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FOREWORD

This volume, “New applications of micro-and nanotechnolo-
gies’, is Number 14 in the “Micro-and nanoingineering” series, edited
by the Publishing House of the Romanian Academy. This volume
contains a number of papers selected from the programme of the 7™
Annual National Seminar for Nanoscience and Nanotechnologies
(Bucharest, 20" of March, 2008).

The papers published in this volume are original, written
specially for this purpose. They are focused on a variety of subjects
related to nanomaterials and nanotechnologies. In a few cases, they
reflect the so-called “convergent technologies’: micro-nano-bio-info,
a domain of outstanding importance for a variety of applications. The
reader will find in this volume a relevant image about the status of
research of thisfield in Romania.

The Editors,

April 2009






Magnetic — Based Microfluidic Platform
for Biomolecular Separation

Andrei AVRAMI, Marioara AVRAMl, Marius VOLMER 2,
Daniel Puiu POENAR?, Ciprian ILIESCU*

'National Institute for Research and Development
in Microtechnologies (IMT), Bucharest, Romania
*University Transilvania Brasov, Physics Department, Romania
*Nanyang Technological University, Singapore
“Institute of Bioengineering and Nanotechnology, Singapore

Abstract. The motivation of the research work is to realize a spin valve array for
manipulating, sorting and testing biomolecules. The spin valve arrays allow the applica-
tion of torsion forces to a large number of individual biomolecules simultaneously. A
novel microfluidic platform for manipulation of micro/nano magnetic particles was de-
signed, fabricated and tested for applications dealing with biomolecular separation. At
the present moment we are studying of the interaction of the magnetic particles used in
biological applications with the GMR sensor. The fractional change in resistance, and
hence the sensitivity, will be maximized by matching, as far as possible, the size of the
sensor to the size of the beads and by carefully positioning the beads over the sensor.
We found, by micromagnetic simulations, that the amount of surface coverage with
magnetic particles may affect the magnetization curve of the sensor and will change the
field dependence of his GMR response.

1. Introduction

In recent years there has been a great progress in applying microfabrication
and soft lithographic techniques in the separation of biomolecules and in studying
biosystems. The manipulation and sorting of biocells still poses unique challenges
to microfabrication because of the complex physical properties of biological ob-
jects and their interaction with the surface and the designed structures in microflu-
idic devices. Lab-on-a-chip devices [1-3] are very attractive because they allow
shrinking the entire chemical or biochemical assays down to small microfluidic
chips. Cell separation is one of the most important steps in the study and preven-
tion of diseases. Without cell separation many analyses would be impaired by the
extremely high concentration of some cells in comparison to the other cell types.
The actual cells separations methods are based on complicated procedure of mag-
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netic beads labeling and centrifugation to separate blood cells, which is a time con-
suming procedure taking up several hours. There is a need for a system, which can
collect, sort and manipulate different types of cells and measure the concentration
of the clinically relevant species in continuous, real time fashion. Because GMR
detectors can resolve single micrometer-sized magnetic beads [4—6] and are com-
patible with silicon technology, they can be easily integrated to build arrays of sen-
sors able to detect different biological molecules [5, 7-9]. The bonding of the mag-
netic beads to the sites — GMR sensors — via the molecules to be detected has been
described in many studies [4, 5]. Single molecule manipulation and measurement is
desired because information that is obscured in ensemble measurements and statis-
tical distribution can be probed when molecules are observed individually. On the
other hand, magnetic tweezers, which trap magnetic microparticles in magnetic
field gradients, can impart torque and torsional motion to the bio-molecules in ad-
dition to lateral movement. High gradient magnetic separation has advantages over
existing cell separation methods; when it is implemented in a passive magnetopho-
retic microsystem that can be fabricated using established methods, it can be ap-
plied to different cells with the use of pre labeling with magnetic beads or using the
native magnetic susceptibilities of the biosamples. It is faster than the actual mag-
netic separation methods and it doesn’t need the use of a great quantity of material
to be tested.

2. Theoretical considerations

A uniform external magnetic field applied normal to the plane is deformed
near the spin valve, and generates a high gradient magnetic field, experienced by
the magnetic particles moving around the spin valve. Therefore, cells flowing near
the spin valve experience a magnetic force created by the high gradient magnetic
field. The magnetic force on a magnetic cell placed in a buffer solution can be cal-
culated as:

2 2 2
F LM["[H%W’S&"H) Hea, _M#sm(%)waw r>a

with:

Uy —Hg
k=-—% , 1
“W+HB ()

where y is the relative magnetic susceptibility of a blood cell relative to the buffer
solution; py and pg are the permeability of the ferromagnetic wire and the buffer
solution, respectively; Vgc is the volume of the blood cell; a is the radius of a circu-
lar ferromagnetic wire; r and ¢ are the cylindrical coordinates of the distance and
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angle; H is the external magnetic field; and a, and a, are unit vectors for the dis-
tance and angle in the cylindrical coordinate.

If the wire is magnetically saturated, the first term of the magnetic force in
equation (1) is independent of the external magnetic field, H, and proportional to
the square of the saturation magnetization field. The second and third terms of the
magnetic force are linearly proportional to the magnetization field saturation and
the external magnetic field.

For magnetic particles placed on the x-axis (¢ ~ 0), sin2¢ =~ 0, cos2¢ ~ 1, the
ferromagnetic wire attracts paramagnetic particles and repels diamagnetic particles.
For magnetic particles placed on the y-axis (¢ = 90), sin2¢ = 0, cos2 ¢ =~ —1, the
wire attracts diamagnetic particles and repels paramagnetic particles. The first
geometric configuration has been called the paramagnetic capture (PMC) mode;
the latter has been called the diamagnetic capture (DMC) mode.

To summarize, the main parameters that influence the magnetic force applied
on the particles affected by an external magnetic field are: the intensity and orienta-
tion of the magnetic field H; the permeability of the buffer solution and the ferro-
magnetic wire; the susceptibilities of the cells and the buffer solution and the di-
mension of the device and of the cells.

In order to pump and precisely control small volumes of sample, micropumps
need to be integrated into miniaturized total analysis systems (UTAS). Micro-
fabricated pumps are shown to generally fall into one of two main categories [4].
The “displacement pumps” exert pressure forces on the working fluid through one
or more moving boundaries. The “dynamic pumps” continuously add energy to the
working fluid in a manner that directly increases either its momentum or its pres-
sure. Magnetohydrodynamic (MHD) micropumps fall into the “dynamic pumps”
category. They operate without moving parts, and require only low voltages (less
than 10 V) for their actuation. The liquid flow does not depend on the chemical
nature of the capillary surface unlike in electro-osmotic flow. Forward and reverse
flows are possible by changing the voltage or magnetic field polarity. It is for all
these reasons that MHD pumping has attracted a growing interest for the handling
of conductive fluids in microchannels over the past few years. The operating prin-
ciple of the MHD pumps is based on the Lorentz force, F., which is acting on
charged species that are moving in a magnetic field. When a current is flown across
the width of a microchannel filled with an electrolyte solution, the Lorentz force
exerts a body force on the fluid that is proportional to both the current density j in
the liquid and the magnetic flux density B which is perpendicular on the current
density in order to obtain a maximum efficiency [4]:

F.=]xB-V,, )

where Vp is the device volume (the active part, through which the current is flow-
ing). It is assumed that B is homogeneous, j is constant, the bulk solution is elec-
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troneutral, and that the Hartmann number is close to zero (poor conductivity of the
medium, compared to metals or plasma fluids). The flow along the length of the
channel resulting from the Lorentz force has a flow profile similar to that of pres-
sure-driven flow, and obeys Poiseuille law in microchannels [4]:

AP:Q-Rhy:F—AL:j-B-I, 3)

where AP is the pressure drop in the channel, Q is the volumetric flow rate, Ry is
the hydraulic resistance of the channel, A is the channel cross-section, and | is the
length of the channel along which the current is applied across it. Generally | does
not equal L, the total length of the channel. Ry, depends on the channel geometry
(channel length L and the cross-section shape) and the fluid viscosity, 1. For exam-
ple, if the channel has a semi-circular cross-section, Ryy is expressed by [4]:

127mL
W 3t

where h is the height of the channel. Usually, the maximum flow rate which can be
obtained with these kinds of pumps is about 63 pl/min, corresponding to a pressure
difference of 170 Pa in the capillary [4, 5].

An experimental MHD device made by the authors will be presented in the
next section.

The fluid which is actuated by the MHD micropump can be a carrier of mag-
netic beads labelled with different biological structures. Detection of such small
magnetic fields generated by magnetic particles encapsulated in plastic, carbon or
ceramic spheres which are coated with chemical or biological species such as DNA
or antibodies that selectively bind to the target analysed can be made using giant
magnetoresistive effect (GMR) or Hall effect sensors. Because GMR detectors can
resolve single micrometer-sized magnetic beads [6—8] and are compatible with sili-
con technology, they can be easily integrated to build arrays of sensors able to de-
tect different biological molecules [7, 9—11]. The bonding of the magnetic beads to
the sites — GMR sensors - via the molecules to be detected has been described in
many studies [6, 7] and is showed schematically in Fig. 1.

The magnetic microbeads and the GMR sensors will be coated with identical
probes such as DNA or antibodies which are specifically bonded together by the
molecule to be analyzed. The microbeads in suspension were allowed to settle onto
the GMR sensor array where specific beads bonded to specific sensors only if the
probes were designed to attract each other. Nonbinding beads can be removed by
applying a small magnetic field. The beads are then magnetized by a DC or an AC
electromagnet and detected by the GMR sensors. The microbeads are made up of
nm sized iron oxide particles that have little or no magnetization in the absence of
an applied field.

4
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Fig. 1. Antigens are detected by flowing them over a sensor coated with antibodies
to which they bind. The magnetic particle-labeled antibodies then bind to the antigens
providing a magnetic indication of the presence of those antigens.

The field generated by the beads is proportional to the volume of magnetic
material and inversely proportional to the cubed distance from the bead to the sen-
sor. Basically two detection schemes can be used: (i) the external magnetic field is
applied parallel to the GMR sensor and (ii) the magnetic field is applied perpen-
dicular on the GMR sensor which will detect the in-plane component of the field
produced by the beads. In both cases a differential measurement setup has to be
used in order to extract, from the total field, the contribution corresponding due to
the magnetic moment of the beads and to avoid the influence of other external
magnetic fields and thermal variations.

3. Device Design

The structure of the device is presented in Fig. 2. A glass die with inlet/outlet
holes and a 60 um deep microfluidic channel is bonded to another glass die, on
which a magnetic platform consisting of magnetic tweezers and spin valves array
was patterned. A permanent magnet generates an external magnetic flux of 0.2 T
perpendicular on the flow direction. Potential advantages of this design include the
ability to manipulate both ends of the molecules, the capability to sort and probe a
large number of molecules, and the potential to apply torsional forces to a large
number of individual biological molecules simultaneously.

4. Numerical Simulations

In this paper we report the micromagnetic simulation regarding the sensor
behaviour for both orientations of the applied magnetic field. First we shall con-
sider the case when the magnetic field is applied parallel to the GMR sensor and
the magnetic beads are located above the sensor as sketched in Fig. 2. The stray
field produced by the beads will change the effective field inside the GMR sensor
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and will affect the field behaviour of the GMR effect. Using a differential setup,
i.e., a second GMR sensor which is placed in the same external applied field, H, we
can extract the change of the GMR response due to the stray field produced by the
beads. In our simulations regarding the sensor response we’ll assume a total thick-
ness of the layers (immobilization layer and protection layer — Si;N4) between the
bead and the GMR sensor of 0.2 um.

top die

inlet/outlet holes

bottom die

biocell
magnetic tip

Fig. 2. Schematic view of the microfluidic device.

Each bead is assumed to be a sphere with a diameter of about 0.2 um. Be-
cause the magnetization of magnetite is lower by a factor of 2—3 than for other fer-
romagnetic materials (e.g. cobalt or iron) [5], we assumed, in our simulations, for
the saturation magnetization of the micro-magnetic bead a value of 400 emu/cm’
(the saturation magnetization for Co is 1300 emu/cm®). The GMR sensor is a multi-
layer structure FeMn/NiggFeyo (10 nm)/Cu(4 nm) NigoFe,o(10 nm). To simulate the
magnetic behaviour and the GMR response of such a multilayer film, we take a
square region of 1x1 um’. Each magnetic layer of this region was divided into
10x10 single domains of NiggFeyy, 10 nm thick and 95 nm each side, Fig. 3. The
distance between the adjacent domains is d = 5 nm which is equivalent with an in-
ter-grain spacing [10]. The distance between this two ferromagnetic layers is set to
be equal with the real interlayer thickness, tc, =4 nm. The coupling constant, for
tcy > 1.5-2 nm, is well described by the Néel model for positive magnetostatic in-
terlayer coupling [10, 11] and the resulting coupling field is Hy=2 457 A/m
(31 Oe) for our system. Because of NiFe bridges that exist trough the spacer, in
real structures, the coupling may have local variations that exceed 31 Oe [11]. Be-
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tween the top and the bottom layers we introduced coupling fields that have ran-
dom values from 30 to 60 Oe. The pinning field between the FeMn layer and the
NiFe(10 nm) layer was set at Hy, = 200 Oe, a value which is consistent with ex-
perimental data.

\O % surface coverage 0.6
1043
18
1023
- 0.2 o)
3 0.0

-500 0 500
H (Oe)

Fig. 3. The field dependence of the GMR effect for different amounts of the surface
coverage with magnetic particles. The field is applied in the film plane over the easy axis.

The uniaxial anisotropy field is perpendicular on the pinning field and the
value was fixed at Hx = 5 Oe. The beads are placed above the centre of the free
layer at distance of 200 nm from its surface. They are equally spaced. In our simu-
lations the distance between the nearest beads is 200 nm. Applying the magnetic
field in the film plane over the easy axis, like in Fig. 2, we obtained by micromag-
netic simulations [10, 12], the GMR response for different number of beads placed
above the sensor. The data is plotted in Fig. 3 and the results are presented in terms
of surface coverage with magnetic beads. Taking into account the dimension of the
considered region (1 um?) and the bead dimension we get 4 % surface coverage for
1 bead, 12 % for 3 beads and 16 % for 4 beads respectively. When the magnetic
field is applied upon the easy axis, the magnetization from the free layer will re-
verse at a value which is dependent on the anisotropy field, the coupling field and
the strength of the magnetostatic interaction between the free layer and the mag-
netic beads. The presence of the magnetic beads above the sensor will bring an ad-
ditional field, Hypeaq, Which alters the GMR response. These perturbations can be
seen using a reference sensor in a differential setup. The output of the differential
setup is presented in Fig. 4.



16 A. Avram et al.

AU (a.u.)

e 4% i
| —o0—12% © ]
02+ 16 % surface coverage 4
L 1 L L L 1 L L 1 L L L 1 L L L 1 L
-400 -200 0 200 400
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Fig. 4. The output of the differential setup for different amounts of the surface coverage
with magnetic particles. The field is applied in the film plane over the easy axis.

Because the output voltage, AU, depends on some parameters like the ampli-
tude of the GMR effect, the resistance value of the GMR sensors, the driving cur-
rents through the sensors and the gain of the instrumentation amplifier, the vertical
axis is quoted in arbitrary units (a.u.). Our simulations revealed the fact that the
positions of the low field peaks, depend on the surface coverage ratio with mag-
netic beads. For this reason the best detection method is to sweep the magnetic
field between the limits illustrated in Fig. 3 and Fig. 4, i.e. to perform a complete
magnetization curve. However, these simulations reveal the fact that it is difficult
to extract a signal which can be a measure of the magnetic moment because what is
changed is mainly the shape and not the amplitude of field dependence of the GMR
effect. This is because the external magnetic field, which is applied in the film
plane, is much higher than the contribution of the stray field produced by the beads.

Now, we shall consider the case when the magnetic field is applied perpen-
dicular to the sensor surface. Because of the high value of the demagnetizing coef-
ficient over this direction, the magnetic moments remain in the film plane and
magnetization curve shows a line with a very small slope. For this reason, the
GMR effect is field insensitive in this case. When magnetic beads are located over
the sensor, like in Fig. 2, the horizontal component of the stray field, generated by
them, can change the magnetic state of the sensor and hence can produce a GMR
effect. However, for a large number of particles, located over the centre of the sen-
sor, the horizontal components of the stray fields will cancel each other and will be
a very weak GMR response as we can see in Fig. 5.
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Fig. 5. The field dependence of the GMR effect, for different positions of the
magnetic beads, when the field is applied perpendicular to the film surface.

0.25_-""'“;"”"”'__
o.2o§- i /\O/\O _
AW N

0.10 F .

AU (a.u.)

0.05 F .

200 400 600 800 1000
Displacement Ay (nm)

0.00 &

O Fr o

Fig. 6. The output of the differential system upon the position, Ay, of the particles ensemble
relative to the centre of sensor. The field is applied perpendicular to the film surface.

Now, if the ensemble of particles, as sketched in Fig. 2, is moved from the
centre toward the margin of the sensor, following the y direction, the horizontal
components of the stray fields will not cancel entirely and an increases of the net
field applied in the film plane is expected. A GMR response will appear as we can
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see in Fig. 5, for three values, Ay = 100, 500 and 1000 nm, of the ensemble dis-
placement relative to the sensor centre. It is important to emphasis the fact that tak-
ing into account the geometry presented in Fig. 2, the horizontal components of the
stray fields will be directed over the hard direction of magnetization and will pro-
duce a smooth variation of the GMR effect. The output of the differential system
depends on the position Ay of the particles ensemble relative to the centre of sensor
and is plotted in Fig. 6. As is expected the maximum sensitivity is achieved for
Ay =500 nm. The secondary peaks seams to appear because of the discrete struc-
ture made by magnetic beads distributed uniformly inside. The advantage of this
configuration, i.e. magnetic field applied perpendicular to the sensor surface, is a
net GMR response when magnetic beads are presented and located in a position for
which is achieved a maximum sensitivity. For this position we can plot, Fig. 7, the
dependence of the output signal (the amplitude of differential signal due to GMR
effect for a loop field scan) in function of the number of magnetic beads. Taking
the above specified data, we can estimate a value of the magnetic moment at satu-
ration, m, = 1.67-10"% emu/magnetic bead. It is natural to assume a small number
of magnetic particles located over a surface of 1 um” of the sensor.

025} mb:1.67*10'12 emu/magnetic bead ]

0.00 | .

1 " 1 " 1 " 1 " 1

0 1 2 3 4
n (number of magnetic beads)

Fig. 7. The dependence of the output signal, AU, in function of the number of magnetic
beads located over the sensor. The field is applied perpendicular to the film surface.

Obviously, the results of these micromagnetic simulations can be extended
by multiplying the selected 1 um” region to the entire sensor. In conclusion, we
performed micromagnetic simulations regarding the response of the GMR sensor
covered with magnetic beads used for biomedical applications. We found that a net
signal can be obtained when the magnetic field is applied perpendicular on the film
surface and the beads are located in a given position for which a maximum sensi-
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tivity is achieved. From these simulations, Fig. 7, a calibration curve can be build
in order to perform quantitative measurements.

Figure 7 presents the calculated temperature dependence of the reverse cur-
rent. Symbols used in the table are the generation, diffusion, surface, and respec-
tively, tunnelling components of the reverse current density at two reverse bias
voltages, 500 V and 700 V. The reverse bias considered in Fig. 7, is VR=—-10 V.
For comparison, experimental data are shown. As it is seen, the generation in the
space charge is dominant up to a temperature of 1000K, when the current density
approaches the limit of 10% A/cm?. In spite of the high electrical field in the junc-
tion, the tunnelling component is still negligible in this temperature range.

5. Device fabrication

By exploiting the surface micromachining and applying functionalization of
the surfaces to generate controlled hydrophobicity, we have developed a smart mi-
crofluidic system capable of sampling, dispensing, sorting and delivering biologi-
cal fluids to the sensing unit. The microdevice (Fig. 1) contains: microchannels
with input and output reservoirs for fluid transport and a microfluidic platform that
can trap, measure, manipulate and sort magnetic marked biomolecules in an array
of magnetophoretic spin valves. The fabrication process of the device consists of
three important steps: fabrication of the top wafer with the inlet/outlet holes and the
microfluidic channel, fabrication of the bottom wafer with ferromagnetic concen-
trators and assembling of the wafers.

The fabrication of the top wafer is presented in Fig. 8. A 4” glass wafer Corn-
ing 7740 was used. A Cr/Au/ photoresist masking layer (Fig. 8a) was used for the
fabrication of the microfluidic channel. A wet etching process in HF/HCI was used
for 60 pum deep-etching in glass (Fig. 8b). During the wet etching process the back-
side of the wafer was protected by a dummy silicon wafer bonded with wax on the
glass wafer. The debonding of the wafer was performed on a hot plate. After re-
moving of the Cr/Au/photoresist mask (Fig. 8c) using classical resist stripper
(NMP) — for photoresist and residual wax and Au and Cr etchants, a second
Cr/Au/photoresist mask was applied on the other surface of the glass wafer
(Fig. 8d). Similar, a second wax bonding process will assure the protection of the
microfluidic channel, while the wax served also as etch-stop layer for the deep wet
etching process in HF/HCI (Fig. 8e). Finally, the glass wafer was debonded from
the dummy silicon wafer and the masking layer was removed with a similar proce-
dure as was described before.

The fabrication of the bottom wafer consists of a simple lift off process pre-
sented in Fig. 9. On a 4” glass wafer (Corning 7740) a 5 um-thick photoresist mask
(AZ4620 from Clariant) was deposited (Fig.9a). The metal layer Ti/Ni
(50 nm/2 um) was deposited in a CHA e-beam evaporator — (Fig. 9b). The photore-
sist masking layer was finally removed in an ultrasonic bath using acetone.
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Fig. 8. Main steps of the fabrication process of the top wafer: a) processing of the Cr/Au/ photoresist
masking layer, b) wet etching of the microfluidic channel, ¢) removing of the masking layer,
d) processing of the Cr/Au/photoresist masking layer for inlet/outlet holes, e) wet etching
of inlet/outlet holes, f) removing of the second masking layer.

Fig. 9. Main steps of the bottom wafer fabrication process: a) deposition of the photoresist
mask, b) deposition of Ti/Ni layer, c) removing of the photoresist mask.

For the assembling of the glass wafers a simple adhesive bonding, using
SU8-5, photoresist process was used. The technique consists of imprinting of an
SU8-5 layer initially spun on a dummy silicon wafer (Fig. 10a) on a Teflon cylin-
der (Fig. 10b) and transferring further the adhesive from the cylinder to the top
glass wafer (Fig. 10c). This contact imprinting technique allowed deposition of a
thin adhesive layer only on the bonding regions. In the last step, the wafers are
manually align and bonded at 150°C for 30 minutes with an applied pressure of
1000 N (Fig. 10d).

Fig. 10. Assembling of the wafers: a) deposition of SU8 on a dummy wafer, b) imprinting
of the SUS8 on a Teflon cylinder, ¢) imprinting SU8 on the bonding area, d) alignment and bonding.

Finally, the wafer is diced. An image of the fabricated device is presented in
Fig. 11. The dimensions of the chip are 32 mmx9 mm.
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Fig. 11. Photo of the microfluidic chip for RBCs trapping.

The microfluidic platform consists of an array of spin valves so that many
biomolecules can be manipulated simultaneously (Fig.11). A spin valves array that
can be switched between bistable states is integrated in the microfluidic device, in
order to provide a local magnetic field gradient large enough to trap magnetic par-
ticles, to capture and sort biological molecules for gene sequencing or bioassay
applications. The spin valve has a twelve layer composition [22]: 5 nm Ta/ 15 nm
NigoFeyo/S nm Co/10 nm CuAuAg/5 nm Co/15 nm NiggFey/5S nm FeMn/ 5 nm
T.The multilayer is patterned to make structures 2 pm wide and 4 um long with
variable spacing depending on the dimension of the biomolecule to be studied. The
first Ta layer promotes the adhesion of the structure to the surface and the last Ta
layer acts as a barrier to oxidation and to provide an ohmic contact. The Co layer
has a double purpose: diffusion barrier between the NigoFeyy and the Cu spacer; the
interface Co/Cu gives a higher GMR ratio. To the Cu layer was added small quan-
tities of Ag(5%) and Au(5%). Both silver and gold atoms have significantly higher
mobility than copper atoms. Au is incorporated in the bulk of Cu lattice, whereas
Ag tends to segregate upon the free surface, enhancing its potency as a boundary
layer. Au and Ag reduce the Ehrlich — Schwoebel barrier for Cu promoting a se-
quential flow growth mode [23].

6. Results and discussions

6.1. DC MHD micropump

The MHD micropump presented here is made in glass, and is operated in the
DC mode using a permanent magnet. This solution reduces power consumption
and reduces heating effects which appear when electromagnets are used. On the
other hand, the use of AC electromagnets can produce induction heating effects in
biological solutions. This pump is intended to be integrated together with planar
coils and GMR sensors in a microfluidic system, part of a lab-on-chip analysis so-
lution. The channel was processed using photolithography processes in a clean
room. A NdFeB rare earth permanent magnet was used to create the magnetic field.
The structure of the MHD pump is presented in Fig. 12.
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Fig. 12. Schematic diagram of the as build MHD micropump. Here, | = L= 5 mm
and B = 0.022 T inside the micro channel.

Using the above setup, for a DC supply voltage of 3 V and a current of about
0.5 mA through the fluid, the measured flow rate was 2.5-10° mL/min. As a
working fluid was used buffer matrix (natrii chloridum).

6.2. Detection of magnetic particles employed in biological applications

In this subsection we describe the detection of different biological structures
labelled with magnetic beads. First we shall consider the case (i) when the mag-
netic field is applied parallel to the GMR sensor and the magnetic beads are located
above the sensor as sketched in Fig. 13a. The stray field produced by the beads will
change the effective field inside the GMR sensor and will affect the field behaviour
of the GMR effect. Using a differential setup, presented in Fig. 3b, and a second
GMR sensor which is placed in the same external applied field, H, we can extract
the change of the GMR response due to the stray field produced by the beads [13,
14]. The driving voltage, Uc, sets constant currents, |, = Uc/R;, 1, = Uc/R,, through
the sensors GMR1 and GMR2. From basic electronics, we have for the output volt-
age that is applied to the data acquisition system the expression:

AU = AI [(UGMRI +UC)_(UGMR2 +Uc)]: AI [UGMRI _UGMRZ]: f(Hbead )’ 4)

where Hpeag denotes the strength of the stray field generated by the magnetic beads
in the sensor region and A, is the gain of the instrumentation amplifier, A.I., which
can be set using digital signals or a resistor, Rg. Because our design is to integrate
on the same substrate the electronics and the GMR sensors, the A.L. uses a resistor
to set the gain.

In our simulations regarding the sensor response we’ll assume a total thick-
ness of the layers (immobilization layer and protection layer — SizN4) between the
bead and the GMR sensor of 0.2 um. Each bead is assumed to be a sphere with a
diameter of about 0.2 pm. Because the magnetization of magnetite is lower by a
factor of 2-3 than for other ferromagnetic materials (e.g. cobalt or iron) [7], we
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assumed, in our simulations, for the saturation magnetization of the micro-
magnetic bead a value of 400 emu/cm’ (the saturation magnetization for Co is
1300 emu/cm’).

