ligand field [32, 33]. The
position, as well as the shape, of this band suggests that CuN,O, chromophore has
a tetragonally elongated octahedral geometry.

The ligand field spectrum of the Ni(Il) compound displays bands (at 24 450,
14 840, 8290 cm™') corresponding to the 3A2g - 3Tlg(P), 3A2g — 3Tlg(F) and 3A2g -
T, »¢ transitions. Asymmetric bands in the near-IR region show that the Ni(II) ion is in
an N,O4 octahedral tetragonally distorted [34, 35]. The calculated [34] spectrochemi-
cal parameters D, and B for Ni(II) are 830 and 960 cm ', respectively. A rather high
value of B may suggest a distorted octahedral geometry arising from the different na-
ture of organic and chlorido ligands. The 10Dgq value shows that the nearest coordina-
tion sphere N,O,Cl, produces a weak ligand field [33].

The ligand field spectrum of a blue cobalt(Il) compound is typical of compounds
having pseudotetrahedral geometry [36]. The compound shows triply split bands, one
in the visible region and the other in the near infrared, with the centre at 16 300 cm''
and about 4000 cm '. The parameters D, (370 cm ') and B (745 cm™), calculated us-
ing the secular equation for tetrahedral cobalt(Il) the transition energies [36, 37], are
based on the centres of gravity of the respective multiplets. These values are consistent
with those reported for tetrahedral Co(Il) complexes and are typical of ligands which
differ significantly in strength [38].

Extremely low values of the intensities of the bands for the octahedral manga-
nese(Il) complex are not unusual [34]. The spectrum shows bands as shoulders on
a high-energy ligand or CT band at ca. 25 000 cm ™' and ca. 19 000 cm ', which can be
assigned to °4,, — *4,,, ‘E, and °4,, — *T\(G) transitions, respectively. Other char-
acteristic bands of d-d transitions are masked by UV absorption and are difficult to
recognize in the complex, and thus the ligand field parameters cannot be calculated.

3.2. Magnetic properties

The EPR spectrum of Cu(Il) compound is of axial type, with g values of
g = 2.28;, g1 = 2.06,4 normal for copper in a octahedral environment. A high value for
g suggests a planar geometry with relatively strong axial bonding. The spectrum is
independent of the temperature. The EPR spectrum of the octahedral Co(II) compound
shows no lines at room temperature, but one broad line at 77 K with g = 5.62. The
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nickel(Il) compound does not exhibit an X-band spectrum. The EPR spectrum of the
manganese(Il) displays a hyperfine structure that is typical of *Mn(II).

Effective magnetic moments of copper(Il), nickel(I) and manganese(Il) com-
plexes at room temperature (1.92, 3.12, 6.02 up, respectively) are within the usually
observed ranges of experimental values for Cu(Il), and high-spin Ni(I[) and Mn(II)
complexes in octahedral configuration [39], and are characteristic of uncoupled metal
centres. The magnetic moment of [Co(2-pmOpe)Cly] (s = 4.37Up) is consistent with
tetrahedral stereochemistries [39]. Variable temperature (77-300 K) magnetic suscep-
tibility data were collected for all the studied paramagnetic complexes.

The negative values for the Weiss constants (6), obtained from the equation
v = C/(T — 6)] were within the measured temperature range and were found to be
—0.24, —0.63, —6.73, —0.12 K for Cu(Il), Ni(II), Co(II) and Mn(II) complexes, respec-
tively. They may suggest the possibility of a very weak magnetic interaction between
magnetic centres at lower temperatures. Temperature dependences of magnetic sus-
ceptibilities y,,T for all investigated complexes are shown in Fig. 2.

3

1, lem"mol K]

TIK]

Fig. 2. Temperature dependences of y;,T for [Cu(2-pmOpe),Cl,] (1),
[Ni(2-pmOpe),Cly] (2), [Co(2-pmOpe)Cly] (3) and [Mn(2-pmOpe),Cly] (4)

For all considered complexes, constant values of y,7T are observed, decreasing
only at the lowest temperatures (Fig. 2). This suggests the possibility of very weak
magnetic interactions between magnetic centres inside crystal lattice at lower tempera-
tures. The plot of yuT vs. T for cobalt(Il) compound indicates a small contribution of
the orbital moment, which is typical of the *4,, ground state of Co(II) in a slightly
distorted tetrahedral site [39].

Assuming all the complexes have monomeric structures, the data were analyzed
using a molecular exchange field model based on the following equations[40]:
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A = ﬂ g 28 5(s5+1) (1)

corr __ XM

A= )
Npg’

T

where ), is the magnetic susceptibility of a paramagnetic centre, y,;" is the measured

experimental susceptibility, zJ' is exchange between magnetic ions belonging to different
molecules, z is the number of nearest neighbours, and the other symbols have their usual
meanings. In the context of this model, the parameter values obtained by least squares
fitting are as follows: zJ' = —0.35, —0.28, —0.48 and —0.36 cm ' for Cu(II), Ni(II), Co(II)
and Mn(I), respectively. The results obtained for the compounds under investigations
confirm their monomeric structures and indicate that a very weak antiferromagnetic ex-
change interaction occurs between magnetic centres in the crystal lattice.

4. Summary

The results described in the present paper have shown that the 2-pmOpe ligand
with the Co(II), Ni(Il) and Zn(II) chloride salts acts as an N,O-bonded chelate ligand
through pyridyl nitrogen and phosphoryl oxygen atoms. Chloride complexes of Cu(Il),
Ni(II) and Mn(II) are six coordinated (MN,O,Cl, chromophore). The Zn(II) and Co(II)
compounds are four coordinated (MNOCI, chromophore). The results presented here
and ecarlier [27] suggest that in the reaction of ZnCl, with
2-pmOpe two polymorphic forms are formed. All the studied compounds are stable in
solution exposed to air. The magnetism results (for paramagnetic centres) indicate the
complexes have monomeric structures, and suggest the possibility of a very weak anti-
ferromagnetic interaction between paramagnetic centres in the crystal lattice.
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