Bead immobilization Iagnetic

surface M beads
CME [ L_D_m S DA - PC
Terminal 2 Terminal :'> o
SN . = RG LA,
® ch Ue

- A 02

i3V 200 rn on Si / E&ID

(a) (b) |omgz

Fig. 13. (a) The schematic setup for a GMR sensor that detects the stray field generated by a bead and
(b) the differential measurement setup used to measure the stray field produced by the magnetic bead.
The sensor GMR?2 is used as reference. The magnetic field is applied parallel with the sensor surface.

Diluted blood (1:20 in PBS) was used for testing purpose. The permanent
magnet creates an external magnetic flux of 0.2 T and the flow rate was set in the
range between 0.5 and 0.7 ml/h (using a peristaltic pump). Two connectors fabri-
cated by polymer printing secured the inlet and outlet connections. The results are
based on the analysis of the quantity of red cells collected at the output of the de-
vice. Experimental results show an average of 5% of red blood cells collected at
the output of the device. Figure 14 presents the image with the field densities of
cells before and after flowing the sample through the microfluidic device.

e

i

Fig. 14. Image of the field density of the cells on Neubauer hemocytometer
before and after flowing the blood sample through the microfluidic device.

The magnetic field gradient is used in the magnetic force determination. As
in the case of the magnetic field the force can be separated in two components, Fy
and Fy, which act, respectively, in the flow direction and perpendicular to the flow,
being responsible for cell separation.
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Fig. 15. F, force component on red and white cells in 1 mm and 0.5 mm structure.
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Abstract. This paper presents some results concerning the applicability of carbon
nanotubes to the space elevator concept. After the development of carbon nanotubes in
the 1990s, the high strength of these materials made the concept of an orbital skyhook
feasible. A coupled atomistic-continuum theory for describing the bending and torsion
of ropes made from single-walled carbon nanotubes is proposed in this article. The
model couples a region described with full atomistic detail to a surrounding region
modeled with the continuum concepts. The shifted Chebyshev polynomials of the sec-
ond kind and a generalization of Vekua and Nikagadze methods are performed on the
base of anonclassical parametrization of the transition region.

1. Introduction

The concept of the space elevator was introduced by russian scientist Kon-
stantin Tsiolkovsky in 1895, based on the Eiffel Tower in Paris. This space eleva-
tor must be able to launch objects into orbit without a rocket. The Tsiolkovsky's
concept is a compression structure, rather than a tension structure. After the devel-
opment of carbon nanotubes in the 1990s, it was realized that the small dimensions,
strength and remarkable mechanical properties of carbon nanotubes make them a
very unique material which might make the concept of an orbital skyhook feasible
[1]-4].

The carbon nanotube was discovered in 1991 as a direct consequence of the
synthesis of buckminsterfullerene, C, and other fullerenes [5], [6]. These cylindri-
cal carbon molecules, which exhibit extraordinary strength properties, are one of
the most promising building blocks for future development of functional nanostruc-
tures. The carbon nanotubes have novel properties that make them potentially use-
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ful in awide variety of applications in nanotechnology, and other fields of material
science [7]-11]. Carbon nanotubes have the potential to be 100 times stronger
than steel and are as flexible as plastic. Once scientists are able to make fibers from
carbon nanotubes, it will be possible to create threads that will form ropes for the
space elevator.

To identify the types of single wall carbon nanotubes we refer to rolling up
the graphene sheet. The geometric parameter associated with this process is the
roll-up vector r, which is alinear combination of the lattice basis a and b, with
(n,m) aparticular integer pair (Fig. 1.1)

r =na+mb.

For m=0, we have the zigzag form, for n=m, the armchair form, and for
other, chiral. Fig. 1.2 shows some carbon nanotubes.

Advances in multi-scale computational methods for nanostructured materials
are made by coupling the continuum-models with more-realistic details at quantum
and atomistic scales [12], [13]. In atomistic case, there is no direct consideration of
the continuum concepts of strain or displacement. The motion of individual atoms
is followed without reference to their origina positions, and the occurred deforma-
tions may violate many assumptions about the continuity of deformations.

The methods at the atomic-scale is governed by gquantum mechanics [14]—
[16]. The total energy is a function of the all coordinates, which are the electronic
degrees of freedom. The energy functional is minimized with respect to the elec-
tronic degrees of freedom for fixed coordinates. The force on an individual nucleus
is obtained by the derivative of the total energy with respect to the considered co-
ordinate. The total atomic energy E® can be expressed as a sum of individual atom
energies [10]:

E*=)E, (1.2)
where E? isthe energy of an atomi .

armchair

Fig. 1.1. Theroll-up vector.
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Continuum mechanics assumes that, for a material, there exists a strain en-
ergy density functional W , and the energy in a volume dV around point X is
W (X)dV . The overall potential energy of the material is then an integral over the

volume Q of the body:
E° = [w(X)av, (1.2)
Q
If X isapointin the undeformed state of the body, by some applied forces

or imposed displacements on the body, the point X moves to the point x. The
displacement referenced to the original state of the body u(X)=x- X . The differ-

ence dx —dX describes the local deformation with reference to X . The deforma-
tion gradient is:

F(X)=x, =1+Vu(X), 1.3
where V isthe gradient with referenceto X . The Lagrangian strain is given by:
E=1/2(F'F-1), 1.4

which becomes £ =1/2(Vu + (Vu)") , for the infinitesimal deformations.

Fig. 1.2. Carbon nanotubes.

The locality of W (X) implies that the strain energy density at X is equal to
the strain energy per unit volume of an infinite perfect crystal deformed according
to a homogeneous deformation gradient F(X) . The locality of W (X)is a key as-
sumption for constructing the coupled methods, because the real atomistic energy
isnonlocal. When VF islarge, the nonlocality plays an important role and the lo-
cal W(X) cannot describe this nonlocality. When W (X) is calculated in the con-

tinuum model, it does include the nonlocality of atomic interactions, by assuming
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of a homogeneous deformation around any given element, and not rather than con-
sidering the true inhomogeneous deformation.

To determine the equilibrium strain field for applied forces and displace-
ments in the body, the energy E° must be minimized. The transition or boundary
region between the atomistic and continuum regions is a very important aspect of
the modeling. At the interface between the atoms and the nodes of the continuum
region, we construct a one-to-one correspondence with the aid of the Chebyshev
polynomials of the second kind [17]-{19].

The concept of length scale is important in studying the damping because
damping is working different at different length scales. The decoupling of different
length scales makes it possible to have a self-consistent theory for damping that
only describes the relevant length scales for a given problem.

The spatial scales may run from angstroms to centimeters (range of 10°). In
guantum mechanics the length scale of a given phenomenon is related to its de
Broglie wavelength 1 =h/p where h is the reduced Planck’s constant and p is the

momentum. At the microscopic level, the typical bond distance between atoms is
of the order of Angstroms (the lattice constant), and atoms vibrate with a frequency
of approx. 10* 1/s.
The time scale required by quantum mechanical oscillations may be of afem-
tosecond (10™°s), whereas protein folding requires microseconds (arange of 10°).
The dynamics of a double-walled carbon nanotube is characterized by differ-
ent intrinsic time scales [15]: (1) a short time (the correlation time t_ ) of the order

of the vibrational period of the carbon atoms around their equilibrium positions. It

can be evaluated in terms of the Debye frequency o, as t. = 2n , which is of the
®p

order of 50 fs; (2) the period of oscillations t, that is the main time scale of the

dynamics of double-walled carbon nanotubes, which is of the order of 10 ps; (3)

the damping or relaxation time t, that is the time over which the mechanical oscil-

lations are damped, which is of the order of 1 ns.
These times are therefore ordered as.

to <t <ty (1.5

Generaly, the nanoropes are made from fullerene single-wall carbon nano-
tubes. These materials are produced of more than 70 percent by condensation of a
laser-vaporized carbon-nickel-cobalt mixture at 1200°C. X-ray diffraction and
electron microscopy showed that these carbon nanotubes are nearly uniform in di-
ameter and that they self-organize into ropes, which consist of 100 to 500 carbon
nanotubes in different arrangements. Figure 1.3 shows such a carbon nanotube rope
made from 6 subropes, each subrope being composed from 7 groups of single wall
carbon nanotubes. Each group contains 25 carbon nanotubes with two different
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radii (zigzag and armchair 6.26A, h = 0.617 A and 16.33 A, h = 0.998 A), and the
core group consists of 49 chiral carbon nanotube with the same radius (3.22 A and
h =0.6 A), into a polymeric matrix.

COrE

Fig. 1.3. The structure of nanorope.

2. Chebyshev Polynomials

The polynomia Chebyshev of second kind on the interval [-1,1] are given
by [17]{19]:
U,(X)=[1/(n+D]T,,(x), -1<x<1, neN,. (2.1)

In (2.1), T,(x)=cos(narccosx) are the Chebyshev polynomials of the first
kind, and N, is a set of natural numbers. The shifted Chebyshev polynomials are
defined as:

U, (t)=U, (2t -1) ={1/[2\/t(1-t)]}sin[(n + 1) arccos(2t —1)], O<t<1.
The functions
F (r,t)=1/[1+r)>—4rt], h" (x) =2J2(1-t), |rk1, 0<t<1, (2.2

are the generating and weighting functions for these polynomials.
To obtain the basic recurrence relations, the first can be derived for U, (x) and

then for U, (t) by substituting 2t —1, 0<t <1 for x. Asaresult, it is obtained:

AU, (1) =U,, 1) +20,0)+U.,0),
207 (1) =2nU (1) +2U, /(1) +U. (t), n>1, (2.3

U'(t)=4nU’ _ (t)+U ) (), n>2.
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On the base of (2.3) additional recurrence relations are obtained:

2s
221U, (1) = > .CLU, ., (1), k=520, ke N, (2.4)
2k+2
V() = X Ch U pa (D), keNg, (2.5)
p=0
. 2k+2s
22(k+8)tk+suk (t) = chk+225 s—q (t) + Z C2k+25 p-s (t) ' ke NO’ §2 2! (26)
q=2
225 SU (t)U (t) Z ZCZS n-m-s+2p+q (t)’ nN—m-s 201 (27)
p=0 qg=0
[(n-1/2] [(n-1/2]

U =4 (n-2KU, u.y)=4 > (k+1+a)Uy,,(t), n>1, (2.8)
k=0 k=0

[(n-1/2]
U )=2" 3 (k+D(-K)(n=2k=DU, 5,5 (t)
[(n-2/2] - (2.9)
=22 > (2k+2-a)[(n+1)°—(2k +2-2)*IUj,.. (1), N>2,
k=0
. (n-s-2)/2 2s .
2%t'U, (1) =4 Z (N=2K)CU ¢ pip (D)
k=0  p=0
[(n-1/2] 2k+1-n+1 - 2s .
+4 Z (n - 2k) - Z Cg; U 2k+1-n+s—q (t) + ZCZpsU p—l(t) ' (210)
=(n-s+2)/2 q=2 p=s

n—s=2I+LI20,n20,520,

(n-s-2)/2 2s
2#°tU (=4 > > (2k+1+a)E,
k=0  p=0
[(n-1/2] 2s

+4 (2k +1+a)CRU5 .. o, o (D),
k:(sz—;)/zpzz;) o P (2.11)

s—2k-a 2s

EO: Z Cq 2U5 2k-a— q(t)+ z CpUp S+2k+a(t)

q=2 p=s—-2k-a

n-s=2,1>0,n>1,s>0,
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(n-s-2)/2
2°tU/(t)=4 > (k+1+a)E,
k=0
s—2k-a - 2s .
E1: - Z ng Us—2k—a—q(t)+ Z CzpsU p—s+2k+a(t) ’
q=2 p=s—2k-a
s—-1>1n>1
. (n-s-2)/2 2s
226U (1)=2" > D (k+D(n-k)(n-2k-1)CLU, (5 5., (1)
k=0  p=0
[(n-1/2]
> (k+1)(n—k(n-2k -1)E,,
k=(n-s)/2
2k+2-n+s 2 2s
E,=|- z C U2k+l ns— q(t)+ Z CzpsUn s—2k— 2+p(t) ,
q=2 p=2k+2-n+s
n-s=2,1>0,n>2,s>0,
o [(n-2/2]
226U, (1) =22 ) (2k+2-a)[(n+1)*—(2k +2-a)’]E,,
k=0
n-2k-1+a 5 25
E3: - Z Cq Un 2k-1+a— q(t)+ z CPU2k+1as+p(t)
q=2 p=n-2k-1+a
s-n>11>0,n>2,
(n-s-3)/2 2s
22U (t) = 24 Z D (k+D(n-k)(n=2k-1CLU. 5 0., (1)
k=0  p=0
n . [(n-2)/2]
+2°5[(n+1)? —s ZC U m+20 D> (k+)(n-k)(n-2k-DE,,
p=1 k=(n-s+1)/2
2k+2+s—-n N 2s
E4= - z Cq U2k+2+s n— q(t)+ Z Czps n—-s—2k— 2+p(t)
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n-s=2,1>0,n>2,s>0.
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(2.12)

(2.13)

(2.14)

(2.15)

In these expressions a=n-1-2[(n—1)/2] with [x] the integer part of x.
The expressions (2.3)—(2.15) with the exception of (2.7) contain the orthogonal
Chebyshev polynomials {U,};, of the second kind, defined as U, =||U’ |[*U,,
with U the shifted polynomial Chebyshev of second kind on the interval [0,1]
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and ||U; |I=~/n/2, the norm of U; . Relation (2.7) can be written for orthogonal
polynomials as:

PR 2 -
226U, (DU, (1) =Up > D CaU 1 ang), N=m=s>0.  (2.16)
p=0 g=0

3. Macroscopic Modeling

At the macrosopic, the carbon nanorope displayed in Fig. 1.3 is modeled as
arod of length I, with circular cross section of radius less than its length a <1 .
The geometry of the nanorope is presented in Fig. 3.1.

e 1

Fig. 3.1. Geometry of the nanotube.

A new parametrization is applied to the region occupied by the
body x e[-a,a],s €[0,1], for agiven time interval t<[0,T]. Instead of x [-a,a]

we can usexe[0,1]. For any integrable functionA(x,s), xe[0,]], s<[0l],
te[0,T], we consider an expansion of the form:

A(x,s,t)ziA(k)(s,t)U;(x), xe[0,1], s€[0,1], te[0,T], (3.1

where A% (s,t) is the kth coefficient in the expansion of A(x,s,t) in the or-
thonormal Chebyshev polynomials {U;(x)}f:0 of the second kind. Let us to con-
sider theintegral:

160 (A) =jA(x,s,t)U;(x)h(x)dx, keN,, se[0,l], (3.2)

where h(s) is a properly chosen weighting function. Thisintegral verifies the prop-
erty of linearity [17]:

1“a(s)A+PB(s)B] = a(s)1* (A) +B(s)1*(B), (33)
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for any functions A and B of the form (3.1). Also, it is easily to show that 1% (A)

defined by (3.3) is equal to the k-th coefficient in the expansion of A in these
polynomials with respect to x:

1M (A) = j A(x,s,0U, ()h(x)dx = A® (s,t) , with k e N,. (3.4)

External moments fix the ends of the tube. We suppose the rope deformsin
space by bending and torsion.. The rod occupies at time t =0 the region 3=27°.
After motion takes place at time t, the rod occupies the region 9 =27°. At the
macroscopic scale, we know the motion of the rod between t=0 and I if and

only if we know the mapping:
S(Oat)’ Vt € [O!tl] ’ (35)

which takes a material pointin Q, att = 0to aspatial positionin Q(t)att=t,.

The mapping (3.5) is single valued and possess continuous partial derivatives
with respect to their arguments. The position of a material point in 0, may be de-
noted by a rectangular fixed coordinate system X =(X,Y,Z) and the spatia posi-
tion of the same point in Q(t), by the moving coordinate system x =(X,V,2) .

Following the current terminology, we shall call X the material or Lagrange
coordinates and x the spatial or Euler coordinates. The origin of these coordinate
systemsislying on the central axis of the rod. The motion of the rod carries various
material points through various spatia positions. Thisis expressed by:

x=f(X,t), 1=123. (3.6)

We take s to be the coordinate along the central line of the natural state. The

orthonormal basis of the Lagrange coordinate system is denoted by (e;,e,,e,), and

the orthonormal basis of the Euler coordinate system by (d,,d,,d;). The basis

{d,}, k=123 is related to {e }, k=123 by the Euler angles 6,y and ¢.

These angles determine the orientation of the Euler axes réelative to the Lagrange
axes [20]:

d, = (-sinysing + cosy cose coso)e, +
+ (cosysine +siny cos cos)e, —sinBcosge,,

d, = (—Siny cos¢ — Cosy Sin@CcosO)e, +CoSy COS — (37)
—sinysinpcos)e, +sinsinge,, '

d, =sin6cosye, +sinBsinye, + cosbe,.
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The Z-axis coincides with the central axis. The plane (xy) intersects the plane

(XY) in the nodal line ON. The motion of the rod is described by three vector func-
tions:

RxR > (s,t) = r(s,t),d,(s,t),d,(s,t) € E*. (3.8)

The material sections of the rod are identified by the coordinate s. The posi-
tion vector r(s,t) can be interpreted as the image of the central axis in the Euler

configuration. The functions d,(s,t), d,(s,t) can be interpreted as defining the ori-
entation of the material section s in the Euler configuration. The function:

d,(s,t) =d,(s,t)xd,(s,t), (3.9)
represents the unit tangential vector along the rod. We introduce the strains
Y1: Y2 Ys DY

r'=yd,, (3.20)
where (') meansthe partial differentiation with respect tos. Since {d, }, k=1,2,3,
is orthonormal, thereis avector u that measures the bending of the bar, such as:

d, =uxd,, u; =0, (3.11)
with
U, =0'snp—wy'sinbcoso, U, =0'cosp +v'sindsino,
1 o-y ' ¢ ’2 o+ ¢ (3.12)
U, =¢"+y'cosf=0,

where 6, ¢ and y are Euler angles. The exact 3D equilibrium equations of the

nanotube with the ends fixed by the externa moment M =-X\ are obtained from
(3.7)«3.12):

A(y'?sinBcosd—0")—Asind =0, ai(A\u’sin2 0) =0, (3.13)
S

where AzinR“E is the bending stiffness. The curvature C , in the longitudinal

direction, the nondimensional curvature c, the deformation parameter ¢, are de-
fined as:

C 2ch co \/2
V3R2(1-v?) 2’

where R and R_, are the radius before and after deformation. The strain energy
per unit length IT isgiven by:

R-R,
(=2 (3.14)
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22,2 N2p4
_3nEhRC”  SnERh'E” o . (3.15)
8R 16R \/1—7

The energy (3.15) can be expressed under the form (3.1):

=11, +%nR3hCZEZak<;k, I,
k=1

T(x,5.t) =%i L9 (s,6)0° (x), (3.17)

where x. €[0,1], s, €[0,1] represents the region occupied by the body, where the
continuum theory is valid, for t[0,T]. In (3.17), L™ (s,t) is the k-th coefficient
in the expansion of TI(x,s,t) in the orthonormal Chebyshev polynomials
{U; (x)}+_, of the second kind. These coefficients can be calculated with (3.4). The
total energy of the tube I1, and the bending moment M can be written as:

I, =11, M _dit,
ds

, (3.18)

where 9 is the bending angle. The critical compressive stress o, :%, where N

is the axial load, and the critical bending moment M, in local buckling can be also

calculated. This theory isvalid up to the point of local buckling at a specific value
for the bending angle 9.

4. Atomistic Modeling

Secondly, the atomistic modeling of the bar is analyzed. The total atomic en-

ergy E® can be expressed as a sum of individual atom energies by (1.1). The en-
ergy of an atomiis:

a 1
E'= Fi(Pi)"‘EzaiVij(rij)’ (4.1)
j#i
where F, isan electron-density dependent embedding energy, V;; isapair potential
between i-th and j-th and r; is the interatomic distance, and o; unknown con-

stants. The electron density at atom i, p; is the superposition of density contribu-
tions from each of the neighbours p, = ij (r;) -

j#i
The van der Waals force refers to the attractive or repulsive forces between
molecules or between parts of the same molecule, other than those due to covalent
bonds or to the electrostatic interaction of ions with one another or with neutral
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molecules. In this article this force is introduced to model the interaction between
the opposite walls of the nanotube when they approach each other. This force de-
pends on the distance between the atoms.

For large distances, the van der Waals force is attractive, but when the sepa-
ration between the atoms is below the critical equilibrium distance, it becomes
strongly repulsive. The van der Waals force between atom i and j can be expressed
by the Lennard-Jones 6-12 potential as:

1d? 1
Vi () = A{——O——J : (4.2)
TR 2 r.IJlZ rUG
where A=24.3x107"°Jm® and d, = 0.383nm are parameterized to describe inter-
layer forces in graphite [21], [22]. For the energy field E®(x,s) we consider an

expansion of the form (3.1):
E*(x,8) =2 E*¥(s)U; (%), (4.3)
k=0

where x, €[0,1], s, €[0,1] represents the region where the atomistic theory is
vaid. In (3.3), E*™(s) is the k-th coefficient in the expansion of E® in the or-

thonormal Chebyshev polynomials {U;(x)}fzoof the second kind. These coeffi-

cients can be calculated with (3.4).

For nanoropes, the inclusion of non-bonded interactions isimportant, because
this explains the inter tube rotational mode as a result of long range van der Waals
forces. Figure 4.1 plots the potential as a function of the relative rotational angle
between two nanotubes, shown in Fig. 1.4, i.e. zigzag and armchair 6.26A, with
h=0.617 A and 16.33 A, with h =0.998 A. The space between them is 3.48 A,
which is close to the graphite inter layer distance (3.3545 A).

—
=]

==

s =)

[

potential of rotation [cal/mol/wall]

0 10 20 30 40 350 60 7O 80

=1

angle of rotation [degree]

Fig. 4.1. Therotational potential as afunction
of relative rotational angle between two nanotubes.
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5. Interface Modeling

Thirdly, the transition region between continuum and atomistic regions are
modeled. The transition region between the atomistic and continuum regions is
displayed in Fig. 5.1. On one side of the transition boundary is the atomistic region
in which every atom is explicitly represented and treated by using interatomic po-
tentials. The transition or boundary region between the atomistic and continuum
regionsis avery important aspect of the modelling [23]-{25].

boundaty region

IR T —

Y

\

W\

i "). Oooo0 ‘____-i"_
c oo B
atommistic region contimmn region

Fig. 5.1. The atomistic-continuum transition region.

At the interface between the atoms and the nodes of the continuum region,
we construct a one-to-one correspondence with the aid of the Chebyshev polyno-
mials of the second kind. The parametrization of the transition region x, €[0,1],

s, €[0,1] isconstructed such that the following assertion is valid.

Assertion 1. The energy field E"(x,s) of the transition region verifies the
conditions:

E"(x,5) > E°(x,s)for x, > X, S, =S (5.1

C )
and

E"(x,5) > E*(x,s) for x, > Xx,, s, —>S (5.2

a?
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where:
E"(x,5) =Y E"(s)U; (x), (5.3)

with x, €[0,1], s, €[0,1].

In (5.3) E"™(s) is the k-th coefficient in the expansion of E"(x,s) in the
orthonormal Chebyshev ponnomiaIs{U;(x)}fzoof the second kind. These coeffi-
cients can be calculated as:

(5.4)

a !

1
EX" (s) > [ E*(x,9)U; (Oh, (x)dx, ke Ny, for X, =X, 5, -
0
and:

1
E®T(s) —>IE°(x,s)U;(x)hc(x)dx, keN,,for x, >x,s, >s., (55)
0

c

with unknown functions h,(x) and h.(x) that are determined from an inverse prob-
lem such that (5.1) and (5.2) hold.

The total potential energy of the coupled atomistic-continuum model is ob-
tained by summing the energies associated with the atomistic, continuum and tran-
sition regions as:

E(X’S) = EC(XC7SC) + Ea(xa’sa)+ Etr (Xtr7str)’

(x.,8.) el (X,,8,) el (X ,S)€l,, (5.6)
lLul,ul, =[0,0x[0OI],I; 1, =0,i,j=a,c,tr.

6. The Solitonic Mechanism

In this section we consider some of the numerical results obtained for bend-
ing and torsion of nanoropes (Fig.1.3) by applying the coupled atomistic-
continuum theory. The model couples a region described with full atomistic detail
to a surrounding region modeled with the continuum concepts. The shifted Cheby-
shev polynomials of the second kind and a generalization of Vekua and Nikagadze
methods are performed on the base of a nonclassical parametrization of the transi-
tion region [26]28].

While deformating, with the increase in the bending angle 3, the atomistic
theory must be considered in the area, which becomes a solitonic mechanism of
deformation. In the rest of the tube the macroscopic modeling (3.13) remains valid.
The interface between the continuum region of the nanotube and the solitonic re-
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gion, where the atomistic modelling is applied, is modeled using an inverse prob-
lem. The unknown functions h, (x) and h.(x) are determined from an inverse

problem such that (5.1) and (5.2) hold. The inverse problem is solved with a ge-
netic algorithm based on the condition of matching the continuum and atomistic
solutions.

Solitons or solitary waves are localized functions with no change in shape. In
the mathematics literature the word soliton refers to solitary traveling waves, which
preserve their identities after a pair-wise collision [29], [30]. The solutions of
(3.13) are:

cosO = -1+ 2|7“—;|sech2 /Il—g’ls , v = arctan(4Atanh(— /lk—;ls)) . (6.2)

These equations are valid up to the point of local buckling at 8 = 25.58°. For
larger angles, the macroscopic modeling must be coupled with an atomistic theory.
When the external bending moment increases, the axial compression in the tube
increases too, and when the compressive stress reaches a critical value, the tube
will locally buckle. The value of ¢ at the point of local buckling isaround 0.14.

With the increase in the bending angle 9, the top and bottom parts of the
kink get closer to each other, and at a certain stage, the distance between them
reaches the critical equilibrium distance. Upon additional bending, this distance
remains unchanged because there are no external normal loads applied on the walls
to prevail over the repulsive van der Waals forces.

For 3 >25.58°, the atomistic theory put into evidence a region in which a
solitonic mechanism of deformation appears. Figure 6.1 shows the nucleation of a
solitonic mechanism of deformation in the nanotube for 8 =25.58°. In according
to experiments and molecular dynamics simulations, the pattern of the deformation
resembles the soliton mechanism similar to that of a macrorope. A portion of the
wall flattens and forms a domain that rotate about a central hinge line. This portion
is treated by the molecular dynamic. Once the solitonic mechanism starts, the nano-
rope becomes a mechanical mechanism and the formulas (6.1) are no longer valid
in the solitonic domain.

The remaining part of the tube remains circular although it flattens and de-
creases its curvature. This part is treated by the equations (6.1).

solitoric domain

Fig. 6.1. The nucleation of the solitonic
mechanism of deformation at 3 > 25.58° .
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Figure 6.2 represents the solitonic domain (gray region) for 9 =27°. Fig-
ure 6.3 represents the solitonic deformations (A) into the solitonic domain for
8 =27°,inthelocal coordinates.

Fig. 6.2. The solitonic domain for 9 = 27°.

Fig. 6.3. The solitonic deformations (A).

The generation of the solitonic deformations is presented in Figs. 6.4. Fig-
ure 6.5 shows the cross section of the nanorope for different values of C.

e

Fig. 6.4. The generation of solitonic deformations.

The consequence of the solitonic deformation mechanism is the rippling con-
figuration of the nanorope. For a curvature large enough, our coupled atomistic-
continuum analysis leads to a solution corresponding to a rippling configuration.
Figure 6.6 presents the rippling configuration. A detailed configuration of the rip-
pling phenomenon by interacting of the two soliton functions of the type (6.1), is
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represented in Fig. 6.7. The result of this iuteraction is the rippling configuration
shown in Fig. 6.6.

£=03 £=035 =04

Fig. 6.5. Cross section of the nanotube for different values of C .

Fig. 6.7. The rippling interactions between two soliton solutions.

Finally, upon complete unloading from angles below 110° the nanorope
completely recovers. At a very large bending angle of 120°, atomic bonds break
and the deformation of the nanotube becomesirreversible.
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7. Conclusions

In this paper, a coupled atomistic-continuum theory is performed for describ-
ing the bending and torsion of ropes made from single-walled carbon nanotubes.
The rope is made from 6 subropes, each subrope being composed from 7 groups of
single wall carbon nanotubes. Each group contains 25 carbon nanotubes with two
different radii (zigzag and armchair 6.26 A, h = 0.617 A and 16.33 A, h=0.998 A),
and the core group consists of 49 chiral carbon nanotube with the same radius
(3.22 A and h=0.6 A), into a polymeric matrix.

The model couples aregion described with full atomistic detail to a surround-
ing region modeled with the continuum concepts. The shifted Chebyshev polyno-
mials of the second kind and a generalization of V ekua and Nikagadze methods are
performed on the base of anonclassical parametrization of the transition region.

When the external bending moment increases, the axial compression in-
creases in the nanorope, and when the compressive stress reaches a critical value,
the nanorope will locally buckle at 9 = 25.58°, where § is the bending angle. For
9> 25.58°, a solitonic deformation mechanism is starting and a portion of the
nanorope becomes to rotate about a central hinge line. For large distances, the van
der Waals force is attractive, but when the separation between the atoms is below
the equilibrium distance of 3.42 A, it becomes strongly repulsive. Upon complete
unloading from angles below 110° the nanorope completely recovers. At a very
large bending angle of 120°, atomic bonds break and the deformation of the nano-
rope becomesirreversible.

Acknowledgement
The authors acknowledge the financia support of the PNII project-1dei, Grant
nr. 106/2007, code 1D-247/2007.

References

[1] LEONARD D., The space elevator comes closer to reality, University of Phoenix, report, 2002.

[2] PEARSON J.,The orbital tower: a spacecraft launcher using the Earth's rotational energy, Acta
Astronautica, 2, 785—799, 2000.

[3] YU M.F.,, LOURIE O., DYER M.J, MOLONI K., KELLY T.F., RUOFF R.S,, Strength and
Breaking Mechanism of Multiwalled Carbon Nanotubes Under Tensile Load, Science,. 287
(5453), 637-640, 2000.

[4] MORAVEC H.P., A Non-Synchronous Orbital Skyhook,Journal of the Astronautical Sciences,
Vol. 25, October-December 1977.

[5] HAMA S, Helical microtubules of graphitic carbon, Nature, London, 354, 56-58, 1991.

[6] HAMA S, ICHIHASHI, T., Single-shell carbon nanotubes of 1 nm diameter, Nature, London,
363, 603-605, 1993.

[7] SRIVASTAVA D., MENON M., CHO K., Nanoplasticity of Single-Wall Carbon Nanotubes un-
der Uniaxial Compression, Physical Review Letters, 83, 15, 2973-2976, 1999.



44 V. Chiroiu et al.

[8] GAO G., CAGIN T, GODDARD W. A., Energetics, structure, mechanical and vibrational
properties of single-walled carbon nanotubes, Nanotechnology, 9, 184-191, 1998.

[9] RUOFF R.S,, QIAN D., LIU W.K., Mechanical properties of carbon nanotubes: theoretical
predictions and experimental measurements, Comptes Rendus Physique, 4, 993-1008, 2003.

[10] CURTIN W.A., MILLER F., Atomistic/continuum coupling in computational material science,
Modelling and Simulation in Materials Science and Engineering, 11, R33-R68, 2003.

[11] HUGHES T. J. R., The Finite Element Method: Linear Static and Dynamic Finite Element
Analysis, Englewood Cliffs, NJ: Prentice-Hall, 1987.

[12] ZIENKIEWICZ O. C., The Finite Element Method, 4-th edition, vol. 1-2, London: McGraw-
Hill, 1991.

[13] SHENOY V. B., Multi-scale modeling strategies in material science — the quasicontinuum
method, Bull. Mater. Sci., 26, 1, 53-62, 2003.

[14] SHENOY V. B., Quasicontinuum models of atomic-scale mechanics, Ph. D. thesis, Brown Uni-
versity, Providence, RI, USA, 1998.

[15] TADMOR E. B., The quasicontinuum method, Ph. D. thesis, Brown University, Providence, RI,
USA, 1996.

[16] RAFII-TABAR H., Modelling the nano-scale phenomena in condensed matter physics, Phys.
Rep., 325, 239-310, 2000.

[17] NIKABADZE M.U., Application of Chebyshev polynomials to the theory of thin bodies, Mos-
cow University Mechanics Bulletin, 62, 5, 5663, 2007.

[18] NIKABADZE M.U., A system of equations of the thin-body theory, Vestn. Mosk. Univ., Ser.1:
Mat.Mekh., 1, 30-35, 2006.

[19] NIKABADZE M.U., The unit tensors of second and fourth ranks under a new parametrization
of a shell space, Vestn. Mosk. Univ., Ser.1: Mat.Mekh., 6, 25-28, 2000.

[20] MUNTEANU L., DONESCU ST., Introduction to Soliton Theory: Applications to Mechanics,
Book Series“Fundamental Theories of Physics’, vol. 143, Kluwer Academic Publishers, 2004.

[21] RUOFF R.S, QIAN D., LIU W.K., Mechanical properties of carbon nanotubes: theoretical
predictions and experimental measurements, Comptes Rendus Physique, 4, 993-1008, 2003.

[22] WANG Q., VARADAN V.K., QUEK ST., Small scale effect on elastic buckling of carbon
nanotubes with nonlocal continuum methods, Physics Letters A, 357, 130-135, 2006.

[23] TEODORESCU P.P., CHIROIU V., On the nanomechanics of carbon nanotubes, Trends and
Challenges in Applied Mathematics ICTCAM 2007, Bucharest 20-23 June, 117-123, 2007.

[24] TEODORESCU P.P., CHIROIU V., MUNTEANU L., On the soliton mechanism of bending for
carbon nanotube, Proc. Int. Conf. on Structural Analysis of advanced materials (ICSAM2005)
Bucharest, 151-157.

[25] TEODORESCU P.P., CHIROIU V., MUNTEANU L., The pseudosherical reduction of an uni-
axial deformation of the Carbon nanotubes, Proceedings of the 5" Conference of Balkan Society
of Geometers, Geometry Balkan Press, BSG Proc., 2006 (ed. C. Udriste), 157-165, 2006.

[26] VEKUA 1.N., Shell theory: General methods of construction, Nauka, Moscow, 1982.

[27] SUETIN P.K., Classical orthogonal polynomials, Nauka, Moscow, 1976.

[28] DANILOV YU. A., Chebyshev polinomials, Editorial Moscow, 2003.

[29] TEODORESCU P.P., CHIROIU V., On the nanomechanics of carbon nanotubes, Trends and
Challenges in Applied Mathematics ICTCAM 2007, Bucharest 20-23 June, 117-123, 2007.

[30] TEODORESCU P.P., CHIROIU V., MUNTEANU L., On the soliton mechanism of bending for
carbon nanotube, Proc. Int. Conf. on Structural Analysis of advanced materials (ICSAM2005)
Bucharest, 151-157, 2005.



Correlations between Nanostructure
and Thermodynamic Properties
of NiAIMe,-Alumina Composites

Roxana Mioara PITICESCU', Radu ORBAN?, Speranta TANASESCU?,
Radu PITICESCU', Viorel BADILITA', Mariana LUCACI*

"National R&D Institute for Nonferrous and Rare Metals, Pantelimon, Ilfov, Romania
Technical University Cluj Napoca, Romania
*Institute of Physical Chemistry I.G.Murgulescu Romanian Academy, Bucharest
“INCDIE - ICPE CA Bucharest, Romania

Abstract. The paper presents a part of the performed researches to synthesise new
types of nanostructured composite materials with controlled distribution of the phases
and multifunctional applications. Two innovative directions are squared up to: high
temperature auto propagation synthesis of NiAlMe, (where Me = Fe or Co; X =5 or 10)
inter-metallic compounds and synthesis of metal-ceramic nanostructured composites by
a soft solution process (SSP).

Nanostructured powders with core (NiAlMe, inter-metallic compounds)-shell (alu-
mina) distribution were obtained and characterised by chemical quantitative analysis, X
ray diffraction, thermal analysis and scanning electron microscopy.

1. Introduction

Nanotechnology is generally defined as an instrument to create and use the
materials, devices and systems by materials manipulation at a scale lower than
100 nm. Mechanical and thermal response of compositional and microstructure
spatial graded materials are of great interest for many technological domains, such
as: tribology, biomechanics, nanotechnology and high temperature technology.
Functional graded materials are very interesting for a series of applications,
namely: aero spatial structures, solid oxide fuel cells, energy conversion, systems
that use thermoelectric and thermo ionic materials (thermal barrier coatings), pie-
zoelectric and thermoelectric applications, dental and orthopaedic implants in bio-
engineering, infusible doors, armour vest. Metal-ceramic composites retained the
specialists attention from industry and research due to the excellent combination of
their properties, namely: high specificity mechanical properties, high and prede-
fined electrical and thermal conductivity, low to moderate thermal shrinkage coef-
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ficient, good wear resistance, good behaviour at high temperatures. Two classes of
composite materials could be distinguished: ceramic matrix composites (CMC) and
metal matrix composites (MMC). Ceramic matrix composites can be reinforced
with metallic or/and ceramics inclusions. A new class of CMC with interpenetrate
microstructures is described in the literature (e.g. alumina /Al alloys; titanium diox-
ide/Al alloys; alumina/ MexAly). Ceramic coatings represent a separate class of
composite materials. Bedded structures based on different structural ceramic mate-
rials present enhanced fracture strength. Microstructure graded layers or coatings,
with grain sizes modifications can be obtained by different processing techniques.
Functional graded materials are multifunctional materials because on one side pre-
sent hard surfaces, temperature and corrosion resistance and on the other side the
surfaces are ductile and easy workable. Electrical conductivity or / and magnetic
properties are demonstrated by only one component of functional graded materials.
Functional graded materials can be obtained by: a) metal infiltration (without pres-
sure, compression casting or with gas pressure) in a preform with controlled poros-
ity; b) together sintering of different metal and ceramic ratios.

The progress in the development and optimization of the new functional
graded materials for the thermal barrier coatings (TBC) is depending on the devel-
opment of new synthesizing and characterization methods and the questions have
to be solved by a complex approaching of the correlation between composition and
properties. The determination of the thermodynamic data and the thermo chemical
investigation of the behaviour under the thermal treatment are essential for evaluat-
ing the long term stability and compatibility when the compounds are used in ap-
plications.

In the paper new types of nanostructured composite materials with controlled
distribution of the phases and multifunctional applications are described. Nanos-
tructured composite materials are formed from intermetallic compound NiAIMey
(where Me = Fe or Co and X = 5 or 10) synthesised by high temperature auto
propagation procedure and a ceramic phase o.-Al,Os deposited as a superficial layer
by sol-gel method (synthesis in solution at low pressures and temperatures). The
correlation between microstructure and thermodynamic properties of these materi-
als is described.

The study is focused on two important issues

— the re-evaluation of the energetic of the Al,O; —based ceramic component

of the nanocomposite material, taking into account the factors influencing
the phase transformations characteristics

— the consideration of the inter-relations between the metallic substrate and

oxide particles in the conditions of some discrepancies in microstructural
homogeneity and inter-particle distance of the powder system.

Corundum, o-AlLO;, is the thermodynamically stable phase of coarsely
crystalline aluminum oxide, but syntheses of nanocrystalline Al,O; usually result in
v-Al,O;. Transition alumina powders are intrinsically nanocrystalline and can be
synthesized from a variety of precursors. The most common precursors for a-Al,Os
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thesized from a variety of precursors. The most common precursors for a-Al,O;
are boehmite (y-AIOOH) and y-Al,O;. Boehmite and the less ordered ‘pseudo-
boehmite' are aluminium hydroxides, which decompose to form polycrystalline y-
AlL,O; upon heating above 450°C [1]. Upon heating, y-Al,O; undergoes a series of
polymorphic phase transformations from a highly disordered cubic close packed
lattice to the more ordered cubic close packed 6-Al,0;. When heated to 1200°C, 0-
AlLO; undergoes a reconstructive transformation by nucleation and growth, where
the oxygen atoms rearrange into a hexagonal close packed structure to form ther-
modynamically stable a-Al,O5 [2].

From the thermodynamic point of view, due to the correlation between the
increasing metastability of the polymorphic phases and the surface energies, the
crossover of the stability domains is a specific phenomenon at nano level. Blonski
si Garofalini [3] performed molecular dynamics simulations of various a-AlOs
and y-Al,O; (Table 1). The surface energies for a-Al,O; were significantly greater
than those of y-Al,0s. Using their data, and assuming preferential exposure of the
surfaces with lowest energy, McHale et al. predicted that y-Al,O; should become
energetically stable polymorph as specific areas exceed ~125 m*/g". The thermo-
dynamic stability of y-Al,O; should be even greater than implied by this energy.
Due to the presence of tetrahedral and octahedral sites in its spinel-type structure,
and fairly random distribution of AI’* and vacancies over these sites, y-AL,Os has a
greater entropy than a-Al,O;. The entropy change of the a-Al,O5 to y-Al,Os,
AS,_,,, is about +5,7 JK 'mol™! [5]. Therefore, at room temperature, y-Al,O; could
be thermodynamically stable with respect to a-Al,Os at specific areas >100 m’g™,
and at 800K (a temperature typical of a hydroxide decomposition) y-Al,O3; might
bec012ne1 thermodynamically stable at specific surface areas greater than only
7S mg .

Table 1. Surface and transformation enthalpy for different aluminium oxide polymorphic forms

. AH, AHanst . Specific surface

Oxide (Surface enthalpy) (Phase transformation [m?/mol]

[J/m?] enthalpy) [kJ/mol]

a-Al,O3 26+0.2 0 <10000

10000 at 298 K
- 1.7+0.1 - >
y-Al,05 13.4+2.0 (0. — ) 27500 at 800 K
AlOOH (boehmite) 0.5+0.1 —17+1 5140

The energetic parameters involved in the synthesis of a-Al,O;5 could be influ-
enced also by the impurities content. A large number of investigators have at-
tempted to control the kinetics and microstructure evolution of the 0 to a-Al,Os
phase transformation with the addition of small amounts of metal oxide seed parti-
cles [6-8]. In unseeded boehmite, the intrinsic nucleation density is 108+1011 nu-
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clei/cm® v-Al,O; and 1200°C is required to fully transform the material to a-Al,O3
in 100 min. The addition of seeds, which are isostructural with a-Al,Os, provide
low energy sites for heterogeneous nucleation and thus reduce the activation en-
ergy barrier required for transformation, and the transformation temperature [7, 8].

The inhomogeneity of the samples and the inter-particle distance variation
could be important factors for the characterization of the phase transformations in
the analysed systems. The 6- to a-Al,O5 phase transformation is considered to oc-
cur though a nucleation and growth process. Once the 0-crystallite grows to the
critical size of phase transformation then the a-Al,O; nucleus occurs. The process
is one B-crystallite transforming to one a-Al,O; nucleus and results in an exother-
mic reaction at temperatures from near 900 to 1300°C. The critical size of ©-
crystallite, dcO is ~ 22 nm and the correspondingly transformed a-crystallite dca is
~ 17 nm. The literature data and thermodynamic estimations presented above sup-
ported the development of the experimental part.

2. Experimental procedure

Inter-metallic compounds of NiAlMey type (where Me = Fe or Co; X =5 or
10) were synthesised by a high temperature auto propagation method. After screen-
ing on 125 pm sieve, the metallic mixtures of nickel, aluminium and iron or cobalt
have been pre-alloyed by wet mechanical milling. The process has been conducted
in a planetary ball mill at balls to powder ratio of 3:1, for 8 hours. Milled powders
have been pressed in pellets and sintered 1 h at 1100°C in protective atmosphere.
Inter-metallic powders were than obtained by wet milled for 4 hours [9]. Nanos-
tructured metal ceramic composites with core (NiAlMey inter-metallic com-
pounds)-shell (alumina) distribution have been synthesised by a soft solution proc-
ess based on controlled precipitation of Al (III) on the dispersed inter-metallic
powders. The procedure is described in details elsewhere [9].

Nanostructured metal-ceramic composites thus obtained were composition-
ally analysed by inductively coupled plasma (ICP- Spectroflame apparatus) and
atomic absorption spectroscopy (AAS — Zenith 700 spectrometer). Powders micro-
structure and morphology were determined by X ray diffraction analysis (XRD-
Brucker D8 Advance diffractometer), scanning electron microscopy (SEM- JEOL
5400 LV microscope, endowed with EDS compositional analyzer - Oxford Instru-
ments) and thermal analysis (DSC-Netszch Maya F200 and Setsys evolution
TGDTADSC Setaram calorimeter respectively).

3. Results and discussions

In Figures 14 are presented the XRD spectra for some representative nanos-
tructured composite samples synthesised by a soft solution process. In Table 2 are
synthetically presented the results of XRD analysis.
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Fig. 1. XRD spectra for composite sample NiAlFes-alumina.
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Fig. 2. XRD spectra for composite sample NiAlFe;g-alumina.
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Fig. 3. XRD spectra for composite sample NiAlCos-alumina.
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Fig. 4. XRD spectra for composite sample NiAlCo;q-alumina.
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Table 2. Phase analysis and crystallite sizes for nanostructured composite samples

Phase Phase semiquantitative analysis (weight %)
NlAlFe5(A1203) NlAlFelo(Ale3) N1A1C05(A1203) NlAlCOlo(A1203)
(AINi)ss] 67.5 65.0 52.8 65.8
a=2.88734 A a=2.88664 A a=2.87802 A a=2.87553 A
d crystallite = d crystallite = d crystallite = d crystallite =
85 nm 98 nm 54 nm 62 nm
14.9
(AINI)SSQ, _ _ a= 288510 A _
d crystallite =
104 nm
1.5 0.5
(A1N13)SS _ _ a= 359217 A a= 359022 A
d crystallite = d crystallite =
31 nm 31 nm
AL1440s2 15.9 23.6
A?Sﬁifﬂz/ 293 273 a=78978A | a=788178 A
d crystallite = d crystallite =
Amorphous 4 1nm 5 nm
alumina
10.1
o AI203 (hex) 3.2 7.7 Possible traces 4.75970/ 1.2'99350
d crystallite =
65 nm

In Figures 5-8 are presented some representative examples of the scanning
electron microscopy (SEM) analysis corresponding to inter-metallic compounds
synthesised by high temperature auto propagation process and nanostructured
composite samples obtained by a soft solution process respectively.

Fig. 5. SEM micrograph for NiAlFes inter metallic compounds.
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I S0pm I Electron Image 1

Fig. 6. SEM micrograph for composite sample NiAlFes-alumina.

Fig. 7. SEM micrograph for composite sample NiAlFe,, inter-metallic compounds.
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Fig. 8. SEM micrograph for composite sample NiAlFe-alumina.

Figure 5 revealed a particle conglomerate with narrow sizes distribution,
polyhedral shape with bright facets- fracture cleavage-as a result of mechanical
disintegration process. Round edges and corners can be observed as a consequence
of friction forces between particles.

Figure 6 revealed small particles with variable sizes (from 5-10 pum to
submicron values). Round edges can be observed proving that coating with
alumina took place.

Figure 7 revealed the morphology of NiAlFe, inter-metallic compounds.
Very fine powder conglomerate can be observed. Higher Fe amount influence the
grain sizes distribution. Particles with almost uniform coarse grained with round
fracture cleavage facets and edges, in a small amount comparing to NiAlFes inter-
metallic compounds can be observed.

In Figure 8 a fine and higher coarse grained powder comparing to NiAlFes-
alumina powder 1is revealed. Lower conglomerates amount and small
conglomerates sizes can be observed.

DSC techniques have long been the common method to examine the thermal
properties of materials. In general, with reactions that occur in a material during
thermal treatment, the energy changes can be identified and measured through
temperature differences relative to a thermally inert material. However, this kind of
reaction may inherently be attributed to phase transformations and grouped into
endothermic reactions and exothermic reactions, demonstrated by DSC profiles in a
macroscopic sense. Recent studies on the 0- to a-phase transformation of nano-
scaled Al,O; powder systems reveal that the profiles obtained by DSC techniques
may release additional information rather than the phase transformation. The ex-
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periments were done on ceramic samples with different grain size, measuring on
heating and cooling runs; the observed endothermic, as well as the exothermic
processes will evidence the phase transformations and the corresponding tempera-

tures of the phase transitions.
In the Figures 9 and 10 and Table 3 are presented the representative results

obtained for the nanocomposite samples.

T NiAlFe (AL,0,) By — NiAlFe (Al,0,)
—— NiAICo,(A,0,) 16+ NiAlFe, (AL,0,)
20 AL,O, ALO,
14 |
3 1 >1 124
= E
§ 10| § &
6 -
5 47
24
0 T T T T T T T T T T 0 T T T T T T T T T T
600 800 1000 1200 1400 1600 600 800 1000 1200 1400 1600
T C T c
Fig. 9. The influence of Fig. 10. The influence of
the dopant nature. the dopant concentration.
Table 3. Heat of transformations and phase transformation temperature
for the nanocomposite materials
Heat of Heat of
Heat
Samp]e rate transf. TOnset TPeak transf. TOnset TPeak
(°C/min) (Peak 1) (°C) (°C) (Peak 2) (°C) (°C)
(/g (/g
NiAlFes(AlO5) 20 —469.322 881 1013 —638.067 1138 1255
NiAlICos(Al,03) 20 -478.231 851 988 —-1362.05 1124 1266
NiAlFe;o(AL,O3) 20 —342.283 842 940

The results reveal the reconstructive transformation by nucleation and
growth, where the oxygen atoms rearrange into a hexagonal close packed structure
to form thermodynamically stable alpha alumina. At the same time, the influence
of both the nature and concentration of dopants is observed.

The values of the heat of transformation, as well as the phase transformation
temperature are presented in the Table 2. At the same concentration of the dopant
(5%) and at the same heating rate (20 K min"), in the Fe containing sample, the
exothermic effect is more pronounced than in the sample in which Co is present.
The phase transformation temperature is higher in Fe doped sample (1237°C)
comparatively with the sample containing Co (1217°C).
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NiAlFe(Co)(AI203) nanocomposite materials present a microstructure in-
homogeneity and the inter-relations between metallic substrate particles and ox-
ide particles have to be taken into account. The ab initio study of the NiAl(110)
oxidation revealed that the selective oxidation of its surface requires the redistri-
bution of the atomic species near the surface. In the presence of oxygen, ex-
change defects formation near the NiAl surface and the Ni vacancy segregation
at the exterior layer are extremely increased. The analysis of possible sequences
for NiAl oxidation demonstrates the appearing of an energetic barrier on the Ni
rich side comparing to Al rich side. While the oxygen diffusion took place (due
to the beginning of the thermal treatment) and aluminium oxides begin to be
formed, Ni remains chemically unaffected by the oxygen presence. This could be
a possible explanation of the exothermic process showing a reconstructive trans-
formation through nucleation. Oxygen atoms are re-arranged in a hexagonal
structure to form thermodynamic stable c-alumina. In the same time Fe presents
two components, namely: a low energy component that could be attributed to Fe-
Fe or Fe-Al interactions and a higher energy component attributed to NiAlFe
compound. The reduction —dissolution process of the substrate leads to the diffu-
sion of oxygen in the outer layer surface and the alumina formation at NiAlFe-
AL O; interface. Al and Ni will be present as an inter-metallic compound. The
samples’ heating thus induces oxidation at the surface followed by the formation
of alumina layer. This inter-phase morphology should lead to optimal properties
of the composite material. However, due to the inhomogeneity of the initial
powders, a quasi homogeneous phase transformation is possible. The presence of
point defects (thermal vacancies, constitutional vacancies and anti-site atoms) as
well as the concentration variation with temperature may be also directly corre-
lated with the possible precipitation of doping metal (especially Fe) thus explain-
ing the changing of phase transformation temperature with the doping element
concentration.

4. Conclusions

New types of nanostructured composite materials with controlled
distribution of the phases and multifunctional applications were obtained.
Nanostructured composite materials are formed from intermetallic compound
NiAlMey (where Me = Fe or Co and X = 5 or 10) synthesised by high temperature
auto propagation procedure and a ceramic phase - a Al,O; deposited as a
superficial layer by sol-gel method (synthesis in solution at low pressures and
temperatures). The results reveal the reconstructive transformation by nucleation
and growth, where the oxygen atoms rearrange into a hexagonal close packed
structure to form thermodynamically stable alpha alumina. At the same time, the
influence of both the nature and concentration of dopants is revealed.
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Abstract. We calculate thermal properties of amorphous nanoscopic membranes.
We assume that such membranes contain dynamical defects like amorphous materials,
which can be described at low temperatures by an ensemble of two-level systems. For
the interaction of the two-level systems with the phonon modes we use the model intro-
duced in Phys. Rev. 75, 64202 (2007). In this way we find that at higher temperatures,
the heat conductivity, «, is proportional to T2, whereas in the limit of low temperatures
— when the dominant phonon wavelength is longer than the thickness of the membrane
— k is proportional to T.

1. Introduction

Research of low temperature properties of glassy materials has already a long
history. In 1971, Zeller and Pohl [1], collecting the experimental data on specific
heat and thermal conductivity that existed at that time for amorphous solids, and
making new measurements for vitreous SiO,, Se, and silica- and germanium-based
glasses, observed that the Debye model calculations, which are typical for crystal-
line materials, fail to describe the amorphs. The Debye model predicts a specific
heat proportional to 7°, whereas the heat conductivity, although in general propor-
tional also to T°, is very dependent on the material properties, quality of the crystal-
line lattice, and the type of the defects or impurities that exist in the solid.

In contrast to this, in glasses, the specific heat is linear in temperature,
whereas the heat conductivity is proportional to 7° and quite insensitive of the
chemical composition of the material. Obviously, the Debye model could not de-
scribe such systems and there was need for a new model. The new model was in-
troduced independently by Philips [2] and Anderson, Halperin and Varma [3].
They proposed that the amorphous materials contain dynamical defects that, at low
temperatures, are modeled by an ensemble of two-level systems (TLS). A TLS is
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imagined as an atom or a group of atoms in a two-well potential. The two wells are
positioned in such a way that the energy difference between the two lowest energy
levels of the system is much smaller then the energy difference between any other
two energy levels—thus the name of two-level system.

Nevertheless, the model of Philips and Anderson, Halperin and Varma [2, 3]
was mainly used to describe amorphous, isotropic bulk systems, where the phonon
modes are simple, transversely and longitudinally polarized plane-waves. In such
problems it is enough to consider a simple interaction hamiltonian between the
TLS and the phonons, which contain two coupling terms: one for the interaction
with the transversal modes and another for the interaction with the longitudinal
modes.

Despite of the success of this model to describe amorphous, isotropic solids,
other challenges appeared in the field. In the 1980s is was observed that crystals
(especially the ones with defects) and quasicrystals may have glassy properties as
well [4,5,6,7,8,9, 10, 11, 12, 13]. This is surprising, since glassy properties were
assumed to be a consequence of the amorphous structure. Moreover, these proper-
ties are anisotropic, which brings additional challenges to the theory, since the sca-
lar model cannot be applied.

The scalar model cannot be applied also to the description of mesoscopic sys-
tems, like nanodevices. These devices become irreplaceable in more and more
branches of physics and technology, where they are supposed to work very close to
the fundamental limits of precision and accuracy. Therefore there is a strong de-
mand to describe them in great detail, using models which are very realistic and
reliable. But in mesoscopic systems, like in anisotropic crystals, the phonon modes
are most of the time complicated superpositions of longitudinally and transversely
polarized waves and therefore the scalar model is again useless.

In [14] we introduced a model that generalizes the standard tunneling model
and allows one to describe the interaction of TLSs with any strain field. With this
model we are able to describe both, the anisotropy of the glassy properties of dis-
ordered crystals [15, 16] and mesoscopic amorphous systems [17, 18].

In the next section we are going to describe briefly the STM, in order to in-
troduce the reader into the subject and define the notations. In the subsection 2.1
we generalize the STM, which we then apply to mesoscopic membranes in sec-
tion 3. In section 4 we present the conclusions.

2. The STM and its generalization

A two-level system in described in a two-dimensional (2D) basis, by the

hamiltonian:
A A 1{ A —-A
HOZ_GZ __Gt:_ ’ (1)
2 2 5 2l-A A
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where A is called the asymmetry of the potential and A, the tunnel splitting. As we
mentioned in the Introduction, the TLS is imagined to be an atom or a group of
atoms which tunnels between the two minima of a two-well potential. In this pic-
ture, the asymmetry of the potential represents the difference between the ground
state energies of the two wells, taken separately, whereas the tunnel splitting is the
tunneling hamiltonian of the system from one well to another.

The interaction of the TLS with a strain field perturbs Hy. However, it does
not affect all its elements, but only the diagonal ones [2, 3, 19]. The perturbation
hamiltonian is:

Hyyy=0"H,0=fc =1 © 2

s = TLS _2Gz_20 e ) (2)

where 9§ is linear in the strain field, [20, 19]. If we denote the symmetric strain field

tensor by S;, then we can write 8 = 2y;;S;;, where y; is a tensor that characterizes the

TLS. Everywhere in this paper we shall assume summation over repeated sub-
scripts, unless otherwise specified.

Here we can introduce the simplification of the STM: instead of the whole
tensor of coupling constants, y;; , are used only two constants, y; and y,. The first
constant determines the strength of the coupling of the TLS with a longitudinal
phonon and the second determines the coupling of a TLS with a transversal pho-
non; therefore we write J,=2y,S, (no summation over ), where S, is the amplitude
of the phonon mode of polarization .

Although the interaction hamiltonian, H, is assumed to be the same for all the
TLSs, the parameters of the bare hamiltonian, Hy, varies from one TLS to another,
with the distribution V' P(A,A), where V is the volume and P is of the form:

P(AA) = Py/A, 3)

with Py a constant.
The TLS excitation energy — let’s call it € — is obtained by diagonalizing
the matrix of Hy. If we denote by O the transformation that diagonalizes H,, then:

€ 1(e O
LS :OTHTLSOZEGZ :E(O j’ (4)

—&

H

where € =+A> + A is the excitation energy of this TLS and by the superscript "
we denote in general the transpose of a matrix.

A very useful parameter that characterized the TLS is u = A/e. In terms of the
two new parameters, € and u, the distribution of TLSs is:

P
P(g,u)dedu = —=—dedu. (5)
uN1-u’
We have now all the ingredients to calculate the specific heat and heat con-
ductivity of the sample. If we represent by 1 an excited TLS, by | a TLS in its
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ground state, and we denote by ny, the population of the phonon mode with the
wavevector £ and polarization o, then an obvious transition amplitude is:

A [hk(n. +1)
M H, 0 )=y, AP D 6
(g, +LTLH, [ o) = =7, — Wee, (6)

where p is the density of the solid. Using (6) we obtain the deexcitation rate of a
TLS, by the emission of a phonon of wavevector k and polarization o,

2
V’;’Z -/;—z(nkc +1)3(he_k —€). (7)

" (e)=vy:

(3

The rate of phonon absorption by the TLS is, obviously:
T (e) =T (&), /(1 +1).

2.1. The extension of the STM

In [14] the STM was extended, starting from the expression §=2y;S;.
Since y;; characterizes the TLS and the strength of its interaction with the strain
field, it was splited in two, writing y;=TuRy;; the 2D tensor Tj characterizes
solely the TLS, whereas R, is a constant 4D array that determines the strength
of the interaction of the TLS with the field. Going even further, in [14] it was

proposed that to each TLS it is associated a direction, 7 (all the unit vectors in
this paper will carry a hat), of components (¢, t, #;) and these components de-
termine the components of the tensor 7; by the relation, 7;=t; ¢.

It is more convenient to work with abbreviated subscripts [21], which
transform the second rank tensors [7] and [S] into 6D vectors, T and S, and the
4D array into a 6 x 6 2D symmetric array, [R]. In the new notations, J is calcu-
lated simply, using matrix multiplication, § = T' - [R] -S.

One of the key aspects of this model is that the structure of [R] is deter-
mined by the symmetry of the lattice that incorporates the TLSs, in the same
way as the tensor of elastic stiffness constants [c¢] [21] is determined by the
symmetry of the lattice [14, 22]. For example if the solid is isotropic or has a
cubic symmetry, then the matrix [R] has a block diagonal form. We shall be
consistent with the notations used before and we write:

1 ¢ ¢ 000
&1 ¢00 0

g1 o000

[R]=YOOO§OO—Y[F], (8)
0000¢E 0
00000 ¢
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where Y=R,,, c=R,/R,,,and E=R,, /R, . If [R] characterizes an isotropic lat-
tice, then an extra condition is satisfied [14, 16], namely:

C+28=1 ©)

Nevertheless, Eq. (9) may be satisfied also for a cubic lattice, as it seems to
be the case for the Ca stabilized Zirconium [15].

3. The description of thin amorphous membranes

Our research in this area was triggered by the development of ultra sensitive
detectors of electromagnetic radiation for space-born astrophysical experiments
[23-34]. One cell of such a detector consists roughly of some metallic films, of
thicknesses of the order of 10 nm deposited on free-standing dielectric, amorphous
membranes, like the ones depicted in Fig. 1 [18]. The metallic films form the ther-
mal sensing element, which is the actual detector, and the cooler, which has the
role of keeping the membrane at working temperature of some hundreds of mK. To
be able to design such a detector and to calculate its response, we have first to cal-
culate and characterize with good accuracy the thermal properties of the supporting
membrane.

(a) (b)

1

Fig. 1. (a) The full, dielectric membrane; (b) the membrane is cut, for better insulation.

Although this is well known [17, 21, 35, 36, 37], for the sake of consistency
of the presentation and to introduce the notations we explain here some of the
properties of the phonon modes in membranes. The phonon modes of a free stand-
ing, infinite membrane are the eigenmodes of the elastic equations and are divided
into three groups, according to their symmetry properties. One group is formed of
simple, transversely polarized modes, called the horizontal shear modes (%). The
two other groups are the symmetric (s) and antisymmetric (¢) Lamb modes. To-
gether, these modes form a complete, orthonormal set of functions for the elastic
displacement fields and their proper quantization has been carried out in [36]. Here
we shall use the results and notations from there and we shall call the three differ-
ent types of phonons —i. e., /, s and a — as polarizations.

We assume that the membrane of thickness d is placed parallel to the (xy) plane
and its parallel surfaces cut the z axis at = d/2. The phonons propagate in the (xy)

plane with the wave-vector K=k -IEH , of real kj. We use hat to denote unit vectors.
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Along the z direction, the phonon modes are stationary. The # modes are
transversal waves, and their wavevector component along the z direction will be
denoted by kh. The s and a waves are superpositions of transversal and longitu-
dinal waves, of wave vector components along the z direction denoted by %, and
k;, respectively. Due to the boundary conditions, which demand that the mem-
brane surfaces are stress-free, k, takes the discrete values mn/d, with m taking
all integer values between 0 and oo, whereas &, and k; satisfy the more compli-
cated relations [21]:

tan(k,d/2)  4kkk

> (10a)
tan(k,d /2) (k7 - kH2 )
for the symmetric modes and

tan(k,d/2)  4kkk
tan(k,d/2) (k) =k’

(10b)

for the antisymmetric modes.
Equations (10) plus Snell’s law, o’ =c/ (k] +k)=c] (k] +k}), enable us

to write k; as a function of k, for each of the polarizations s and a. Like in the
case of the 4 modes, the dispersion relations, w=w(k|) for the symmetric and
antisymmetric modes split into branches, i. e. Egs. (10) and Snell’s law do not
give only one function k(k,) for either set of modes, but produce an infinite,
countable set of such functions. These functions will be called phonon branches
and we shall number them with m=0,1,..., where branches of bigger m lie above
branches of smaller m (see [35, 36]). Note also that k,(k)) and k(kj) may take
both, real and imaginary values [21, 35, 36].

As stated in the Introduction, we cannot apply a scalar model to character-
ize such a membrane, so we shall apply the model of section 2.1. The mem-
brane is amorphous, so we use for [R] the form (8), with the extra condition (9).
In this model, the amplitude of absorption of a phonon of quantum numbers
(ko) by an unexcited TLS is

- JA - ~
(ne, M |, +1,¢>=—V?‘/n% (T"-[r1-5.) (11)
where ny, is the population of the phonon mode. By applying the Fermi’s golden
rule, Eq. (11) gives a phonon emission rate by one TLS (or TLS deexcitation rate)
[14, 16, 17, 38],

— (n,_+Dmk A* -, ~
s e (12
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To make the comparison between the isotropic and anisotropic models more
transparent, in Eq. (12) we took out a factor N = l(hk)/(2Vpcl§ ) from the ex-

pression of S (S = Ns, where N is the normalization constant of the phonon mode,
multiplied by k). Now note the difference between Egs. (7) and (12). In the iso-
tropic model (Eq. 7) I'™" depends only on the TLS excitation energy, €, whereas in
the anisotropic model I"*" depends on the more complicated expression,

M_(0)=T[r]-S.

Detailed expressions of Mc(ti) for different polarizations ¢ of the phonon
modes are given in [17]. Here we show briefly how they were applied to the
calculation of thermal properties of the membrane and state the main results.

First of all, averaging | M _ (?) " over 7 or over all the phonon modes, we
calculate the TLS and phonon relaxation times,

Lz (IAY RIAVION:
W= ( . j coth(Bg/2)ZU:®G <|M6(t)| > (13)
and

o :%.[%) tanh([ss/z)<|Mu(?) |2>, (14)

respectively, where by p we denote the set of phonon quantum numbers, (K, o).
Using Eq. (14) we can calculate the two-dimensional heat conductivity along
the membrane:

1 on
K=—>» hot (c ) —==
Azu: #T 6 oT

n’p ZT kH(Dp coth(Bhw/2)
167r2y2VP kT <| Mp(f)l >sinh(ma/2)’

where A is the area of the membrane. At an arbitrary temperature, x has to be cal-
culated numerically. Here we present only the analytical low temperature approxi-
mation (for more details, see [17]).

3.1. Low temperature approximations

At low temperatures, the dominant phonon wavelength is much longer than
the thickness of the membrane. In such a case, only the phonons from the lowest /4,
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s, and a branches contribute to the heat transport and specific heat. The calculation
of the relaxation time for the h modes is trivial and gives

hpe! 1 coth(Bho/2)
ny’P, C, ho '

Cnoky =

(16)

. . kd d
For the s and a polarizations we use the assumption t2 < 1 and ]7 <1

in Egs. (10) which we then expand in Taylor series to write analytical expressions
for k,(k;). With these we obtain the dispersion relation:

c
0.4, :2C_r\jc12 _CtzkH = CK), (17)
;

for the s modes, which gives:

. B hpc? 4c}(cf —cl) coth(Brw/2) _ hpc! 1 coth(Bhm/2) (18)
R P Cet +Cct (¢ —-2¢)) ho R C, ho
For the a modes, the dispersion relation for long wavelengths is:
_h s 5 27¢} =20c) ,
wa,O,kH - 2m* [k _d 90612 kH B (19)

where m’ is the effective mass of the long wavelength a phonons (see [35]). From

(19) we finally get
hpc? cl(ci —c)) coth(Brw/2) _ hpc! 1 coth(Bhw/2)

T = B
5,0,k TE?ZPO Clc;‘ + th12 (Cl2 — 2ct2) h(,l) TE’?zPO Ca h(D

. (20)

with C, = 4C;. In the equations above, C; and C; are the constants that appear in the
scattering of transversal and longitudinal plane waves, respectively, in bulk amor-
phous materials, C, = 42/15 and C, = (15—4Oé‘+32§2)/ 15; note that C/C, > 4/3 for
all £[14].

Using these asymptotic relations for the scattering times, we calculate the low
temperature expression for heat conductivity and we obtain the expression [17]:

2
ku,c,o ((D)IG,O,kH @ B

2 00
K= L%ZI“"”? =
l6m k,T sinh” (BAw/2)

G 0
20c? I(x;,) I(x,) 2I(x
_ szpflz T. (xh,0)+ (xs,o)+ (xa,O) @1
l6n“ny"F, C, C, C,

where x_ , =pho,, and by I(x) we denoted the integral:
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yzcoth(y/Z)_ 4x’e" N 8x

sinh? (y/z) (ex _ 1)2 e —1 - 811’1(1 — e_x) . (22)

I(x)= Tdy

*

c,0°

The lower limit of the integral, w_,, was introduced because the heat con-

ductivity is divergent if the integral is taken from zero to infinity. In real systems,
this lower cut-off might be due either to other scattering mechanisms or to the fi-
nite (small) size of the membrane. On the other hand, the absence of the cut-off
would mean that the heat transport in the membrane is ballistic and takes place by
radiative heat transfer.

If the cut-off is small enough, then /(x) = 12 — 8In(x) and the heat conductiv-
ity becomes:

k2pc? T.(3—21n([3h0);0)+3—21n(tho:0)+6—4ln(tho;0)J‘ )

K= 22~2
l6n“ny"F, C, C, C,
This expression means that in the limit of low temperatures, the heat conduc-
tivity in the membrane, if limited by the scattering of phonons on the TLSs, is pro-
portional to 7(a + bInT).

4. Conclusions

We presented briefly the standard tunneling model, used to describe bulk
amorphous solids. Nevertheless, this model is not enough to be used for disordered
crystals or nanoscopic membranes. For these problems, a new model was intro-
duced in [14], which can describe the interaction of a TLS with any strain field. In
this model a direction in space is associated to each TLS and the coupling between
the phonon and the TLS depends on the orientation of the TLS with respect to the
strain field of the phonon. In section 3 we showed how the model is applied to cal-
culate the heat conductivity of a nanoscopically thick membrane. The final result is
very complicated and can be calculated only numerically, but here we presented
the asymptotic low temperature analytic results.
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Abstract. The paper presents the principle of the thermionic vacuum arc method
developed at the National Institute for Laser, Plasma and Radiation Physics, Magurele-
Bucharest, Romania and preparation of the of multifunctional nanostructured films with
antifriction and magnetoresistive properties.

1. Introduction

Nowadays, multifunctional, nanostructured films are continuously
developing in order to improve the properties of coated surfaces such as wear
resistance, low friction coefficients, hardness, roughness, smoothness, chemical
inertness and electrical/magneto-resistance.[1-6]. Thanks to these properties,
nanocrystalls open up possibilities for applications in nanoelectronics, novel optical
devices, integrated digital circuits, biomedical applications, etc. [7-10].

There are many methods for obtaining nanostructured materials as for example:
Filtered Cathodic Vacuum Arc (FCVA) [11-13], Mass Selected lon Beam (MSIB)
[14], Pulsed Laser Deposition (PLD) [15—17], Laser Arc [18—19], etc.

The best control of the preparation of nanostructured materials can be
achieved by the use of energetic species either by direct ion beam deposition or by
bombardment of materials (ion beam-assisted methods). Most systems applying
energetic species are characterized by a complex nature of precursor particles with
a large distribution of energies [20]. This makes the controlled growth and study
very difficult.

The original plasma-based method providing high energy ions (of hundreds
eV) suitable for the preparation of pure elements or composites without gas
inclusions is presented here. The method, developed at the National Institute for
Laser, Plasma and Radiation Physics is known as Thermionic Vacuum Arc (TVA).
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The method uses an electron beam emitted by an externally heated cathode (a
tungsten grounded filament) accelerated by a high anodic voltage. The electron
beam can evaporate the anode materials as neutral pure particles and facilitate their
deposition on the substrate. When the anode potential is increased up to a certain
value, the evaporation rate increases as much as to allow an electrical discharge to
be ignited in the evaporated pure material and the discharge is maintained even
when the discharge current is as low as a few hundreds mA. By using the TVA
method, the metal deposition takes place in high or ultrahigh vacuum conditions,
without the presence of any gas.

2. Thermionic vacuum arc method principle

The material that needs to be evaporated is introduced in a crucible made of
graphite TiB,, Mo, W, etc located at a few millimeter far from the cathode. On the
cathode it is applied a positive voltage of 1-6 KV, depending on the material that
needs to de deposited and on the conditions in which the deposit process takes
place.

Substrate

\ /__ Flasma

M Cathode
_._

' —— Wehnelt cylinder
~ T HYV

'll:—— Anode

-

Fig.1. The experimental set-up of the thermionic vacuum arc method.

The external heating process of the cathode is done and that is why the light-
ing up process of the arc and it’s maintaining can be done at 0.3 A and at anodic
voltage of over few hundreds of V, even kV. Limiting the discharge current is done
with the balast resistors. Thus it is reached the usual discharge in vacuum arc. By
the current’s external heating process of the cathode and of the voltage applied to
the anode some, small current discharge and high voltage may be generated exclu-
sively in the anode vapor material. The substrates being located in vacuum, the
evaporated material deposits both under the form of atoms and ions. The measure-
ments done have shown that the energy of the ions that arrive on the surface may
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vary between 100 and 900 eV, depending on the heating of the cathode and on the
voltage applied to the anode. The ionic current at the substracte surface may be of
the pA order, depending on the some parameters. By the TVA method the atoms
deposed on the substrate are extracted from the anode by electron bombardment,
the electrons’ mass being much smaller than the ions’ one it is expected to be ex-
tracted from the anode especially atoms and not large clusters. The existence of an
ionic bombardment in the film formation process is benefic for its adherence and
compactness. In this case, the ions are of the same nature with the material that
needs to be deposed and have high enough energies and intensities for their accel-
eration towards the surface. Due to the thickness of the prepared films that is of the
hundred of nm order, and to the deposit rates that are of some nm/s order, the dura-
tion of the deposition is of the minutes order, which makes a possible heating of the
surface, due to the thermal radiation of the TVA plasma, to be negligible, and the
film integrity does not be affected during the deposition. The reaction chamber is
cylindrical, having a volume of about 0.8 m®. The access port is located in the front
side of the deposition system. This is provided with a monitoring system of the
thickness and deposition rate of the film working on the principle of the quartz bal-
ance crystal. The chamber is provided with a number of flanges to which may be
attached the isolated or mechanical entries (for linear movements or rotations of the
elements from the chamber). The side parts of the chamber have some stainless
steel pipes attached which allows the activating of a water cooling or heating sys-
tem. The anterior part of the chamber opens completely. It is provided with two
circular windows through which one can view the phenomena from the inside of
the chamber. The windows are protected by applying on the inferior part some
glass screens of appropriate diameter. For ignition and maintaining the TVA arc
are necessary two circuits: one for the heating of the cathode filament, where a
relatively low voltage source (0—24 V) provides a 10—150 A current and another
one that is designed for the running up of the arc discharge, being used for this an
adjustable source of high voltage (0—5 kV) and a current up to 3 A.

If the breakdown conditions are accomplished, applying a high voltage be-
tween the heated cathode and the anode, in the space between the electrodes ap-
pears a bright discharge, extremely stable as far as the shape, the value of the dis-
charge current and the emitted light intensity are concerned. From the moment of
applying the voltage up to the ignition of the discharge it is necessary a time in
which the anode material to melt, and then it begins to evaporate up to the settling
of a stationary density of the anode material vapors in the inter-electrode space.
Once with the ignition of the TVA arc, it will occur volume expansion of the
plasma of the anode material vapors, the plasma having a density which will de-
crease with the distance (r) towards the crucible which contains the melted mate-
rial. The number of the evaporated particles from a source of punctual evaporation
which fall in the unit from the surface unit of the surface is in inverse ratio to the
square of the distance from the source to the surface. The whole quantity of evapo-
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rated material in a second towards all the directions from the surface if the source
is m* (g/s) then the the dm* material quantity which passes through a solid angle

dw=ds-cos0/r’ is given by the relation :

(m*]-cosé)‘ds
dm* =~ (1) (1)

7

which is the Knudsen-Lambert law relation, where ds is the elementary surface on
which the deposition is done, 6 — the incidental angle at the ds surface.

In the TVA, the cathodic fall reaches values of the kV order. This is due to
the fact that for the starting the breakdown process, the voltage must, on one hand
ensure the production of a sufficient number of electric charge carriers, and on the
other hand, ensure the generation of the gas in which the discharge through an
appropriate atom vapors density is produced. After the ignition of the discharge the
distribution of the potential is set in the inter-electrodes space, the cathode fall
having a much bigger value than in the case of the usual electric arc. The electron
emission from the cathode is independent from the parameters of the TVA plasma.
If the cathode — anode distance increases (for example due to the evaporation of the
anode material), in order to maintain the electron current which comes from the
cathode to the anode, the accelerating voltage must be raised which leads to the
raising of the cathode fall. If the TVA electronic gun is inclined to an angle from
which the anode is “seen” at a smaller solid angle, for collecting the same electron’
current, we must rise the cathode fall. After the ignition of the TVA, the stable
maintaining of the discharge requires a continuous generations, with a constant
rate, of the anode material vapors. This is accomplished by the dissipated power at
the anode, which is equal with the product between the anode fall (U,) and the
intensity (/,) of the arc current:

Pa = Ua : [arc (2)

The expansion of the plasma is produced on the walls of the chamber, the va-
pors’ density according to Knudsen-Lambert law, from the anode on the radial di-
rection. Next to the anode, the elementary processes that determine the expansion
of the plasma are the collisions determined by the Coulomb forces, and also by the
collisions between the isolated atoms and those through which the charge transfer
takes place. The balance of the charge carriers is equilibrated on one hand by the
losses determined by the bipolar -ambipolar transport and by the reactions in vol-
ume, and on the other hand, the main production process of the electric charges is
the electronic impact. During the expansion of the plasma from the anode, the at-
oms’ and the ions’ densities decrease. The bipolar - ambipolar transport of elec-
trons and the number of ions determine an electric field which slows the electrons
and accelerates the ions. In the anode plasma’s zone the transfer collisions have an
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important role in the ions’ transport. At small distances towards the anode of ap-
proximately 10 nm, only the Coulomb collisions influence the charge transfer to-
wards the electrodes. For bigger distances, the plasma is expanded without the col-
lisions. As far as the potential is concerned, the difference between the interelec-
trode plasma and the metallic chamber is equal to the cathode decrease, because the
chamber and the cathode are tied to the ground. The ions produced in the plasma
will end up on the chamber’s walls with energy equally proportional with the cath-
ode decrease. This one is influenced by the geometric and optional factors: the inte-
relectrode distance (d), the relative position of the electrodes given by the ¢ angle
and the cathode temperature determined by the intensity of the heating current of
the filament (/).
The total decrease of voltage on the arc U,,. is given by:

Uarc = Uc + Upl + Ua 5 (3)

where U, — the potential fall on the cathode: U, — the plasma total potential fall; U,
— the potential fall on the anode. U, has such a value that the generation process of
the atoms from the anode must be maintained at the same level with the one before
the breackdown of the arc discharge, which means:

Ua : [arc = I‘US‘ (4)

where [,. is the intensity of the current that passes through the arc: U; — the
breakdown intensity; / — the intensity of the current before the ignition process of
the discharge on the U, plasma potential. The plasma’s conductivity is big so as
the cathode fall can be neglected in comparison with the other values of the
potential falls on the anode and the cathode. The stability of the discharge is an
important characteristic of the TVA method. The TVA plasma’s peculiarities may
be resumed: a pure discharge in the evaporated material’s vapors in the anode
crucible; the ionization degree is high due to high plasma density; the ions’ energy
is stable; the cathode fall reaches the kV level; the arc parameters adjustment may
be done only modifying the operations’ conditions (I; U, 1,).

3. Nanostructured, low friction C-Cu, C-Sn coatings

Nanostructured, low friction films in the system C-Cu, C-Sn were prepared
using the TVA method [21-26] where the C-Cu, C-Sn systems were chosen be-
cause carbon-metal compounds had been known as promising components of anti-
friction layer to be applied on the plain bearing of the engine moving parts. They
were simultaneously deposited on a set of substrates, including engine half-
bearings positioned at different distances from the evaporation sources. Carbon and
metal (Cu, Sn) atoms were directed to the substrates, the deposition rates and con-
sequently the relative concentrations of carbon and metal in the prepared films be-
ing determined by the discharge parameters (I; U, 1,) and geometrical parameters
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(deposition rates controlled by the 1/1* rule, where r is the respective distance to the
carbon or metal anodes).

The obtained films were compact, uniform and free from columnar structure.
Scanning and transmission microscopies (SEM and TEM) analyses show that the
morphology and structure of the samples depends strongly on the processing
parameters.

The experimental set-up is shown schematically in Fig. 2. The cathode of
each of two guns consisted of circular heated tungsten filament surrounded by a
stainless steel Wehnelt cylinder, which had aperture of 50 mm in diameter for
carbon and 76 mm in diameter for copper and tin evaporation.

Substrate
holders

Substrates -
e

----------

Fig. 2. Schematic sketch of C-metal (Cu, Sn) film preparation;
a) carbon plasma, b) metal plasma, c) mixed plasmas zone.

The filament for the carbon discharge was made of a tungsten wire of 0.8 mm
in diameter while the filament for the Cu/Sn discharge was made of tungsten wire
of 1 mm in diameter. The filaments were arranged in the apertures of the Wehnelt
cylinders, about 100 mm bellow of the plane of their front surface. A hydrogen free
graphite rod 50 mm in length and 20 mm in diameter was used as the carbon anode
and Cu/Sn granules of 610 mm in diameter filed the anode crucible in the Cu/Sn
case. The inter-electrode gap was adjusted in the range of 4-8 mm. The sample
substrates, stainless steel discs of 25 mm in diameter and 3 mm thickness were set-
tled in appropriate sample holders fixed on the surface of the heating device. The
distance between anodes and sample holder was 260 mm. Substrates were situated
on an imaginary line, parallel with the carbon and metal (Cu, Sn) evaporators, each
sample situated at different distances relative to the evaporators. In this way in a
single running deposition, were produced coatings with different relative carbon-
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metal concentrations, in order to emphasize the role of metal inclusion in an amor-
phous carbon matrix.

The thickness of the film has been measured during the deposition with an in
situ thickness monitor, which uses the quartz oscillators. After termination of the
deposition, the anode voltage and the applied current to the TVA gun filament have
been reduced to zero. The samples have been kept in the deposition chamber, under
high vacuum for about 120 minutes, for the chamber’s and substrate’s temperature
to cool down.

3.1. I-V characteristics in carbon and copper and tin vapors

In order to produce plasma in pure C vapors, the tungsten filament of the
TVA gun 1 was heated by an a.c. of 50-60 A, 16-20 V. The emitted electrons were
focused on the C anode by a Wehnelt cylinder.

3500

=52.5A

Ifilament_

3000 -

2500

2000
I bV, =0V, V), >V, =328 V
1500

1000

Discharge current (Igigch): MA
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o

o
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0 200 400 600 800 1000 1200 1400 1600 1800
. \A
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Fig. 3. The I-V characteristics in C vapors.

The anode applied voltage was increased up to about 2000 V in that a way
that when the upper part of the C rod was heated up over 3500°C and the C vapor
pressure exceeded 107* torr, a bright electrical discharge was ignited. After the
ignition, the discharge voltage decreased to the 1000-2000 V as function of
filament heating current. Figure 3 shows the /-V characteristic, the voltages and
current of the vacuum arc in C vapors. An estimation of the plasma potential was
made taking acoount of the following formula:

VP = (I 0 VO - [discharge Vignition)/ Idischarge (5 )

Using data taken from the Fig.’s 3 graph, the V» = 328 V. The corresponding
C ion energy is 328 eV. At this energy, the C ions are implanted into the sample
surface determining strong adhesion and compactness of the film. The chemical
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bonding of the formed carbon layer is affected to, leading on the formation of the
sp> bonding. In the same way the plasma was running in Cu vapors. In this case the
filament heating current was in the range of 55-65A at 18-22 V. On the /-V char-
acteristics for a filament current of /,= 55.5 A for different values of the cathode-
anode distances (d,—ds: 5; 7; 9;11 and 13 mm respectively) we observed lower val-
ues of the ignition voltage; 650-900 V instead of 2000 V in the case of C. The Cu
ion energy was in the range of 10-100 eV, enough to form stable composite layers
C-Cu. In the Sn case, the ignition voltages were in the range of 400-700 V.

3.2. The control of the deposition rate

The deposition rate was measured during depositions using a Edwards, FTM-
7 quartz balance monitor as function of the introduced power, cathode temperature,
the cathode-anode distance. The automated acquisition system recorded
simultaneously the I-V characteristics of the discharges (from which were extracted
information concerning the vacuum arc breakdown voltage, the stable running
parameters, including the introduced power into the arc discharge plasma) and the
deposition rate displayed in the real time by the monitor. The deposition rate
increases as the cathode temperature decreases (the heating current of the filament
used as cathode) as well as the increase of the anode-cathode distance. The two
parameters (the heating current filament and the anode-cathode distance) permit
introduction of higher electrical power into the vacuum arc plasma, due to the
possibility to increase the voltage of the stable running plasma in the pure material
vapors. Figures 4-9 show the evolution of the breakdown power (the
Lyreakdown” Vireakdown) and the stable running power (ZyupreVsanie) as function of the
cathode temperature (the intensity of the heating cathode current) and the anode-
cathode distance for the studied elements.

Carbon
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Fig. 4. The breakdown electrical power in
carbon vapors as function of the intensity
of the circular cathode filament current and
anode-cathode distance (d = 6.5-12.5 mm).
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Fig. 5. Deposition rate of carbon film as
function of the intensity (temperature)
of the circular cathode filament current and
anode-cathode distance (d = 6.5-12.5 mm).
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3.3. SEM analysis of the C-Cu/C-Sn films

Using an optimized set of the working parameters (ensuring a maximum
introduced power in the thermionic vacuum arc plasma), stainless steel substrates
were coated with C-Cu and C-Sn films. The film morphology and composition
were analyzed by scanning electron microscopy (SEM), a PHILIPS ESEM 120
model, having an electron dispersive spectroscopy (EDS) microprobe. The SEM
images which present the surface morphology of the films settled in the closest
position relative to the carbon plasma are shown in Fig. 10 and Fig. 11.
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Fig.10. SEM image of the C-Cu film. Fig. 11. SEM image of the C-Sn film.

The compositional analysis of the C-Cu and C-Sn films is presented in Table 1.

Table 1. Compositional analysis of the C-Cu and C-Sn Films

C-Cu (Wt%) C-Sn (wt%)

C 6.15 C 15.91
0 2.63 0 4.25
Cu 91.22 Sn 79.84

3.4. TEM analysis of C-metal films

The prepared C-Cu, C-Sn films were analyzed by transmission electron
microscopy (TEM) using a high resolution (up to 1.4 A) PHYLIPS CM 120
apparatus. The samples were prepared for TEM observation in the following steps:
a small film was removed by a sharp cutter from the sample surface and settled on
a special amorphous carbon coated TEM grid. Figure 12 and Figure 13 show the
images of the C-Cu and C-Sn structures: spherical features with about 10 nm and
respective 20 nm diameter appear together with small grains with size of about 5
nm. The mentioned features are surrounded by a brighter matrix assigned to the
amorphous carbon.

o 20 nm
—

Fig. 12. TEM image of the C-Cu film. Fig. 13. TEM image of the C-Sn film.
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3.5. XRD analysis of C-Cu/C-Sn films

In order to characterize the crystalline structure of the prepared films, the
diffraction patterns were measured using following conditions: XRD device: TUR-
M62, accelerating voltage: 40 kV; current intensity: 20 mA; copper anticathode
(A=1,54 A), Filter: Ni; Angular step: 0.05° (theta); slits: 1.75; 1.75/1.09 mm.
Analyzing the XRD pattern of the C-Cu and C-Sn films, shown in Fig. 14 and
Fig. 15 can be assumed that the metallic grains embedded into the carbon matrix
were polycrystalline with large size Cu/Sn crystals.

Sn (200)

Sn (101)

Cu (111) 1.04

0.8

27

Sn (220)

=] =]

i i 2 0.6 Holder plate peak
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8 9 Cu (200) yo|der plate peak o
£ 94 cu@20) | S o2
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40 50 60 70 80 30 40 50 60 70 80
20 20
Fig. 14. XRD pattern of the C-Cu film. Fig. 15. XRD pattern of the C-Sn film.

The as-deposited C-Cu antifriction films have strong Cu (111) and Cu (200)
texture normal to the surface located at 43.46°+0.01° and 50.56+0.01°,
respectively, as well as a weak Cu (220) peak located at 74.29°+£0.02°. This is due
to the tilted texture from the substrate normal as a result of embedding Cu crystals
into the amorphous, diamond like carbon (DLC) matrix. These peak positions are
slightly larger than their equilibrium values of 43.30°, 50. 43° and 74.13° for the
Cu (111), Cu (200) peaks and the Cu (220) peak, respectively. This corresponds to
a lattice constant 3.606 A, that is 0.25% smaller than the equilibrium value of
3.615 A. We believe this is due to a tensile stress in the nanostructured carbon
layer that reduces the lattice constant and pushes the XRD peaks to larger 2
positions. The tensile stress can originate from the thermal stress induced from the
mismatch between thermal expansion coefficients of the substrate, the amorphous
carbon matrix and the whole compound film. The similar behavior was observed
on the C-Sn films, when only Sn XRD peaks were identified: strong (111), (101),
(220), (211) and weak peaks: (112) and (321).

3.6. Tribological analysis

Frictional properties of the coatings were investigated using a CSM (Switzer-
land) ball-on-disc tribometer. The C-Cu and C-Sn films were deposited on 25 mm
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diameter stainless steel discs. The tribometer counterpart was a 6-mm sapphire
ball. The tests were performed in ambient atmosphere (50% humidity and 23°C
temperature). A load of 1 N was applied using a dead-weight, the track radii were 3
and 4 mm and the sliding speed was set to 5 mm/s. The duration of the tests was
30 min, giving a total of approximately 10 m of sliding. During the tests, the fric-
tion coefficient was recorded on a PC and after test completion; each wear track
was studied using OM and SEM.

As shown in Fig. 16 and Fig. 17 the coefficient of friction of the prepared
films drastically decreased (three to five times) compared to those of the substrate
(stainless steel), showing the effect of dry lubrication of Cu and Sn embedded in an
amorphous-carbon matrix.
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Fig.16. C-Cu film friction vs. sliding distance; Fig. 17. Average friction coefficient
Load: 1N, sliding speed: 0.1 m's™. of different C-Cu films.
C-Sn
0.8 0.40
C-Sn
07}k Substrate
=
c
o 06} 0.35+
g .
=y —C-Sn1l
s 05r ——cC-Sn2
= ——c-sn3 = .
—C-Sn4
5 %7 e 0.301
8 0.3} /\N»—._.\,\/\AM/\/\N\
o
0.2}
L L L L L L 0.25 T T T T
00 02 04 06 08 10 c-sni C-Sn2  C-Sn3  C-Sn4
Sliding distance, m Sample type
Fig. 18. C-Sn film friction vs. sliding distance; Fig. 19. Average friction coefficient

Load: IN, sliding speed: 0.1 m's™. of different C-Sn films.
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4. Tunneling magnetoresistive films preparation

Granular thin films for tunneling magneto-resistance (TMR) applications
can be made of 3d magnetic metal (e.g. iron, nickel or cobalt) clusters, uniformly
distributed within an insulating matrix (e.g. magnesium or aluminum oxide).
These films are able to provide both positive and negative electrical resistance
variation under the influence of an external magnetic field. Due to the presence
of the insulating matrix, the electrical resistance of such nanostructures is much
higher than that of similar GMR structures with magnetic clusters dispersed in a
conductive matrix. By similitude with layered systems, a much enhanced
magneto-resistive effect would be also expected, making such structures more
attractive for applications as magnetic memories or sensitive magnetic field
sensors. In a layered system, the magnetoresitance coefficient, MR(0), depends
on the angle 0 between the magnetic moments of the ferromagnetic layers
sandwiching the dielectric layer, by (1—cos 0)/2 (in turn, angle 0 depends on the
magnetic field applied to the system). The proportionality coefficient is TMR =
(R.—R,)/R,, with R, and R, the resistances of the system in anti-parallel and
parallel configuration of the ferromagnetic layers. This proportionality coefficient
depends in a specific way on the geometrical/ structural parameters of the TMR
structures [27, 28]. In the Julliere’s simplified model [29], only the spin
polarizations of the conduction electrons in the two electrodes influence the TMR
coefficient. Electrons with a certain spin orientation in the first electrode should
find empty states of similar spin orientation in the second electrode, in order to
enhance the tunneling probability [30]. However, the spin polarization of the
tunneling current between the ferromagnetic electrodes is extremely sensitive to
surface and interface properties because of the short coherence length
characteristic of the ferromagnetic state. Similitude with the case of TMR
multilayered systems can be found also in the case of nanoglobular systems. The
advantages are mainly related to the simplicity of the system and hence with the
high productivity and lower production costs of such structures. The
disadvantages are related to the more complex physics behind the systems,
related to both the imperfections of the large interface between the magnetic
nanoparticles and the dielectric structure as well as to the much more complex
magnetic configuration of the nanometer-size magnetic grains. In the case of a
nanoglobular system, the electrons will become spin polarized in the first
magnetic cluster. Their associated wavefunction should tunnel towards a
neighboring cluster with empty density of state of similar spin polarization and
parallel orientation of the magnetic moment. The magnetic configuration of the
ferromagnetic nanosized clusters is of main importance, but their response to an
applied field is not so straightforward, due to their size distribution, possible
intergranular couplings, possible superparamagnetic effects or impurities/
nonstoichiometry near the interface of the ferromagnet/dielectric phases.
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The materials used for the simultaneous deposition were cobalt, as magnetic
material, and MgO, as insulator. The TVA deposition method is described
elsewhere [31, 32] as well as in the section 2 of this paper. In principle, it is based
on the intense evaporation of the depositing materials placed in crucibles of high
positive potential (anodes), under the bombardment of electrons emitted from a
heated cathode filament.

The substrates were setled on an imaginary line between the two evaporators,
the concentration of the magnetic metal in the MgO dielectric matrix will
expectedly increase continuously, due to the different distances of the substrates to
the two anode positions (e.g. the sample placed just in the front of the Co crucible
will present the maximum amount of Co). The film substrates were lcm’
rectangular pieces of industrial glass. The composition of the obtained
nanogranular films was analyzed by Energy Dispersive Spectroscopy (EDS)
measurements, the film morphology and structure by Scanning Electron
Microscopy (SEM) and High Resolution Transmission Electron Microscopy
(HRTEM) and the magnetic properties were monitored via Magneto-Optic Kerr
Effect (MOKE). Finally, the structural and the magnetic properties have been
correlated with electron transport properties and TMR effects measured via the
four point method with current in plane geometry.

4.1. Characterisation of the prepared magnetoresistive films

The relative amount of Co (at %), as obtained by EDS measurements on
different samples, versus the distance from the Co crucible to the film supports, is
presented in Fig. 20 (e.g sample P3 corresponds to a distance of 28 cm whereas
sample with the highest index number, P7, is the sample placed to a distance Co
crucible- film substrate of only 20 cm). One can observe the almost linear decrease
of the cobalt concentration with the distance between the film substrate and the Co
crucible.
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Fig. 20. The Co concentration against the distance
between Co crucible and the film substrate.
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As a consequence of the different Co contents in the different samples from
P3 to P7, one can study the dependence of the TMR effect and the related structural
and magnetic behaviors, versus the concentration of the magnetic element. It is
worth mentioning that the thickness of the central sample, Ps, is 250 nm and the
other samples present thicknesses of the same magnitude inside the measuring
error bars.

The variation of the TMR effect at room temperature (RT) versus the relative
content of cobalt in the magnesium oxide dielectric film is shown in Fig. 21. It is
easily observed that the TMR effect has a maximum value at a given Co
concentration (26 at % in this case) and decreases much faster at lower Co
concentration as compared with the case of higher Co concentrations in the range
from 17 to 34 at %. Most likely, this effect has to be related with different
morphology or size distribution of the Co particles in the dielectric matrix and we
will return to this point after presenting structural and magnetic data.

The MOKE hysterezis loops obtained at RT on samples of different Co
contents are presented in Fig. 22. It might be observed that the magnetization in
0.1 T decreases continuously with the Co content. In order to get a hint about the
correlation between TMR effect and magnetic data we will present in the following
some structural and magnetic aspects of sample Ps, showing the highest TMR
effect. Both the as prepared sample, as well as an annealed Ps film processed by a
post-deposition thermal treatment, performed at 300°C for one hour in high
vacuum condition (107 torr), were analyzed.
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Fig. 21. The room temperature TMR effect for Fig. 22. Room temperature MOKE
different Co concentrations in the MgO films. measurements on sample with increasing Co
content.

The EDX spectra collected on the two samples have shown slightly increased
oxygen content in the annealed sample as compared with the as prepared one,
which will lead presumably to an increased partial oxidation of the Co particles in
the annealed sample. The SEM images of the as deposited and the annealed Ps
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films, presented in Fig. 23 (a and b), evidence clearly much larger grains induced
by the thermal treatment.

HRTEM images of the as prepared and the annealed Ps films are shown in
Fig. 24 (a) and Fig. 24 (b), respectively. Electron diffraction patterns evidence that
the structure with well arranged atomic planes belongs to metallic Co grains, which
dimensions are much larger in the thermally annealed sample as compared with the
as prepared one.

Fig. 23. SEM images of the as deposited (a) and annealed P5 sample (b).

In addition, the electron diffraction has proven the presence of cobalt oxide
(the antiferromagnetic Co3;0,) in both the as prepared and the annealed samples.
The amount of the cobalt oxide is slightly larger in the annealed sample, in
agreement with the EDS data proving increased oxygen content in this sample. The
RT MOKE hysteresis loops of the as prepared and annealed Ps films are presented
in Fig. 25.

Snm

Fig. 24. TEM image of the as deposited (a) and annealed P5 sample (b).

One can see that the thermal treatment increases the saturation magnetization
of the film as well as its coercive force. Based on this structural/morphologic
picture of the two samples, we can interpret the corresponding RT MOKE curves
as follows. In the as prepared sample, there are formed very fine Co grains (about
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5 nm) with a thin magnetic dead layer of cobalt oxide, giving rise to a reduced
magnetization of the sample (due to both defected spin structure and possible
superparamagnetic behavior of the grains of lower dimensions). After the
annealing treatment, the initial clusters agglomerate giving rise to much larger Co
particles. In spite of a slightly thicker cobalt oxide layer on the surface, the Co core
is significantly larger than in the case of the as prepared film, which leads finally to
higher average magnetic moment per Co atom, due to both a less defected
magnetic structure and reduced magnetic relaxation of the Co particles. Hence, a
higher magnetization and coercive field is expected for the annealed sample.

The field dependent TMR curves obtained at RT on the two Ps films (before
and after annealing) are shown in Fig. 8. A much increased absolute value of the
TMR effect has to be mentioned for the as prepared sample, in comparison with the
annealed one. That is probably due to increased distances between the magnetic
grains in the annealed samples (directly connected with formation of much larger
magnetic grains), diminishing drastically the tunneling probability in this system.
However, the thermal treatment appears to decrease the TMR coefficient in Co-
MgO systems, opposite to the effect of similar treatments applied to nanoglobular
GMR systems like Co-Cu or Fe-Cu [33].
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Fig. 25. Room temperature MOKE measurements Fig. 26. TMR curves of the as deposited
of the as prepared and the annealed film. and annealed nanoglobular films.

The above observation can be also extended to the case of the MOKE and
TMR data presented in Fig. 25 and Fig. 26, respectively. The continuous decrease
of the magnetization in 0.1 T with the Co relative content in the films has to be
explained by a reduced average size of the Co grains (and implicitly by an
increased particle density) in films of higher Co content. That would explain the
fast increase of the TMR effect when increasing the Co content in the film up to the
optimal value of 26 at. %. However, by further increasing the Co content, the TMR
effect starts to decrease, due to an enhanced magnetic disorder specific to the very
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large surface area of very fine particles, connected also with a very weak magnetic
response to the applied field.

5. Conclusions

Nanostructured films for applications as antifriction and magnetoresistive
layers were prepared by the original method of thermionic vacuum arc (TVA)
developed at the National Institute for Laser, Plasma and radiation Physics. The
obtained results are summarized as follows:

Irregular and hemisphere type protuberances were formed on films surfaces.
The surface roughness could be controlled by adjusting the process parameters
such as the intensity of the filament heating current (the cathode temperature), the
introduced electrical power and the anode cathode distance and the distance
between the anodes and the substrate.

Metal concentration into the carbon matrix was controlled by the distance
between the sample and the metal anode.

The XRD patterns of the prepared composite films show polycrystalline
metal grains embedded into the amorphous carbon matrix.

In dry sliding the coefficient of friction depend on the metal concentration
into the carbon matrix, having a minimum when the copper was of 71at% into the
C-Cu composite layer and having a linear dependence in the C-Sn case with a
minimum coefficient of friction when at 29 at % Sn into the C matrix.

Tribological performances of the carbon metal (metal: Cu, Sn) overlays were
improved decreasing the coefficient of friction by 2-3 times compared with those
of the substrate material.

Co-MgO thinn films with different Co contents were obtained by fixing film
substrates at different distances from the Co and MgO sources.

A maximum TMR effect of about 1% was obtained at room temperature for a
relative content of 25 at. %Co.

High resolution TEM and electron diffraction measurements reveal the
presence of the Co grains as well as surrounding shells of cobalt oxide.

Post deposition thermal treatments of the Co-MgO films (one hour, 300°C,
107 torr) increase substantially the average Co grain size and slightly the thickness
of the cobalt oxide layers around nanograins. These structural results support the
increased magnetization in the room temperature MOKE hysterezis loop in the
annealed samples as well as the decreased TMR effect, due to increasing distances
among Co nanograins.
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Abstract. Complex surface structures were developed on stainless steels used as
structural nuclear materials, by various Plasma processing methods which include:

— Electrochemical assisted Plasma Processing (PE): the steel substrates were modified
by nitruring and nitro-carburising plasma diffusion treatments;
— Carbonic films electrodeposition.

The processes and structures obtained in various experimental conditions were
characterized by correlation of the results of the complementary techniques: XPS, “depth
profiling”, XRD, LAXRD and EIS.

The corrosion behaviour was studied by electrochemical techniques, and was corre-
lated to the microstructure and the composition of the surface layers which are strongly
depending of the electrical parameters.

An overall description of the processes involved in the surface properties improve-
ment is presented.

1. Introduction

Electrochemical assisted Plasma Processing (PE) is a generic term which is
used to describe a variety of high voltage electrochemical processes, which feature
plasma-discharge phenomena occurring at an electrode-electrolyte interface. The
plasma discharges occurs at the metal/electrolyte interface when the applied voltage
exceeds a certain critical breakdown value (typically several hundreds of Volts).
Discharge phenomena have been observed in both positive and negative biasing of a
metal electrode and, depending on the electrode-electrolyte combination and polari-
sation parameters, can vary widely in appearance: from a steady uniform glow sur-
rounding the electrode to discrete short-lived micro-discharges moving rapidly
across its surface. Consequently, discharge characteristics — electrical, spatial and
temporal, also vary significantly, providing different thermodynamic conditions at
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the electrode surface. This critically determines the surface layer composition, struc-
ture and properties, which can be optimised for numerous surface engineering ap-
plications, if the discharge phenomena can be understood (and thus properly con-
trolled) [1, 2].

Physical aspects of Electrochemical assisted Plasma Processing include
mechanisms of discharge generation, its phenomenology (e.g. spatial, temporal and
electrical characteristics of individual micro-discharge events, as well as their col-
lective behaviour), and thermal impact produced to the surface layer of metal elec-
trode. Knowledge on these aspects is extremely important to understand structure
and phase formation in the surface layer.

Duplex treatments which include plasma electrolytic techniques are extremely
useful where, in practical tribological situations, the application of a liquid lubricant
is impossible and a thin top layer of a material with lubricious properties should be
applied as part of a surface composite coating [1].

PE technology now represents a rapidly developing sector of surface engineer-
ing, however, major uncertainties remained concerning the process optimization,
control and repeatability, which were mainly caused by the fact that the scientific
understanding of key process fundamentals and discharge phenomena lagged well
behind empirically based treatment trials. A first step towards closing these knowl-
edge gap between fundamental process understanding and coating characteristics is
the characterization of the non-homogeneous surface structures developed by
plasma-assisted electrochemical processes.

In frame of the present study extensive trials were carried out in order to de-
velop complex surface structures, on stainless steels used as structural nuclear mate-
rials, by various electrochemical treatments which include:

—anodically thermo-electrochemical treatments: the steel substrates were
modified by nitriding and nitrocarburising plasma electrolytic diffusion
treatments;

— carbonic films electro-deposition using a method for synthesis of DLC struc-
tures at atmospheric pressure and low temperature; a solution of acetylene in
liquid ammonia was used as electrolyte [4].

2. Experimental

2.1. Thermo-electrochemical treatments

The model of the processes associated with thermo-electrochemical treatments
of the steels is based on the mechanism of conductivity of the vapour-gas shell sepa-
rating the anode from the solution [2]: the current carriers in the shell are anions of
the electrolyte emitted from the solution under the action of a strong electric field.
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The plasma discharges occurs at the metal/electrolyte interface when the ap-
plied voltage exceeds a certain critical breakdown value (typically several hundreds
of Volts).

The critical value of the voltage is associated with the establishment of a sta-
ble three-phase system: metallic anode/ vapour-gas shell/ electrolyte solution.

The establishment of a stable three- phase system requires the transport by va-
pour-gas shell, of an electrical current enough great to generate the thermal flux
necessary to assure the existence of a stable separation surface at the solution-
vapour interface.

The critical value of the voltage is according to the critical value of the electric
field necessary to assure the emission of the ions from electrolyte and the transport
of the emitted ions, by vapour-gas shell to the anode.

The effects of the thermo-electrochemical processes are:

— anodic electrolytic heating: temperatures in the range 800—1200°C are estab-

lished in 2—3 minutes;

— the diffusion of N and C species in the vapour-gas shell surrounding the an-
ode and the interaction with metallic surface;

— the disconnecting of the voltage applied at anode/ solution interface results
in the fast tempering of the steel-anode in the working solution, by fast con-
densation of the vapour-gas shell;

— after thermo-electrochemical treatment the nitrido-martensitic structure of
the low carbon steels is changed.

Qualified zone

Electrolyte 1 vapor-gas shell

0 d dun X

g, —thermal flux at the interface steam-gaz coat/electrolyte;
g, — thermal flux at the interface steam-gaz coat/anode;
T, —anode temperature;

Tg — solution temperature.

Fig. 1. The three-phase system anode/ vapour-gas shell/ electrolyte solution.
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Thermo-electrochemical treatments of carburizing and nitriding bath were ap-
plied using the equipment TEC100 (SCINTI — Chisinau) on carbon steel SA 106,
austenitic steel 304 and martensitic steel 403. The experimental setup (Fig. 2.) was
identically for carburizing (using glycerine solution as electrolyte) and nitriding
(using NH;OH solution as electrolyte) treatments. The parameters of the thermo-
electrochemical treatments are presented in the Table 1.

Table 1. Thermoelectrochemical treatments (TE)

Material TE Sample code Experimental parameters

Carbon steel SA Carburising 106_C U=220V,I=6A,t=3min
106 Nitriding 106 N U=165V,t=3min

Austenitic steel 304 Carburising 304 C U=220V,I=6A,t=3 min
Nitriding 304 N U=165V,t=3min

Martensitic steel Carburising 403 C U=220V,I=6A,t=3 min
403 Nitriding 403 N U=165V,t=3min

VENTILATION

(+)

ANODE
CATHODE (stainless steel)

"""" . — INSULATED VAT
— ELECTRICAL INSULATOR
ELECTROLYTE

— COOLING WATER

) RECIRCULATING
i ELECTROLYTE PUMP

Fig. 2. Experimental set-up for thermo-electrochemical treatments.

2.2. Electrodeposition of carbonic films

A technique of carbonic films electro-deposition using a method for synthesis
of DLC structures at atmospheric pressure and low temperature was developed; a
solution of acetylene in liquid ammonia was used as starting electrolyte [3]. The
acetylene was synthesized by calcium acetylide hydrolisis. The ammonia was ob-
tained via distillation of NH,OH. The working electrodes were stainless steel 304
samples treated by thermo-electrochemical carburising treatment. The evacuated
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electrochemical cell was cooled in an acetone/dry ice bath while ammonia, anhy-
drous grade gas, was fed into the vessel and liquefied at ~ —60°C. Acetylene was
then continuously bubbled through the vessel during the electrodeposition process.

E)

POTENTIOSTAT
(GALVANOSTAT)

« ELECTROMETRU -

acetylene/nitrogen

epoxidic | [ |
resin N SRS

| —

thermal
insulator

T |

- l l\
acetone and -

carbonic ice i
working electrod

counter (sampte]

reference
electrod (Pt) liquified NH, electrod (Pt)

Fig. 3. Experimental set-up for electrodeposition of carbonic films.

The acetylene dissociates in NH3, and the ions are discharged, by the reactions:
C,H, >C,H +H"
C,H -2 —»C,+H"

A Princeton Applied Research 273 System (Potentiostat/ Galvanostat) was
connected to the three electrodes and experiments were operated under potentio-
static control using anodic deposition, at a voltage in the range 1.4—6 V.

2.3. Characterization methods

The surfaces films developed by surface treatments were investigated by opti-
cal microscopy, ESCA, XRD and Electrochemical Impedance Spectroscopy. Corro-
sion behaviour was evaluated by electrochemical techniques [4].

Optical measurements were performed with NEOPHOT 2 optical micro-
scope, and the microstructures of the treated materials were studied.

ESCA analyses (X-ray Photoelectron Spectroscopy — XPS) of the deposited
films have been performed with an ESCALAB 250 (Thermo-Fisher Scientific) spec-
trometer. The residual pressure inside the measurement chamber was 10'° Torr. The
monochromatised X-ray Al K, (E = 1486.6 eV) radiation was used and the calibration
of the instrument was obtained taking as reference the silver line Ag 3ds,, at 368.2 eV.
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The X-ray diffraction data of austenitic steel 304 and martensitic steel 403
were collected at room temperature. Data acquisitions were made with a DRON
UMI1 diffractometer connected with PC. A horizontal powder goniometer in Bragg-
Brentano focusing geometry with graphite monochromator was used. The incident
Cu-Ka line, at 36 kV and 30 mA was used. The typical experimental conditions
were: 10 s for each step, range angle 20 = 25-120°, with a step of 0.05°. The pat-
terns obtained in these conditions were used to make qualitative phase analysis. The
range angle 20 = 34-46° containing the 100% intensity peaks of Fe;O4, Fe;sCryNi,,
(Cr, Fe),Cs, CrN, FeO, CrC and CrFe were measured with a better statistics, 20 s for
each step. In the same angular range the low angle incidence diffraction in order to
determine the phase’s presence in the surface films [3] from 1.0 to 8.0° incidence
angle was performed.

Electrochemical impedance spectroscopy (EIS) measurements were per-
formed using an PAR 273 System (Potentiostat/ Galvanostat), with Model 5210
Lock-in Amplifier. EIS measurements were performed at the open circuit potential,
which correspond of the very small current into oxide layer, and the thickness of
this oxide is not modified. The solution used in tests was the boric acid/ borax be-
cause that is a chemical inert environment for the superficial films developed on the
samples.

3. Results

The results about the microstructures of treated samples and about corrosion
rates (determined by Polarization Resistance Method) are presented in the Table 2.

Table 2. Microstructure of the films and corrosion rate

Sample Surface film structure Corrosion rate (mm/y)
106 _C Surface film — 10 p 1.9x10°
Stratification surface structure:
106 N Compound layer — 100 p 2x10°
Diffusion layer — 100 p
SA 106 as received 2.03x10°
304 C Surface film — 50 0.07x10°°
304 N Surface film — 10 p 1.14x10°
304 as received 2x10°6
403-C Surface film — 400 p 0.3x10°
403-N Surface film — 150 p 0.6x10°¢
403 as received 2.2x10°¢
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EIS method provides qualitative information about surface thin films from
Bode and Nyquist plots analysis. In the case of carburized and nitrating 304 samples
the highest impedance values are closed to 10° Q. The angle phases are smaller than
90° that signifies that films are not fully capacitive. For carburized 304 sample the
angle phase has a greater value (63°) than nitrating 304 sample (48°) so, the films
obtained by carburization are less porous. Smaller values of the capacitances corre-
spond to a slow growth of the layers indicating a stability of this passive layer. The
very high values of electrical resistances demonstrate a good corrosion resistance.
The following values Ciuyer = 6.244x107° F/cm® and Riayer = 1.9x10* Qcm? for car-
burized 304 and Cjuyer = 1.065x10* F/em®, R jpyer = 5.836x10* Qcm” for nitrating
304 denote that the layer obtained by carburization is thicker, corrosion resistant and
protective. The wvalue of polarization resistance for carburized sample is
70 000 Qcm® and for nitrating sample 33 000 Q cm’; a greater polarization resis-
tance indicate a smaller corrosion rate. The impedance value of carburized 403 is
greater than the impedance value of the nitrating 403 so the film obtained by cemen-
tation has better properties. In both cases the angle phases have values smaller than
90° so the films are not fully capacitive that signify a porosity of films or a rough-
ness of metal surfaces. The angle phase of carburized 403 is greater than the angle
phase of nitrating 403 sample so the oxide layer developed by carburizing TE is less
porous. Polarization resistance for carburized 403 is 450 000 Qcm® comparatively
with 20 000 Qcm® of nitrating sample so, a very small corrosion rate for carburized
sample. In the case of carburized sample the film capacitor act like a constant phase
element (is a non-ideal capacitor because of the non-homogeneous surface). The
value of the film capacitance in the case of nitrating sample is two magnitude orders
greater than carburized sample. A smaller value of coating capacitance signifies an
adherent film so, by TE — carburizing treatment can obtain thicker oxide layers.
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Fig. 4. Comparative Bode and angle phase plots for 304 carburised and 304 nitrided samples.
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Fig. 5. Comparative Bode and angle phase plots for 403 carburised and nitrited samples.

Figures 6 and 7 show the XRD patterns of the austenitic steel 304 respectively
martensitic steel 403 measured at room temperature, in three metallurgical states:
as-received, after carburizing and after nitrating treatments.
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Fig. 6. XRD patterns of austenitic steel;
1 =Fe304, 2 = (Cr,Fe);Cs, 3 = Fe;sCryNi,, 4 = CrN, 5 = CrFe.
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Fig. 7. XRD patterns of martensitic steel;
1=Fe;0y4, 2=CrFe, 3=FeO, 4=CrC, 5=CrN, 6=yFe,N.
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Fig. 8. LAXRD patterns of austenitic steel 304
after carburizing treatment.
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Fig. 9. LAXRD patterns of austenitic steel
304 after nitriding treatment.
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Figures 8, 9, 10, 11 show the low angle X-ray diffraction patterns of austenitic
and martensitic steel after carburizing and nitrating treatments, acquired between 1°
and 8° incidence diffraction angles. The line profile analyses were applied in order
to determine the mean crystallite size and the micro-strains of the surface layer, the
results are presented in [3].
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Fig. 10. LAXRD patterns of martensitic steel Fig. 11. LAXRD patterns of austenitic steel
403 after carburizing treatment. 403 after nitriding treatment.

A survey XPS spectrum (Fig. 12) on the austenitic steel 304 and martensitic
steel 403 after carburizing and nitriding treatment was recorded and the data quanti-
fication was performed [5]. The surface elemental composition (atomic %) are pre-
sented in the Table 3.

Table 3. The surface elemental composition (atomic %)

304-C 304-N 403-C 403-N

CIS 82.08 68.14 87.58 63.17
FE2P3 1.12 1.8 1.75 0.7

018 7.01 7.01 3.84 20.96
NI2P3 0 1.25 0.38 0.16
CR2P 9.79 16.59 6.45 8.61
NI1S 52 6.4
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Fig. 12. Survey XPS spectrum on 304_C sample.

The analysis of the Fe2p3/2 component of the Fe2p doublet, using a deconvo-
lution procedure (Fig. 13) confirm the presence of Fe;O4 identified by XRD and
shows the presence of some spinelic oxide on the surface of austenitic and marten-
sitic steels after thermo-electrochemical treatment.

Fe 2pB Fe 2p

Fe2pA

40 T30 120 o 700
Binding energy (eV)

Fig. 13. Analysis of Fe 2p peak in XPS spectrum on carburised 304 austenitic steel.
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Fe 2p component | Chemical bond | Binding Energy At. %

Fe2p (FeCr) 707.2 17.10
(FeCrO)

Fe2p A FesO, 710.8 54.06

Fe2pB Fe;C 708.6 28.84

Work in progress

An electrochemical method was developed for carbonic thin films deposition
on selected steels substrate modified by PE treatments (electrodeposition of DLC
films from a solution of acetylene in liquid ammonia at low temperature and low
potential); preliminary XPS analysis indicate DLC structure of deposited films
(Fig. 14).
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Fig. 14. XPS analysis of the electrodeposited carbonic layer.

The XPS analysis of the interface carbon layer/ substrate proves the 43%-—
55% sp° carbon bonds in the carbonic deposited layer.

Further developments related to the improvement of the duplex treatments are
required to increase the sp’ bonds concentration in the carbonic layer.

The electrodeposition method for DLC films deposition has a number of po-
tential advantages over other methods: simplicity of apparatus, simplicity of film
doping and film modification, favorable condition for growing new metastable
forms of carbon because of the low temperature and the fact that the process is not
in equilibrium.

4. Conclusions

The carbon steel SA 106, the austenitic steel 304 and the martensitic steel 403
have a very good corrosion behavior, after thermo-electrochemical treatments. The
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protective oxide layer of Fe;O4 is growth on austenitic and martensitic steels by
thermo electrochemical treatments of carburizing and nitrating. By LAXRD we
found that Fe;O4 appear as external layer both on austenitic and martensitic steel.
On to the martensitic steel the surface layer contains also CrC and CrN for carburiz-
ing respectively nitrating treatment.

The surface layer microstructures do not differ too much for austenitic and
martensitic steel after carburizing treatments. By nitrating treatments, the micro-
structures of martensitic steel layer is different of austenitic steel surface layer.

For carburizing treatments, the thickness of oxide surface layer on martensitic
steel (o, =~4.5°) is greater than on austenitic steel (o, ~1.5°). For nitrating

treatments, these thicknesses are the same for both steel types (o, =1.5°).

An electrochemical method was developed for carbonic thin films deposition
on selected steels substrate modified by PE treatments (electrodeposition of DLC
films from a solution of acetylene in liquid ammonia at low temperature and low
potential); the XPS analysis of the interface carbon layer/ substrate proves the 43%
—55% sp’ carbon bonds in the carbonic deposited layer.
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Abstract. The aim of this study was to synthesize and characterize new
poly(ethylene glycol)s (PEGs) hybrid composites with or without a basic drug content,
e.g., 2-[4-(2-methylpropyl)phenyl]propanoic acid (ibuprofen), obtained at different pH
values. Through sol-gel approach of the polymeric matrix chloro-propyltriethoxysilane
with a PEG precursor that contains a fluorescent dye (lissamine rhodamine-B sulphonyl
chloride), new kind of hybrid materials were obtained in which silica aggregates were
dispersed in the form of domains with typical sizes in the micrometer range, while the
formation of quasi-spherical particles of nanometer dimensions was connected with
PEG cladded and PEG-connected silica structures. The incorporation of ibuprofen
within sol-gel derived matrix is expected to lead to compounds that allow a controlled
and reproducible release of the drug. At the same time, in order to provide quality films
highly required in the controlled released drug systems and to study the influence of the
derivative group on both film structure and morphology, thin films of novel PEG de-
rivatives with carboxyl and amine functional groups through matrix-assisted pulsed la-
ser evaporation technique (MAPLE) were obtained.

1. Introduction

Among the various techniques used so far for the preparation of hybrid com-
posites, sol—gel is one of the most versatile and widely used methods. The advan-
tages of the process include low processing temperature methods that starts from
homogeneous solution, thus giving a better control over structure and properties of
the matrix. Therefore, such organic—inorganic hybrid materials offer endless oppor-
tunities for tailoring by design chemical, physical [1], biochemical [2,3], optical
[4,5], sensing properties. [6] and separation in chromatography [7]. The hybrids
having combined characteristics of organic and inorganic substances promise new
materials of high performance/functionality to fully exploit this approach with
benefits of the understanding of the two “worlds” (polymers and ceramics).
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Poly(ethylene glycol)s (PEGs) are macromolecules representing a hydroxy-
terminated polymeric chains of ethylene oxide repeating units, whose terminal
hydroxyl groups are primarily responsible for the enhanced polarity of PEG mole-
cules [8]. In the last years, considerable effort has been focused on the preparation
of different types of block-copolymers containing PEG sequences to improve the
hydrophilicity and physico-mechanical and biological properties of some polymers,
especially polyesters. Among these structures, poly(ethylene glycol)-poly(L-lactic
acid) (PEG/PLLA) is recognized for its ability to form more interesting nanoarchi-
tectures with unique properties, such as temperature-dependent swelling, optical
transmittance, and superior mechanical characteristics and so on [9]. Other exam-
ples include PEG—poly(propylene glycol)-PEG tribloc copolymers [10] obtained
through “grafting to” process. On the other hand, PEG being a water- and organic-
soluble polymer is often subjected to chemical modification and attachment to
other molecules and surfaces in order to modulate the solubility and increases the
size of the included molecules [11]. As result, a wide range of applications of PEG
can be categorized as follows: purification of proteins, nucleic acids and biological
materials, surface modification for retarding protein adsorption, platelet adhesion
and thrombogenicity, drug conjugation and drug release [12].

Through sol-gel approach, PEG was utilised to protect the colloidal particles
or to encapsulate biologic components with applications in biochemistry, separa-
tion technology, diagnostics and obtaining optical biosensors [13]. Many papers
have been published on the use of PEG (or PEG-based block-copolymers) as struc-
turing agents during the preparation of silica. It was evidenced the complexity of
these reactions and that the phase separations are very sensitive for relatively small
changes in reaction conditions. On the other hand, the rich structural and morpho-
logical transformations are due to the delicate hydrophilic’/hydrophobic balance in
the self-organization of the system [14]. One property that was not mentioned in
most studies is the ability of PEG to operate as a flocculation agent. For instance,
addition of a small amount of flocculant to a sol of silica particles leads to floccula-
tion of only a portion of the colloidal particles, and if more is added, increasing
amounts are precipitated. If sufficient flocculant is added to cover the surface of the
particles, however, the sol is stabilized again with repulsive or nonattracting poly-
mer-clad particles.

Within this context, MAPLE is evolving into a powerful technique for the con-
trolled deposition of biopolymers. The method relies on the finding that the biopoly-
mers dissolved within a frozen, absorbing solvent can, upon laser irradiation, eject in
the gas phase in functional form [15, 16]. The process has several advantages over
current techniques (dry, solvent-less technique that can be conducted under sterile
conditions), being a fast process with run-times on the order of minutes. A variety of
coating materials can be used, making it possible thus to produce films from various
materials with a high biocompatibility. The performed studies have clearly demon-
strated [17—22] the potential of MAPLE for the deposition of a wide range of organic
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macromolecules (e.g. carbohydrates [23], nanotubes), polymers/biopolymers (e.g.,
PEG) or even of larger biological structures (e.g., viruses, proteins, cells, tissue com-
ponents). Recently, thin films of polysaccharides [18, 24, 25], blood and proteins
[19-21], collagen [22][22] were successfully produced for drug delivery and diag-
nostic applications. Thus, this method provides the possibility for the fabrication of
micro/nano arrays of biomaterials [26—28] with applications in biosensing, chemical
sensing, biochemical/microbiological analysis and even for therapeutic purposes
(drug delivery systems, implant/ prosthetic fabrication).

The general objective of this study is to synthesize and characterize new
PEG-doped hybrid composites in order to evaluate them as platforms for controlled
drug delivery. The drug release rate from a silica xerogel matrix can be controlled
by adding water soluble polymers such as PEG and its derivatives, affecting the
formation of silica particles at the colloidal level during polycondensation by form-
ing hydrogen bonds with residual silanol moieties in the silica network. Taking into
account that the physicochemical characteristics of the drug molecule significantly
control the release rate, a basic drug (ability of releasing in a controlled manner),
e.g., 2-[4-(2-methylpropyl)phenyl]propanoic acid (ibuprofen), was used. The se-
lected materials thus have unique combination of three different components
namely silicon-alkoxy groups, as well as hydroxyl and carboxyl functionality. The
hydrolysable silicon alkoxide can be condensed to form inorganic Si-O-Si network
and subsequent polycondensation yields highly crosslinked dense networked struc-
ture. For monitoring the drug delivery, a fluorescent dye (lissamine rhodamine-B
sulphonyl chloride) was incorporated into the materials during the early stage of
the sol-gel process. Previously, our studies have evidenced the effect of different
polymeric fluorophores on the polymer properties and their applications [29]. Also,
in this paper we attempt to recognize the different roles of PEG as structure-
directing agent, flocculating agent, and in phase separation.

At the same time, in order to provide quality films highly required in the con-
trolled released drug systems and to study the influence of the derivative group on
both film structure and morphology, firstly, we obtained thin films of PEG deriva-
tives with carboxyl and amine functional groups through matrix-assisted pulsed
laser evaporation technique (MAPLE). The compositions determined by Fourier
transforms infrared spectroscopy were similar to the starting materials, thus sug-
gesting that the functionality within thin films is preserved. This technique will be
further extended on the hybrid composites above mentioned.

2. Experimental part

2.1. Synthesis of hybrid composites with PEG sequences

Starting from a PEG precuror that contains a fluorescent dye (lissamine rho-
damine-B sulphonyl chloride, 20% w/w), two new type of hybrid composites
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(PEG-SO,R-1 — without drug content, PEG-SO,R-2 — with ibuprofen) were obtained
through sol-gel approach. As follows, the synthesis for PEG-SO,R-1 was performed
involving the PEG precursor (PEG-SO;R), chloro-propyltriethoxysilane and a
stoichiometrical amount of water, at pH = 3, while PEG-SO,R-2 was attained at pH
=5, in the presence of the same reactants as described previously and ibuprofen.

2.2. Measurements

The structures of PEG precursor and hybrid composites were verified by 'H-
NMR and FTIR spectroscopy by using a Bruker 400 MHz spectrometer and a Spe-
cord M80 spectrophotometer, respectively. The SEM micrographs were obtained by
using a Carl Zeiss-950 scanning probe microscope, Heidenheim, Germany, the
specimens being sputter-coated with gold. MAPLE depositions of PEG derivatives
with carboxyl and amine functional groups were performed using a pulsed excimer
KrF laser (A = 248 nm, tewum = 7 18, pulse repetition rate = 2 Hz). The incident angle
of the laser beam was placed at an angle of 45° with respect to the normal of the
target surface. The target-substrate distance was maintained at 3 cm. Prior to deposi-
tion, ~5 ml of the solvated fluid was dropwise added into the target holder and frozen
by immersing in liquid nitrogen (LN). The copper target holder was placed on a
homemade cryogenic rotating assembly, which was maintained at a temperature of ~
173 K using a copper holder connected to a LN reservoir. The target was rotated at a
rate of 0.4 Hz during film deposition to avoid heating and possible drilling by the
pulsed laser beam. After preliminary tests, we set the incident laser energy at a value
within the range (32-60) mJ. The laser spot area was (7-8) mm”. The number of
subsequent laser pulses applied for the deposition of one film was 15,000. In all ex-
periments both sides polished Si<111> substrates were used. A control set of films
were prepared by drop-casting in order to provide comparison data. The overall
MAPLE deposition conditions of PEG 1 and PEG 2 thin films are collected in Ta-
ble 1. The resulting PEG derivative thin films were characterized by FTIR spectra
recorded with a Jasco 6200 apparatus (8 cm™' resolution) with a specular reflectance
device with VeeMax II variable angle (measurements performed at 50°), as well as
AFM micrographs, made with an Integrated Platform SPM - NTegra model Prima in
semicontact mode, error mode and phase contrast.

Table 1. MAPLE depositions conditions for polyethylene glycol derivatives
with carboxyl (PEG-1) and amine groups (PEG -2)

Symbol Energy/pulse Fluence Spot area Roughness
[mJ] [mJ/cm?] [mm?] [nm]
PEGla 32 400 8 120
PEG1b 40 500 8 107
PEGlc 49 700 7 128
PEG2a 35 500 7 100
PEG2b 48 600 8 147
PEG2c 60 750 8 170
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3. Results and discussion

Through sol-gel reaction of chloro-propyltriethoxysilane with or without the
presence of a non-steroidal anti-inflammatory drug insoluble in water (e.g., ibupro-
fen), new hybrid composites were obtained. The incorporation of ibuprofen within
sol-gel derived matrix is expected to lead to the obtaining of compounds that per-
mit a controlled and reproducible release of the active agent. In a first step, the
synthesis of a precursor starting from PEG and lissamine rhodamine B (20% w/w)
was established, process followed by the sol gel reaction of chloropropyl-
triethoxysilane with PEG precursor, in the presence or absence of ibuprofen, at
pH =5 and pH = 3, respectively. The succession of reactions in the case of precur-
sor is presented in Scheme 1, while the structures of the new formed products are
given in Scheme 2.

HiC

CH,
HyC cl

Scheme 2. Structures of the hybrid composites with PEG sequences.
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The FTIR spectra of the PEG derivatives are shown in Fig. 1. A characteristic
broad band appeared between 3443-3470 cm ™' corresponding to O—H stretching
vibrations of the hydroxyl groups due the strong hydrogen bond of intra(inter) mo-
lecular type [30]. Hydrogen bonds play a crucial role in such conformational ar-
rangements, creating hydrophilic associated domains [31]. Only in the case of
PEG-SO,R-1 hybrid compound, one peak at around 3750—cm ™' (the , fingerprint”
of the isolated silanol vibration) can be distinguished, while the vicinal ones and
the physical adsorbed water are characterized by adsorption bands in the range
3000-3800 cm . Moreover, this small peak is supporting Sommer’s hypothesis
that silane bonds are converted to silanol bonds during gelation [32]. The C-H alkyl
stretching band can be also observed around 28702954 cm ™. A typical absorption
band for both PEG-SO,R and PEG-SO,R-1 compounds is located at 1708 cm™ and
is attributed to the deformation mode of adsorbed molecular water in the generated
pores [33]. For PEG-SO,R-2 sample, one absorption peak at 1732 cm™' belongs to
the carbonyl group from ibuprofen. The shift of this band from 1705 cm™" (corre-
sponding to the “free ibuprofen”) towards a higher wavenumber region
(1732 cm™) is caused by the H-bond formed between the carbonyl groups from
ibuprofen and the OH units from PEG and silica matrix.

The vibrational spectra of the silicates can be divided into two regions. The
first region covers the frequency range 4000-1600 cm™, where stretching and
bending vibrations of water molecules appear. The second region (below
1300 cm™") includes the vibrations due to the silicate layers. In general, the y,(Si-
O-Si) modes appear in the region 1200-1000 cm ', whereas y,(Si-O-Si) become
observable in the region 700-400 cm™'. The bands assigned to Si-O-Si symmetric
vibrations (1118 and 1114 cm™' for PEG-SO,R-1,2) are a result of the condensation
reaction between hydrolyzed silanol Si-OH groups. At the same time, the presence
of 7,(Si-O-C) at 1023 and 1034 cm™, as well as the y,(Si-O-C) at 863 and 843 cm '
for PEG-SO;R-1 and PEG-SO,R-2, respectively may be originated from the con-
densation reaction between Si-OH groups from hydrolyzed chloropropyl-
triethoxysilane and C-OH groups from PEG. Hence, the presence of Si-O-C and Si-
O-Si bonds confirmed the existence of covalent linkages between the organic
groups and silica, which led to a better compatibility and crosslinking network
between organic and inorganic components. The peak positions of the Si-O-Si and
Si-O-C modes are shifted to a higher wavenumber than that of the composite with-
out drug (PEG-SO,R-1). This frequency shift in the FTIR spectra can be related to
changes in the bonding characteristics, such as the bonding structure and the bond
length. For both hybrids, the peaks at 949 and 951 cm ' are associated with the Si-
OH vibrational mode owing to incomplete condensation of the Si-OH bonds.

The "H-RMN spectrum, together with the assignments of the observed reso-
nances, revealed for the synthesized compounds the presence of the signals attrib-
uted to methylene protons from the a-position to the Si atom at 0.1 ppm and the
methylene protons in the B-position to the Si atom at 1.7—1.8 ppm.
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Fig. 1. FTIR spectra of PEG precursor modified with lissamine rhodamine B (1)
and the hybrid composites with (2) or without ibuprofen (3).

Silica has a complex morphology that spans nanometer to micron size-scale
and manipulation of the morphology at each structural level determines the
properties of the product. The physical properties of silica essentially depend on
the synthesis procedure, the most important ones being represented by the
specific surface, the dimensions of the primary particles and aggregates, as well
as the porosity. The differences between these physical characteristics are
correlated with the organization form of the silica particles (aggregates or
agglomerates). In the silica structure three types of particles organization can be
distinguished. At the smallest size-scale, quasi-spherical primary particles are
found ranging from 3-500 nm in diameter, these ones controlling the specific
surface area of the powder. Under the effect of colloidal forces, the primary
particles are clustered to form disordered aggregates at the 0.1 um size-scale.
Typically aggregates are further linked to form agglomerates that extend up to
hundreds of um in size. The dimension of the primary particles, the density and
the aggregation and agglomeration degree influence the porosity and the specific
surface of the silica. SEM characterization was conducted in order to evaluate the
morphology of such hybrid composites. SEM analysis showed the existence of
silica aggregates with well-defined micrometric dimensions (7.93-8.54 pm); due
to its flocculation abilities, PEG is present only at the surface of the silica
spheres, forming PEG-cladded and PEG-connected silica of nanometric
dimensions (between 300—800 nm). This behavior of PEG of 2000 molecular
weight is different of other values (e.g., for M = 600, super-aggregates), as was
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values (e.g., for M = 600, super-aggregates), as was evidenced by other authors
[34]. In Figure 2 are displayed the SEM micrographs at different resolutions for
PEG-SO;,R-1 compound.

Fig. 2. SEM micrographs for PEG-SO,R-1 compound at different resolutions.

A complimentary study on PEG derivatives consists in using MAPLE tech-
nique to obtain micro(nano) structured films for biomedical applications. Fig-
ure 3 contains the AFM micrographs for PEG 1 thin films obtained by MAPLE at
a fluence of 400 mJ/cm® (a), 500 mJ/cm® (b), and 700 mJ/cm® (c). The surface
morphology strongly depends on the laser fluence and at a value of 400 mJ/cm’
(Fig. 3, a), macromolecules are aligned as statistic coils embedded in the DMSO
solvent and then frozen. The laser beam removes the solvent by a sublimation
process and a part of the statistic coils are mechanically rejected toward the sub-
strate. Some of these statistic coils are splashed and spreaded on the substrate
surface due to mechanical deformation, these ones having a disc-like shape with
a diameter of 2-3 um. At a fluence of 500 mJ/cm” (Fig. 3, b), a phase transition
generates structures transformed by recrystallization. Therefore, there is a suffi-
cient kinetic energy in order to extend macromolecules in bundles of macromole-
cule chains. Increasing the fluence, a local melting/crystallization process is no-
ticed [35, 36], in which the crystallized macromolecules are organized in plate-
like structures. At higher fluences (700 mJ/cm?, Fig. 3, ¢), an agglomeration ten-
dency of crystallized macromolecules organized in plate-like structures, typical
for a global melting/crystallization process followed by solidification was evi-
denced too.
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Fig. 3. AFM micrographs of PEG derivatives with carboxyl groups (PEG 1) thin films
obtained by MAPLE at a fluence of 400 ml/em? (a), 500 mJ/em? (b), and 700 mJ/ecm? (c).

In Fig. 4 we give the AFM micrographs of polyethylene glycol derivatives
with amine groups (PEG 2) thin films obtained by MAPLE at a fluence of
500 mJ/cm? (a), 600 mJ/cm? (b), and at 750 mJ/cm® (c). At a fluence of 500 mJ/cm®
(Fig. 4, a) the macromolecules were aligned as statistic coils with a regular crystal-
lized dendrite-like shape, while at 600 mJ/cm” (Fig. 4, b) the registered phase tran-
sition is responsible of the formation of layered platelet-like domains in spiral
shape transformed by recrystallization.

Upon increasing the fluence up to 750 mJ/cm® (Fig. 4, c) it was noticed a
similar behavior to that of the PEG 1 compound, e.g., the formation of the well-
defined platelet-like structures, typical for a global melting/crystallization, process
followed by solidification. A possible explanation could be done by the polyelec-
trolyte character due to the supplementary charge of the amine chains.



108 M. Olaru et al.

Fig. 4. AFM micrographs of PEG derivatives with amine groups (PEG 2) thin films
obtained by MAPLE at a fluence of 500 mJ/cm? (a), 600 mJ/ecm® (b), and 750 mJ/ecm? (c).

4. Conclusions

The technique based on sol-gel polymerization described in this paper repre-
sented a versatile synthetic approach to obtain hybrid composites with tailor-made
composition of both the organic core and the silica or organo-silica shell, as well as
a good control on morphology, size and phase structure in the nano/micro range.
Thus, were obtained silica aggregates with typical sizes in micrometer range, as
well as quasi-spherical nanoparticles based on PEG-cladded and PEG connected
silica structures. Due to rhodamine content, these compounds represent good mod-
els that allow a controlled and reproducible release of the drug.

At the same time, we demonstrated that MAPLE was suitable for producing
novel PEG derivatives with carboxyl and amine functional groups, respectively
thin films by MAPLE technique with very close similarity to the starting structures
obtained by dropcast. AFM investigations showed that the surface morphology
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depends equally both on the laser fluence and the type of the derivative group.
Increasing the fluence for MAPLE-deposited thin films of PEG derivative with
carboxyl functional groups, the surface morphology evolved from aligned macro-
molecules having a disc-like shape to plate-like structures that further have an ag-
glomeration tendency, typical for a global melting/crystallization process followed
by solidification. In case of PEG derivative with amine groups, the transition from
regular crystallized dendrite-like shape to layered platelet-like domains in spiral
shape and further to the formation of platelet-like structures was registered also.
We concluded that MAPLE provided an improved approach for growing quality of
the thin films based on PEG derivatives required in the controlled released drug
systems.
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Abstract. The effect of some polymers like chitosan, alginate, carragennan, poly-
vinyl pyrrolidone or copolymer maleic anhydride/styrene, upon physico-chemical prop-
erties of nanoparticles generated in the polymeric phase was investigated. The size of
nanoparticles was determined by fitting the absorbance data with some specific equa-
tions from quantum dots’ literature. The fluorescence properties of the nanoparticles
depend on the nature of capping polymer. The synthesized nanoparticles were dispersed
in polymeric matrix and then were applied on glass support to form films. The proper-
ties of the prepared nanoparticles and also the deposited films were investigated by us-
ing confocal laser scanning microscopy, UV-Vis spectroscopy and fluorescence spec-
troscopy. The nanoparticles coated with polymers present low toxicity against cultured
with Vero cells for a determined period of time. The toxicity diminishes up to 10 times
by covering the semiconductor nanoparticles with polymers.

1. Introduction

Nanocrystalline semiconductor materials such a CdS and ZnS have at-
tracted great interest due to their theoretical importance and significant poten-
tial applications. The nanometric size crystals can been prepared in the water-
soluble polymers systems or hydrogels.

In the present study, the biocompatible polymers have been used due to
their significant potential applications which admit the selective attachment of



112 S. Peretz et al.

ions from the enviroment. These represents the nucleation centers for the
nanocrystals. The nanocrystals exhibit size dependent properties, size quantum
effect such as a blue shift of absorption onset, a change of electrochemical po-
tential band edge, and an enhancement of photocatalytic activities, with de-
creasing crystallite size [1].

The photochemical and photophysical properties of the nano-sized semi-
conductors on various preparation have been characterized, but few reports
describe their application as florescent probes [2, 3].

Cadmium sulphide, a direct gap material with Eg of 2.42 eV at room tem-
perature, can be used for photoelectronic devices [4]. For the semiconductor
crystallite, its electronic properties start to change if the diameter approaches
to the Bohr diameter; this is the so-called quantum size effect, which can be
observed as a blue shift in the optical bandgap. By incorporation of small
semiconductor clusters into solid matrices such as polymers and glasses the
problems associated with colloidal solutions are solved [5]. In the case of CdS
quantum size effect occurs as the crystallite diameter is comparable or below
the exciton diameter of 5-6 nm. Many techniques have been explored to syn-
thesize small clusters, mostly II-VI such as CdS, in the nanometer size regime
in a variety of media, such micelles, polymers, glasses, solutions, thin films
and zeolites.

Nanotechnology, in the form of nanoparticles with properties, which can
be precisely tailored by chemical methods, is rapidly becoming an important
new tool in the arsenal of the biotechnologist. Nanoscale materials become
more and more the subject to intense investigation for use in cancer diagnosis
and therapy. It was obtained novel quantum dot-hyaluronic acid (QD-HA) con-
jugates which could be successfully used for real-time bio-imaging of HA de-
rivatives in nude mice [6]. The novel QD-HA conjugate will be further used to
investigate the biological roles of hyaluronic acid with a different molecular
weight in the body.

In this paper, we investigated the effect of some polymers and copoly-
mers upon physico-chemical properties of nanoparticles synthesised in the
polymeric phase. By dispersing the synthesized nanoparticles in a polymeric
matrix some films have been prepared. The influence and the biocompatibility
of CdS and ZnS nanoparticles coated with polymers were evaluated in relation
with cultures of Vero cells. The biocompatibility of the suspension of nano-
composites was determined by MTT Cell Proliferation Assay, a quantitative,
convenient method for evaluating a cell population’s response to external fac-
tors, whether it is an increase in cell growth, no effect, or a decrease in growth
due to necrosis or apoptosis [7]. We investigated the growth and morphology
of the nanoparticles and characterized the absorption and florescence proper-
ties of deposited films by using confocal laser scanning microscopy, UV-Vis
spectroscopy and fluorescence spectroscopy.
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2. Experimental

2.1. Materials

The reactants, cadmium nitrate tetra hydrate Cd(NO;),x4H,0 from Aldrich
and sodium sulphide (Na,Sx9H,0) from Fluka, were analytical grade purity. The
polymers: sodium alginate from brown algae of low viscosity grade, chitosan low-
viscous, and polyvinyl pyrrolidone K60 (PVP) were supplied by Fluka, and were
used without further purification. The copolymer, maleic anhydride/styrene 1:1 with
M = 60,500 (CoMAS) was prepared as laboratory samples at Macromolecular
Chemistry Institute — lasi (Romania). The water used in the experiments was Mi-
cropore filtered.

2.2. Preparation of nanoparticles

Therefore two methods were used:

Method 1. A mixture formed by an aqueous solution of Na,S with the con-
centration 2.4-5.0x107° M and the polymer or copolymer in concentration of 0.2 %
(w/w) was prepared. Afterwards, this blend was mixed under rapid stirring
(300 rpm) with a second aqueous solution of Cd(NOs),x4H,O of concentration
1x107° M, and nitrogen gas was bubbled throughout system.

Method 2. The cadmium ions in the solution were obtained from the solubili-
zation in the purified water of salt as cadmium nitrate, and were mixed with a solu-
tion of reducing agent such as sulphide ions (Na,S). Colloidal cadmium sulphide
particles were prepared by mixing quickly (at 300 rpm) the two solutions, and af-
terwards these were introduced in a 0.2% polymer solution; the system was purged
with N, gas for 30 minutes to prevent the photocorrosion and the formation of the
colloidal sulphur. The aqueous solutions containing Cd(NO;), and Na,S were
freshly prepared and were used over short period from their preparation. The used
copolymer was dissolved in a solution alkalinized with NaOH 0.1 N and the pH of
the Na,S aqueous solution was in the range of 9.5—11. The chitosan solutions were
prepared by dilution with acetic acid 0.1 N.

2.3. Preparation of the films

The films have been obtained by mixing CdS or ZnS colloidal solution with a
polymer solution. The mixture was stirred for five minutes and then, the films have
been obtained by the deposition of the above-mentioned mixture on a sodium-lime-
silicate glass substrate, by means of an aluminium device having an inner hole and
an aperture at the bottom, with a slope angle of 15°. The films have been dried at
105-120°C, for 5—10 min. After cooling the samples to the room temperature, the
films have been protected with aluminium foil.



114 S. Peretz et al.

2.4. Cytotoxicity determinations

The cytotoxicity or the biocompatibility of the suspension of nanoparticles
was determined by MTT Cell Proliferation Assay. The key component is (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) or MTT. Mitochondrial
dehydrogenases of viable cells cleave the tetrazolium ring, yielding purple forma-
zan crystals insoluble in aqueous solutions. The crystals are dissolved in acidified
isopropanol. The resulting purple solution is measured spectrophotometrically. An
increase or decrease in cell number results in a concomitant change in the amount
of formazan produced, indicating the degree of cytotoxicity caused by the test ma-
terial. MTT test was done after one and 2 days on Vero cells (from the Vero line-
age derived from epithelial cells of kidney from African green monkey, 20-25 pas-
sage), cultured with different concentrations of nanostructured suspensions
(0.01-10%). Cell suspension was obtained by subconfluent culture trypsinization
and was seeded into 24-well plates; each well was seeded with 3x10* cell /mL.
Cells were cultured 24 h in Dulbecco’s modified Eagles medium/10% FBS
(DMEM) and after standing overnight the culture medium was replaced with
nanostructured suspensions. The supernatant was replaced after one and 2 days of
exposure of cells to QD suspensions and the cells were washed with PBS, and then
500 uL MTT solution (0.25 mg/mL) was added to each well. The cells were
washed after 3 h of incubation at 37°C, the formazan crystals formed in living cells
solubilized with 1 mL isopropanol, and the absorbance measured at 570 nm with a
Jasco UV-Vis spectrophotometer.

2.5. Methods — microscopy and spectrometry

The morphology of the prepared nanoparticles and also the deposited films
were investigated by using confocal laser scanning microscopy. Because one of the
main potential applications is in the field of bioimaging, we have investigated our
quantum dots by means of a modern Leica TCS SP microscope. We have used the
previously recorded optical absorption spectra in order to choose the proper excita-
tion wavelength for the confocal study. The Leica TCS SP is the only broadband
multiphoton confocal microscope with spectral capabilities, allowing us to record
the fluorescence emission spectra with a 4 nm resolution. As one can tell, the bio-
logical laser scanning confocal microscopy relies heavily on the fluorescence tech-
niques, as a method to obtain contrast with high degree of sensitivity coupled with
the ability to specifically target structural components and/or dynamic processes in
chemically fixed as well as in living cells and tissues. The excitation conditions in
the confocal microscopy are several orders of magnitude more severe. Restrictions
imposed by the characteristics of the traditional fluorophores and the efficiency of
the microscope optical system become the dominating factors in determining the
optimal excitation rate and the emission collection strategies.
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The absorption spectra of the nanoparticles were made by using an UV-Vis
spectrophotometer VARIAN Cary 100 Bio and the fluorescence spectra by a
FluoroMax-4 HORIBA spectrofluorometer. The shape and the average diameter of
nanoparticles were determined by using a JEX 200CX (JEOL) transmission elec-
tron microscope (TEM).

3. Results and discussion

The obtaining of CdS particles results from the reaction between the metal
ions (Cd™) and sulphide ions (S*), as follows:

Cd(NO3), + Nay,S — CdS + 2NaNO; (1)

It has been experimentally documented that the precipitated uniform particles
are typically polycrystalline and that their formation involves two distinct dynami-
cal stages [8]. In the first process nanosize crystalline precursors, primary particles,
are nucleated in supersaturated solution, while in the second process, these primary
particles aggregate into larger colloids, secondary particles [9].

The formation mechanism of these particles was described by Towey and
coworkers [10]. The reaction of CdS nanoparticles involved three steps: the chemi-
cal reaction step, the nucleation step and the particle growth step.

1. Formation of the CdS species:

Cd* + S* — (CdS), )

2. Formation of aggregates with higher agglomeration numbers from reactions
of small particles:

(CdS)m, + (CdS), = (CdS)pim (m,n > 1) (3)

3. Growing of particles by addition of Cd*" and S*~ ions:
(CdS), + S* > (Cd, Spi))* 4)
(CdS), + Cd* = (Cdys1 Sn)* (5)

The aggregate with charge is expected to react in the same way as 1:1
stoichiometric species indicated in 2™ step. The Ostwald ripening may also occur
but this process involves dissolution of the solid.

Synthesis of ZnS nanoparticles in aqueous polymer solution in according to
the following equation:

ZnCl, + Na,S — ZnS + 2NaCl, (6)

The studies of Weller et coworkers [11] has tried to correlate the cadmium
sulphide particle size with the absorption spectra. They showed the experimental
correlation of threshold wavelength and the particle threshold diameter [12].
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Fig. 1. UV-Vis absorption spectra of semiconductor nanoparticles coated with different
polymers, Cicds or zns) = 1% 10 * M, 20 minutes after preparation.

For CdS the additivated samples present a displacement of the absorption
peaks to the greatest wavelengths and an increasing of the absorption intensities for
the coated particles. In the case of ZnS the coating of the particles have a little in-
fluence of the value of absorbance.

For the determination of the CdS particles size, some of their specific proper-
ties were used. In the case of semiconductor particle, there is a correlation between
the absorption spectrum and the energy of the band gap (Eg). The determination of
the energy of the direct band gap (Ey) is possible by fitting the absorbance data us-
ing the Wang equation [5]:

_ hv(A*—c’hv)

Eg A2

, (7
where o is the molar absorption coefficient [M 'cm™'], A is a proportional coeffi-
cient, whose value varies according to each spectrum [J**M'cm™], hv is the pho-
ton energy, and h is Planck’s constant [6.626-10* J-s]. With the Eg determined one
could calculate the diameter of CdS nanoparticles (d,) using Brus’ equation [13]:

h® 1,1 36

2d;'m, m," 4med

Eg - Eg,bulk = (8)

where Egpui is the band gap of bulk semiconductor [J], me and my are the effec-
tive masses of electron and hole, respectively, e is the charge of an electron
[1.602X10719 C], and ¢ is the dielectric constant. The values of m, =0.19 me, m, =
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= 0.8 m, and € = 5.7¢, were employed for CdS particles. Here, m, is the electron
rezst lmasls [9.11x107" kg] and &, is the dielectric constant of vacuum [8.854x10 "2
CJ ' m].

The data from absorption spectra presented in the Fig. 1, were fitted and es-
timated with equations 7 and 8, obtaining the average diameters of bulk and cap-
ping CdS particles, which ranges within 6.7 and 10.6 nm.

The sequence of the values of particle diameter (d,), compared at 20 minutes
from mixing two solutions was:

dehitosan > dp Alginate > dp CoMAS = dp Carragennan> dp pVvp= dp without polymer (9)

It could be observed that both the presence of the polymer and their nature in-
fluence the particle size.

The kinetics of CdS particles in the growing step shown that the diameter of
the cadmium sulphide particles have an fast increase in the first 30 minutes from
the preparation, and after grow slightly in the next 40—-120 minutes, and after the
kinetics’ curves flatten.

204
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14—-

e 107 —a— Without polymer
c .
= 87 —e— Chitosan
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4+ —A— Carragennan
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0] —+—PVP
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Fig. 2. Time dependence of the nanoparticle diameter, Ccgs) = 1% 10 M.

Fig. 3. TEM micrographs, a) CdS without polymer; b) almost spherical
CdS particles synthesized in presence of chitosan.
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From TEM measurements we observe that the average diameter increases for
the coated nanoparticles, phenomenon that is more obvious in the presence of poly-
mers like chitosan, than in absence of the added polymers (see Fig. 3).

The Figures 4 a to g presents the results of the transmission electron micros-
copy determinations, which give the information about the distribution of the crys-
tals average size.
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Fig. 4. Size distribution of nanoparticles, a) CdS without polymer; b) CdS coated with PVP;
¢) CdS coated with carragennan; d) CdS coated with CoMAS; e) CdS coated with alginate;
f) CdS coated with chitosan; g) ZnS coated with alginate.

The frequency of the majority particles in the size distribution depends on the
nature of the polymer and decreases if we add polymers in the system. In the
growing stage the size of coated crystals raise, the value of frequency decreases
and the width of the distribution increases [9].
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Fig. 5. Fluorescence of CdS particles coated with polymers, Cicgs or zns) = 1% 107 M.

Figure 5 shows fluorescent intensity of semiconductor nanoparticles single
and coated with polymers. Fluorescence intensity of the CdS nanocrystals slightly
increases for the additivated samples.
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It is found that the samples of CdS coated nanoparticles exhibited different
peaks function of capping polymer. The coating of CdS nanoparticles by polymers
reduces effectively the local surface-trap states so that it can improve the photolu-
minescence properties of CdS nanoparticles [4]. Some authors believed that CdS
nanoparticles showed the band edge photoluminescence peak centered at 450 nm
[14]. For the coated nanoparticles the emission peak shifts due to the quantum con-
fined effect.

In addition, the maximum wavelength of spectra shifts towards red with the
increasing number of hydrocarbon [2]. The additive is known to interact with cad-
mium ions. It suggests that shorter carbon chain undergoes attraction for cadmium
ions and forms the particle easily [15].

We considered that negative charges on CdS and positive charges on the
polymers generate electrostatic interactions in the samples.

The modification of CdS nanoparticles by ethylene diamine reduces effec-
tively the local surface-trap states so that it can improve the photoluminiscence
properties of CdS nanoparticles [4].

For controlled passivation of cluster surfaces, several methods have been de-
veloped by using hydroxide ions, amines, ammonia and ZnS [16]. Typical semicon-
ductor clusters as prepared contain surface defects. As a result, the initial photogner-
ated electron-hole pairs (excitons) get trapped very rapidly. This is reflected in the
photoluminescence spectrum, which usually shows a broad trap emission, red-shifted
from the exciton absorption peak. As a result of these passivation procedures, new
band-edge emissions can be observed in the photoluminescence spectra [5].

The synthesized nanoparticles were dispersed in polymeric matrix and then
were applied on glass support to form films. The films are relatively homogeneous,
have a nanostructured texture and a good adherence on support.

Figure 6 b shows a microscopic image of the surface of the deposited film
made by confocal laser microscope, and cadmium sulphide can be observed as dis-
persed dots under a phase-contrast microscope, and some luminescence was de-
tectable under fluorescence device (see Fig. 6 a).

The film of sample 55 CdS which contains the copolymer maleic anhy-
dride/styrene, presents for the spectrum of emission a main maximum at 510 nm
and some other picks at 523 nm and 533 nm (see Fig. 7 a).

The micrograph of polymeric film in the Fig. 7 b shows the existence of crys-
talline concentrations which contain the small particles relative spread in the poly-
meric matrices; it can be observed some clusters provided by the non-
homogeneities of the film.

The recorded fluorescence spectra for the investigated samples have a full
width at half maximum value of about 30 nm with a symmetric distribution
around the central maximum and the spectral profile not skewed towards the
longer wavelengths as one can tell by looking at the Fig. 8 a, typical for a quan-
tum dot structure.
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Fig. 6. CdS nanoparticles in chitosan film,
a) the fluorescence; b) surface of CdS-chitosan film.

The extension of the spectral profile towards the longer wavelengths (having
higher intensity “tails”) and the photobleaching are the main problems concerning
most organic fluorochromes. The narrow emission profile is the one that can enable
several quantum dots conjugates to be simultaneously observed in multiple labeling
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experiments. The ability to stimulate multiple quantum dot sizes in the same
specimen with a single excitation wavelength, obtaining several different fluores-
cent signals with a good signal to noise ratio is the reason to consider these artifi-
cial structures as excellent candidates for the multiple labeling experiments.

Intensity (a.u.)

b)

Fig. 7. CdS nanoparticles CdS in CoMAS film,
a) the fluorescence; b) surface of CdS-CoMAS film.
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Fig. 8. CdS powder in carragennan film, a) the fluorescence;
b) surface of CdS - carragennan film.

It was obtained a solid product by a new method, in the powder form of or-
ange color. These CdS nanoparticles, in the powder form, have been used together
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with carraghenan biopolymer of 2 % concentration to obtaining a nanocomposite in
film form. This optimal composition was applied on glass support. By using confo-
cal microscopy method (see the micrograph of Fig. 8 b) and by fluorescence de-
terminations (Fig. 8 a), we can suppose as cadmium sulphide exist in the form of
nanoparticles in this powder.

The cytotoxicity or the biocompatibility of the suspension of nanoparticles
was determined by MTT Cell Proliferation Assay. The absorbance at 570 nm ob-
tained for control was considered 100%. The results for the treated cells were ex-
pressed as percentage from the control, untreated culture. Cell viability was ex-
pressed as a percentage of control treated with different concentrations of quantum
dots (QD) suspensions.

Vero cells viability after 48 hours of
treatment with sample 45
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Fig. 9. Cytotoxicity induced by different concentrations
of CdS-CoMAS (v/v) from initial 1x10™* M.
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Fig. 10. Micrographs of Vero cells after 48 hours of treatment with sample 45 (CdS-CoMAS),
a) 1% v/v; b) 10% v/v.
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Vero cells viability after 48 hours
treatment with sample 46
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Fig. 11. Cytotoxicity induced by different concentrations
of CdS-chitosan (v/v) from initial 1x10™* M.

Fig. 12. Micrographs of Vero cells after 48 hours of treatment with sample 46 (CdS-chitosan),
a) 1% v/v; b) 10% v/v.
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Fig. 13. Cytotoxicity induced by different concentrations
of CdS-alginate (v/v) from initial 1x 1074 M.
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a)

Fig. 14. Micrographs of Vero cells after 48 hours of treatment with sample 48 (CdS-alginate),
a) 1% v/v; b) 10% v/v.

Vero cells viability after 48 hours
treatment with sample 50
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Fig. 15. Cytotoxicity induced by different concentrations
of CdS-PVP (v/v) from initial 1x107* M.

Fig. 16. Micrographs of Vero cells after 48 hours of treatment with sample 50 (CdS-PVP),
a) 1% v/v, b) 10% v/v.
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Vero cells viability after 48 hours of
treatment with sample 62
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Fig. 17. Cytotoxicity induced by different concentrations
of ZnS-Alginate (v/v) from initial 1x10™* M.

Fig. 18. Micrographs of Vero cells after 48 hours of treatment with sample 62 (ZnS-Alginate),
a) 1% v/v; b) 10% v/v.

The studies suggest that QD toxicity depends on multiple factors derived
from both the physicochemical properties of quantum dots and environmental con-
ditions [17]. Quantum dot composition, size, charge, concentration, outer coating
bioactivity (capping material and functional groups), and mechanical stability are
each factors that, individually or collectively, could determine QD toxicity. The
most significant factors in assessing the risk of quantum dots toxicity are the func-
tional coating and QD core composition and stability.

In vitro studies suggest certain quantum dots types may be cytotoxic. Lovric
and coworkers [18] found that CdTe quantum dots coated with mercaptopropionic
acid (MPA) and cysteamine were cytotoxic to rat pheochromocytoma cell (PC12)
cultures at concentrations of 10 pg/mL. Uncoated CdTe quantum dots were cyto-
toxic at 1 ug/mL. Cell death was characterized as chromatin condensation and
membrane blebbing, symptomatic for apoptosis. Cytotoxicity was more pro-
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nounced with smaller positively charged quantum dots (2.2 £ 0.1 nm) than with
larger equally charged quantum dots (5.2 = 0.1 nm) at equal concentrations (cyto-
toxicity determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay). Quantum dot size was also observed to affect subcellular distribu-
tion, with smaller cationic quantum dots localizing to the nuclear compartment and
larger cationic quantum dots localizing to the cytosol. The mechanisms involved in
cell death were not known but were considered to be due to the presence of free Cd
(QD core degradation), free radical formation, or interaction of quantum dots with
intracellular components leading to loss of function. Cytotoxicity and the potential
interference of qdot labelling with cellular processes are primary issues in any live-
cell or animal experiment. These questions are complicated by the variety of proto-
cols of quantum dot synthesis, solubilization or functionalization [19].
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Fig. 19. Comparative cell viability or induced cytotoxicity of synthesised semiconductors
coated with different polimers, after 24 and 48 hours of treatment with 1% sample.

Anyway, the polymer-coated nanoparticles synthesised by us present low
toxicity after one day of cultivation with Vero cells (Fig. 19). After two days, the
toxicity increase, but one day of viability it is enough for using the obtained nanos-
tructures in imagistic studies.

4. Conclusions

We have elaborated a simple and efficient method for the obtaining semicon-
ductor nanoparticles in polymers solution. The used polymers have an important
role in the size control, the stability and like capping agent of the particles.

The nanoparticles can exist long time in polymers solution and they can be
used for the obtaining of films on glass support. The size of nanoparticles was de-
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termined by fitting the absorbance data with some specific equations from quantum
dots’ literature.The kinetics data from UV-Vis spectra show that the nanoparticles
present an initial rapid formation, followed by a very slow growth process. The
fluorescence properties depend on the nature of capping polymer.

The samples containing CdS-CoAMS, CdS-Alginate, CdS-PVP, and ZnS-
Alginate have a better biocompatibility and a lower induced toxicity on cultured
Vero cells.

The cytotoxicity of semiconductors diminishes up to 10 times by coating
with polymers; the sample CdS-Alginate (concentrations 1x10° M) present no tox-
icity for cultured cells more after 24 hours, and sample 62 ZnS-Alginate is non-
toxic even after 48 hours of cultivation with Vero cells, up to 20 uM concentration.

All these facts are a good premise to use the synthesized semiconductors for
imagistic studies.
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Abstract. This paper deals with investigation of antibacterial activity of TiO, thin
films with various concentration of PEG (0.01-0.1M) and iron (1.23 and 7%) in their
composition or doped with nitrogen and followed by thermal treatment at different
temperatures (500-1000°C). The results revealed that investigated thin films have anti-
bacterial activity which is influenced by coatings compositions and temperature of
thermal treatment. The optimum concentration of iron and PEG enhanced antibacterial
activity and induced some change for the surface structure which became congruent
with this antibacterial activity. The photocatalytic reaction is higher at low iron content.
The investigated nanostructures doped with nitrogen and thermal treated at 600°C have
a better antibacterial activity that structures treated at S00°C. On the other hand, this ac-
tivity has been influenced by illumination time with white artificial light. The electron
microscopy investigations revealed that main effect towards microbial cell are at the
level of cell membrane and could be associated with cell degradation, minivesicles for-
mation, strong plasmolize and intracellular vacuoles, cellular ghost and membrane
fragments.

1. Introduction

Since the photochemical disinfection of Escherichia coli in the presence of
TiO,/Pt was reported by Matsunaga et al. [12], the technology of photocatalytic
inactivation studies using TiO, under ultraviolet light irradiation has obtained much
attention in the last years [11, 21, 23]. The antimicrobial activity of UV/TiO, has
been assayed in several bacteria and viruses including Escherichia coli, Lactobacil-
lus acidophilus, Serratia marcescens, Pseudomonas aeruginosa, P. stutzeri, Bacil-
lus pumilus, Streptococcus mutans, S. cricetus, S. sobrinus, Deinococcus radiophi-
lus, yeast as Saccharomyces cerevisiae, algaec as Chlorella vulgaris and viruses
such as phage MS2, B. fragilis bacteriophage, poliovirus [11, 14, 15]. It is widely
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known that materials containing metals such as silver, copper, zink show antibacte-
rial properties and activities. More specifically, metal ions penetrate in bacteria and
inactivate their enzymes, or can generate hydrogen peroxide, thus killing bacteria
[19, 20].

Transparent TiO, films, TiO, immobilized in acetylcellulose membranes
[13] and entrapment of TiO, into sol-gel prepared pellets [18] have been tested
and use of optical fibers or intermittent and variable irradiation have been also
recommended to improve the applications. Municipal wastewaters have been also
treated with relatively good efficiency [1, 21] and total and fecal coliforms and
viruses present in secondary wastewater effluents have been successfully re-
moved [21]. Also, the technology can even be applied to destroy bioaerosols in
air. As TiO, photocatalysis can make use of the UV part of the solar spectrum, it
becomes promising to potabilize the waters in some tropical countries with scarce
hydric resources and high availability of solar irradiation [14].

Titania exists in a number of crystalline forms the most important of which
are anatase and rutile. It is well known that TiO, absorbs UVA, resulting in the
formation of paired electrons and holes [7]. Photogenerated holes are thought to
be trapped, and absorbed on the surface of TiO, particles [18]. The photocatalytic
activity of anatase-type TiO, was greater than that of rutile type, because the op-
tical band gap of anatase-type TiO, (3.23 eV) is greater than that of rutile type
(3.06 eV), thus UVA-irradiation of anatase type should generate electrons and
holes more efficiently than in the case of rutile type. Upon excitation by light
whose wavelength is less than 385 nm, the photon energy generates an electron
hole pair on the TiO, surface. The hole in the valence band can react with H,O or
hydroxide ions adsorbed on the surface to produce hydroxyl radicals (OH), and
the electron in the conduction band can reduce O, to produce superoxide ions
(O77). Both holes and OH-are extremely reactive with contacting organic com-
pounds. Detection of other reactive oxygen species (ROS), such as hydrogen per-
oxide (H,0,) and singlet oxygen, has also been reported. Together with 'O,
(singlet molecular oxygen) these radicals are a highly reactive oxygen species
that may harm living systems by oxidizing critical cellular macromolecules, in-
cluding lipids, nucleic acids [2] and proteins. It also promotes deleterious proc-
ess, such as lipid peroxidation, membrane damage and cell death [4, 10].

When illuminated, TiO, particles act as a semiconductor, generating HO
radicals and other reactive oxygen species by electrochemical reactions con-
ducted at the surface of photocatalyst. Because of their high level of reactivity,
they are also very short lived. When irradiated TiO, particles are in direct contact
with or close to microorganisms, the microbial surface is the primary target of the
initial oxidative attack. Phospholipids are an integral component of the bacteria
cell membrane, and the susceptibility of these compounds to attack by reactive
oxygen species has been well documented [9].
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Despite many potential applications of these nanoparticles [17, 22], their use
are currently limited to environments where insufficient UV lights can be made to be
in contact with TiO, surface. Thus it has become an important goal in the develop-
ment of these materials, to try to modify them such that lower energy, visible light
such as conventional internal light sources, may also be used to stimulate both the
photocatalytic activity and the superhydrophilicity that usually accompanies it [6].
By inclusion of specific dopants it should be possible to improve the efficiency of the
photocatalytic behavior by creating new band structures or by suppressing the re-
combination of photogenerated electron-hole pairs to improve quantum efficiency
[8]. Many authors have concluded that N-doping of TiO, leads to visible light photo-
activity, but there is a difference in opinion as to how doping achieves this, as well as
disagreements in many of the conclusions drawn from the results [24].

Even if exist a lot of data regarding photocatalytic activity there are no in-
formations available about the role of thermal treatment of TiO, films towards an-
tibacterial properties of such nanostructures. In this paper we have been investi-
gated the antibacterial properties of N-doped TiO, films and the effect of thermal
treatments of doped nanostructures on the viability and growth of an E. coli strain
isolated from an wastewater treatment plant nearby to the Buzau city, and charac-
terized in our laboratory. On the other hand, the effect of iron and PEG content of
coatings on the antibacterial activity is described.

2. Materials and methods

Culture and media — The E.coli strain used in the present investigations has
been procured from the Center of Microbiology, Institute of Biology Bucharest, as
mentioned before. The strain was growth in nutritive broth, solidified with agar
20 g/l when necessary.

Investigated nanostructures — The investigated samples were represented by
TiO, coatings having in composition iron and PEG in various concentrations as
described in Table 1 or doped with nitrogen and thermal treated at different tem-
peratures (Table 1).

The effect of Fe?* and PEG on the bacterial growth — The samples repre-
sented by coatings on the glass (1-8) were immersed in flask with 22.5 ml of nu-
trient broth (pH 7.2) and inoculated with E. coli culture (2.5 ml) having O.D. at
660 nm around 0.16. The flasks were incubated without shacking at 37°C. The
effect of coatings composition has been evaluated following the differences in
evolution of growth in the presence of each tested sample (O.D. at 660 nm was
registered). After this test, the samples were transferred in 25 ml nutrient broth
without bacterial inoculum in order to test if bacterial cells remain on the surface
of coatings and which is the effect of coatings composition if bacterial concentra-
tion is lower.
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Table 1. Details about investigated samples

Sample Fe | PEGgoo (M) | Sample Layer Thermal treatment (TT) Atmos-
% number temperature (°C) phere of TT
1 0.06 9 0,
500
2 0.029 10 NH;
5
3 1.23 0.014 11 NH;
600
4 0.11 12 0,
5 0.00 13 400
6 0.069 14 500
7 3 NH;
7 0.017 15 800
8 Glass support 16 1000

The viability of E. coli strain at the doped films surface — In this case a vol-
ume of 200 pl of bacterial culture corresponding of 10° dilution series was spread
on the surface of TiO, films and illuminated with white light (3.1x10* lux) from
20 cm for 0.17, 0.5, 1 and 4 hours, at room temperature. After each time period, the
200 pl bacterial culture illuminated was diluted with 800 pl sterile distilled water
and transferred in melted solidified medium. The samples were incubated for 24
hours at 37°C and CFU was registered.

The effect of TiO,(N) films on the bacterial cell — was observed by electronic
microscopy following adapted method of Hayat [5]. Briefly, the cells growth in the
presence of tested films were harvested by centrifugation at 9500 rpm and pre-
fixed in 3% glutaraldehyde in Na-cacodylate — HCI buffer (0.2M), at 4°C, over-
night. Before and after agar (2%) inclusion the cells were washed with same buffer
(0.1M). After that the cells were fixed in OsO4 1% at 4°C overnight. A dehydration
step with alcohol and mixture propylene oxide: alcohol (1:1 v/v) and propylene
oxide was performed. After dehydration the cells were embedded in epoxy resin
EPON 812 (Fluka). After polymerization, thin sections were performed at the LKB
ultramicrotome. The sections were contrasted by Raynolds method [16] using lead
citrate and uranil acetate and then were visualized at the transmission electron mi-
croscopy at the electrons acceleration of 75 kV.

3. Results and discussion

The effect of Fe?" and PEG on the bacterial growth — The results showed in
Fig. 1 revealed the growth of bacterial cells in the presence of coatings but with
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differences in culture evolution during to 72 hours of growth. The first answer after
24 hours of growth split the investigated samples in two groups. In the presence of
samples 1, 5 and 7 was registered a low growth which could be associated with
chemical composition of tested coatings. In opposite, the group of samples 2, 3, 4,
6 and 8 has a good growth. In this group was observed that sample 4 showed a
good growth probably due to the presence of high concentration of PEG in the
coating composition.

The results revealed that at iron content of 1.23% (samples 1-5) the inhibi-
tory effect of coatings is influenced by PEG concentration from composition and
decrease in the presence of high content of PEG. There was observed one excep-
tion for 0.06M PEG (sample 1) content. Also, some inhibitory effect was observed
if PEG was no present in coating composition (sample 5) but at low intensity if
compare with sample 1 (0.06M PEG). The inhibitory effect appear to increase
when iron content increase at 7% (sample 7) and PEG content remain relatively
constant around 0.01M (samples 3 and 7). On the other hand, if PEG content in-
creases at 0.069M (sample 6) the inhibitory effect decrease (sample 6, iron content
7%). These results confirm that presence of PEG in coating composition conducted
at modification of inhibitory activity of tested sample. Most probably high
concentration of PEG conferee a high degree of porosity of the coatings and
bacterial cell cover the pores and thus contribute at decrease of photocatalityc
properties of the coatings. The results revealed that growth of bacterial cells is in-
hibited by tested thin films on the glass support and the intensity of inhibitory
effect is correlated with chemical composition of coatings.
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Fig. 1. The growth of E.coli strains in the presence of investigated samples.

After these investigations the samples were transferred in 25 ml nutrient
broth without bacterial inoculum in order to test if bacterial cells remain at the sur-
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face of coatings and which is the effect of coatings composition in the presence of
low bacterial concentration. The results showed in Fig. 2 revealed that some bacte-
rial cells are able to remain to the surface of coatings but the growth is lower that in
first test. This experiment appears to be not suitable for the inhibitory effect high-
lighting but also revealed the influence of PEG towards this effect.

The registered data revealed that in the absence of PEG (sample 5) the cells
appear to not remain to the surface of the coatings (Fig. 3). In this case, the poros-
ity degree of the coating surface is reduced by comparison with coatings having
PEG in composition in various concentrations [3] and these argued against adher-
ence capacity of the cells to the coating surface. On the other hand, at 1.23% iron
content and various PEG concentrations (sample 1-4) the investigated strain re-
main on the surface of the coatings and are able to grow (the best growth was in the
presence of 0.06M PEG). In the presence of 7% iron in composition, the inhibitory
effect of the coatings appears to be influenced by PEG in a similar way as in previ-
ously test (high concentration of PEG conducted at decreasing of inhibitory effect).
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Fig. 2. The effect of coatings composition on the growth of low number of bacterial cells.

The viability of E. coli strain at the doped films surface — The registered data
are showed in Figs. 4 and 5. The investigated samples both with three or five lay-
ers, showed antibacterial activity under illumination. The samples doped with ni-
trogen and thermal treated at 600°C appear to have a better activity than sample
treated at 500°C (Fig. 4, samples 10 and 11). A similar behavior towards thermal
treatment has been observed for the undoped samples (Fig. 4, samples 9 and 12).
The results obtained showed that antibacterial activity of the samples treated in
NH; atmosphere has been better that of the samples treated in oxygen atmosphere
(Fig. 4). In all experimental condition was observed that antibacterial activity is
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correlated with illumination time and increase with it. The results registered at
0.5 hours of illumination for the sample 9 and 10 (Fig. 4) could be due to growth of
the microbial cells to the surface of coatings as a consequence of heat resulted from
illumination lamp. On the other hand, the microbial cells most probably have some
protective mechanisms for adaptation to the stress due to reactive oxygen species
generated at the surface of the coatings following the iradiation.

By increase temperature of thermal treatment at 600°C (samples 11 and 12,
Fig. 4) some modification of photocatalytic properties of the coatings appear and
conducted to a better antibacterial activity. The obtained results showed that treat-
ment in nitrogen atmosphere help for this activity.
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Fig. 3. The effect of porosity degree of the coatings surface on the growth of bacterial cells.

A similar behavior was observed also for the samples with three layers, in-
creasing temperature of thermal treatment determine increasing of antibacterial
activity respectively (Fig. 5). By opposite with five layers there was observed that
treatment in nitrogen atmosphere don’t influenced antibacterial activity but this
effect could be eliminated by increasing temperature of thermal treatment (Fig. 5,
samples 15 and 16). The intensity of antibacterial activity was correlated with illu-
mination time in a similar way as five layers investigated samples. The samples 13
and 14 appear to have a lower antibacterial activity if compare with samples 15 and
16. The samples are characterized by different thermal treatment temperatures (Ta-
ble 1) and antibacterial activity could be correlated with this treatment.

The results of electron microscopy showed some modification of cell shape
and structures. Both three and five layers investigated films induced transformation
from rod to circle form. This effect appears to be more significant for the cells
growth in the presence of three layers films (Fig. 6). Most probably the free radi-
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cals generated at the surface of photocatalysts attack the membrane phospholipids
of bacterial cells and thus induce destruction of the cell. The results from figure 6
showed that presence of investigated films induced some modification in mem-
brane permeability which promotes destruction of cell content.
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Fig. 4. Antibacterial activity of five layers investigated titania N doped.
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Fig. 5. Antibacterial activity of three layers investigated titania N doped.

The investigation revealed a number of cellular ghost and membrane fragment
following to complete destruction of the microbial cell. On the other hand, was ob-
served some minivesicle, cells with strong plasmolize and intracellular vacuoles.
These data revealed a possible antibacterial effect of nanostructured TiO, films.
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Fig. 6. The effect of investigated films on the microbial cells observed at electronic microscope:
a — microbial cells growth in absence of TiO, nanostructures film; b — microbial cells growth
in the presence of three layer N-doped TiO, (sample 15).

4. Conclusions

The antibacterial activity of coatings having in composition Fe*" and PEG,
enhanced at the optimum content both of iron and PEG. The activity of tested sam-
ples crystallized in anatase phase appears to be optimum at low iron content. The
results revealed that investigated films both with three or five layers showed anti-
bacterial activity. This activity appears to be influenced by thermal treatment tem-
peratures which increase densification of the investigated photocatalysts. By in-
creasing temperature of the treatment also increase the antibacterial activity. The
investigated films with three layers appear to have a better activity than five layers
nanostructures and this activity increase by illumination with visible light being
correlated with time of illumination.

The registered data supported future investigations for development of tech-
nologies for decontamination in various fields like wastewater treatment, hospitals,
pharmaceutical or food industry.

References

[1] AGUSTINA T.E., ANG H.M., VAREEK V.K., A review of synergistic effect of photocatalysis
and ozonation of wastewater treatment, J. Photochem. Photobiol. C: Photochem. Rev., 6, pp.
264-273 (2006).

[2] ASHIKAGA T., WADA M., KOBAYASHI H., MORI M., KATSUMURA Y., FUKUI H.,
KATO S., YAMAGUCHI M., TAKAMATSU T., Effect of the photocatalytic activity of TiO, on
plasmid DNA, Mutat. Res., 466, pp. 1-7 (2000).

[3] GARTNER M., TRAPALIS ROVA N., GIANNAKOPOULOU T., DOBRESCU G,
ANASTASESCU M., OSICEANU P., GHITA A., ENACHE M., DUMITRU L., STOICA T.,



The Study of Antibacterial Activity of Nanostructured TiO, Thin Films 139

ZAHARESCU M., BAE J.Y., SUH, S.-H., Doped sol-gel TiO, films for biological applications,
Bull. Korean Chem. Soc., 29, pp. 1038-1042 (2008).

[4] HALLIWELL B., GUTTERIDGE J.M.C., Free Radicals in Biology and Medicine, Oxford Press,
Oxford, UK., 1999.

[5] HAYAT M. A., Basic Electron Microscopy Technique, Van Nostrand Reinhold Company, New
York, USA, 1972.

[6] HU S., WILLEY R. J., NOTARI B., An investigation on the catalytic properties of titania-silica
materials, J. Catal., 220, pp. 240-248 (2003).

[7] JUDIN V. S. P., The lighter side of TiO,, Chemistry in Britain, 1993, pp. 503-505.

[8] JUSTICIA 1., ORDEJON P., CANTO G., MOZOS J. L., FRAXEDAS J., BATTISTON G. A.,
GERBASI R., FIGUERAS A., Designed self-doped titanium oxide thin films for efficient visible-
light photocatalysis, Adv. Mater., 14, pp. 1399-1402 (2002).

[9] KAPPUS H., Lipid peroxidation: mechanisms, analysis, enzymology and biological relevance.
In H. Sies (ed.), Oxidative stress, pp. 273-310. Academic Press Inc. New York. USA, 1985.

[10] KIM S. Y., KIM E. J., PARK J. W., Control of singlet oxygen-induced oxidative damage in Es-
cherichia coli, J. Biochem. Mol. Biol., 35, pp. 353-357 (2002).

[11] MANNES P. C., SMOLINSKI S., BLAKE D. M., HUANG Z., WOLFRUM E., JACOBY
W. A., Bactericidal activity of photocatalytic TiO, reaction: toward an understanding of its kill-
ing mechanisms, Appl. Environ. Microbiol., 65, pp. 4094—4098 (1999).

[12] MATSUNAGA T., NAMBA Y., NAKAJIMA T., Electrochemical sterilization of microbial
cells, Bioelectrochemistry and Bioenergetics, 13, pp. 393—400 (1984).

[13] MATSUNAGA T., TOMODA R., NAKAJIMA T., MAKAMURA N., KOMINE T., Continuous
sterilization system that uses photosemiconductor powders, Appl. Environ. Microbiol., 54,
pp- 1330-1333 (1988).

[14] OLLIS D. F., PELIZZETTI E., SERPONE N., Destruction of water contaminants, Environ. Sci.
Technol., 25, pp. 1523-1529 (1991).

[15] PASPALTSIS 1., KOTTA K., LAGOUDAKI R., GRIGORIADIS N., POULIOS 1.,
SKLAVIADIS T., Titanium dioxide photocatalytic inactivation of prions, J. Gen. Virol., 87,
pp. 3125-3130, (2006).

[16] RAYNOLDS R. S., The use of lead citrate at high ph as an electron-opaque stain in electron
microscopy, J. Cell Biol., 17, pp. 208-212 (1963).

[17] SALATA O. V., Application of nanoparticles in biology and medicine, J. Nanobiotechnology
2:3 (2004).

[18] SJOGREN 1J. C., SIERKA R. A., Inactivation of phage MS2 by iron-aided titanium dioxide
photocatalysis, Appl. Environ. Microbiol., 60, pp. 344-347 (1994).

[19] TRAPALIS C. C., KOKKORIS M., PERDIKAKIS G., KORDAS G., Study of antibacterial
composite Cu/SiO, thin coatings, J. Sol-Gel Sci. Techn., 26, pp. 1-6 (2003a).

[20] TRAPALIS C.C., KEIVANIDIS P., KORDAS G., ZAHARESCU M., CRISAN M.,
SZATVANYI A., GARTNER M., TiOz(Fe”) nanostructured thin films with antibacterial
properties, Thin Solid Films, 433, pp. 186-190 (2003b).

[21] WATTS R. J., KONG S., ORR M. P, MILLER G. C., HENRY B. E., Photocatalytic inactiva-
tion of coliform bacteria and viruses in secondary wastewater effluent, Water Sci., 29, pp. 95—
100 (1995).

[22] WHITESIDES G. M., The “right” size in nanobiotechnology, Nature Biotechnology, 21,
pp. 1161-1165 (2003).

[23] WONG M. S., CHU W. C., SUN D. S., HUANG H. S., CHEN J. H., TSAI P. J, LINN. T., YU
M. S., HSU S. F., WANG S. L. CHANG H. H., Visible-light-induced bactericidal activity of a
nitrogen-doped titanium photocatalyst against human pathogens, Appl. Environ. Microbiol., 72,
pp. 6111-6116 (2006).

[24] YATES H. M., NOLAN M. G., SHELL D. W., PEMBLE M. E., The role of nitrogen doping on
the development of visible light-induced photocatalytic activity in thin TiO, films grown on glass
by chemical vapour deposition, J. Photochem. Photobiol. A, 179, pp. 213-223 (2003).



The TiO,-Pt Nanoparticles Effect on the Ultrastructural
Features of the Allium Sativum Sagitatum Callus

G. C.CORNEANU', M. CORNEANU?, C. CRACIUN?,
C. LAZAU* 1. GROZESCU*

'University of Craiova, Biology-Genetics Dept., 200585-Craiova, Romania;

2Universi'[y of Agronomical Sciences and Veterinary Medicine of Banat,
Genetic Engineering Dept., 300645-Timisoara, Romania;

3Babes-Bolyai University, Electron Microscopy Center,
400006 - Cluj-Napoca, Romania;

*LN.C.-D.E.M.C. 300860-Timisoara, Romania.
E-mail: gabicorneanu@yahoo.com

Abstract. An in vitro callus culture of Allium sativum sagitatum was treated, or
has not, with a fine powder of TiO,-Pt nanoparticles for five days. The treated or
untreated callus culture, was maintained at a light regime of 16 h light per day, in a
growth chamber, at 24°+2°C. The ultrastructural features of the callus were analyzed at
a TEM JEOL JEMI1010 apparatus (Electron Microscopy Center, Babes-Bolyai
University, Cluj-Napoca, Romania). Because the treatment with TiO,-Pt nanoparticles
was performed by spraying, the effect of the TiO,-Pt nanoparticles effect was
dependent on the cell position in the callus tissue. In the cells situated near the callus
surface, the TiO,-Pt nanoparticles presented a toxic effect, while in the cells from the
middle of the callus, the TiO,-Pt nanoparticles increased the metabolic processes, the
cells being in an intense metabolic activity.

1. Introduction

Titanium dioxide was initially considered as being biologically inactive [1, 2].
The researches performed with ultrafine particles of TiO, (under 20 nm in diameter),
established a strong inflammatory effect in lung with rats, in comparison with the
large particles (250 nm in diameter [3]). Titanium interacts with biological fluids,
through the stable layer of titanium dioxide, with role in the biocompatibility. The
UV rays induce the formation of some pyrimidine dimmers in the DNA molecule,
with a subsequent evolution influenced by different factors. The effect is depending
on the TiO, molecule reactivity. TiO, can induce lesions in the DNA molecule, by
the action of the free radicals resulted from photochemical reactions [4].
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Doped with other elements, the TiO, nanoparticles enhanced their photocata-
lytic reactivity [5]. There were numerous researches by which some bimetallic
nanoparticles were obtained [6]. The investigations of the TiO, nanoparticle effect
on the vegetal cell were rare, being noted the ultrastructural modifications [7, 8], as
well as the nanoparticles effect on the chromosome integrity [9].

2. Material and methods

Titanium dioxide was doped with platinum ions and it was synthetized by the
sol-gel method. The precursor for titanium was titanium tetrachloride and for plati-
num, acid hexachloroplatinate hydrate (1% Pt from titanium quantity) was used.
The obtained material was characterized through X-ray diffraction (XRD) and
scanning electron microscopy (SEM). From the diffractogram analysis (Fig. 1), it
result that the anatase crystallization form was obtained [8]. The nanoparticles
powder was analyzed at a scanning electron microscope of the JEOL JSM 5510 LV
type (Electron Microscopy Center in Babes-Bolyai University of Cluj-Napoca).
The particles’ size was of about 30 nm, their shape being presented in Fig. 2.
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Fig. 1. X-ray diffraction spectrum for TiO, doped with Pt — 1%.

The experiment was performed upon an in vitro callus culture of Allium sati-
vum sagitatum, developed on a basal MS culture medium without hormonal sup-
plement. Half of the callus culture was treated with a powder of TiO,-Pt and half of
it was not treated.
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The treatment of the callus was performed through dusting, by using 5 mg of
TiO,-Pt nanoparticles deposited on a callus surface of about 1 cm®. The dusted cal-
lus has been maintained for 5 days on the medium culture surface, at a light re-
gime of 16 h light per day and a temperature of 24°+2°C. In the two callus type
(treated or untreated), the ultrastructural features were analyzed, both at the surface
of the callus (in direct contact with the TiO,-Pt nanoparticles), and inside it. For
ultrastructural investigations, callus fragments of about 1 mm® were prefixed in a
2.5% glutaraldehyde solution (2.5 h), postfixes in a 1% Millonig solution (1.5 h),
and then included in vestopal W. The seriated sections of about 90 nm thickness,
were contrasted with uranyl acetate and lead citrate and then analyzed at a TEM
JEOL-JEM 1010 microscope (Electron Microscopy Center, Babes-Bolyai Univer-
sity of Cluj-Napoca, Romania).

zaku

Fig. 2. The TiO,-Pt nanoparticles shape at SEM.

3. Results and discussions

3.1. The ultrastructural features of the callus in Control

In Control, the cells present a normal structure. The parenchymatic cells
present a regulate shape, with slightly round edges. The amount of cytoplasm and
of cellular organelles is different, depending on the cell metabolic activity. In the
cells with an intense metabolic activity, there are numerous ribosomes and
mitochondria, a rich endoplasmic reticulum, proplastids usually having only
thylakoids undisposed in grana (Fig. 3).
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Fig. 3. Parenchymatic cell with proplastid. Fig. 4. Mitochondria with different structure.

The mitochondria ultrastructure can be normal or slightly altered. The normal
mitochondria present a structured matrix and vesicular cristas, while the altered
mitochondria present small lysis focuses in matrix (Fig. 4). As an adaptation to the
intense metabolism, there are peroxisomes in some cells (Fig. 5). The nucleus with
central disposition, presents blocks of heterochromatin inside, the nucleus feature
being similar to those of a nucleus in the S and G2 stages of the interphase (Figs. 3,
5). Around the nucleus, there are cytoplasm with mytochondria, ribosomes and
endoplasmic reticulum. In some areas of the callus, there are binucleate cells,
probably as a result of the amitotic divisions, the two nuclei being adjacent and
separated through a fine wall, which divides the mother cell in two sectors (Fig. 6).

Fig. 5. A peroxisome in a cell. Fig. 6. Binucleate cell.

In the parenchymatic cells of the callus, there are drops of a synthetized sub-
stance, probably of a lipidic nature, as well as an amorphous matter (Fig. 7).
A granular matter is present in vacuoles and in the cytoplasm. Between adjacent
cells, there are communication jonctions (Fig. 8), which allow a selective diffusion
of the molecules between adjacent cells and facilitate the direct communication
between cells.
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Fig. 7. Vacuole with a different matter. Fig. 8. Communication jonction.

3. 2. The ultrastructural features of the callus under treatment wityh TiO,-Pt

As the callus treatment with TiO,-Pt was performed by spraying, the TiO,-Pt
effect depended on the cell position in the callus tissue. Thus a cytotoxic effect
was noticed in the cells situated at the callus periphery (in direct contact with TiO,-
Pt powder) and a stimulatory effect on the cell metabolism, in the cells situated in
the middle of the callus.

Cytotoxic effect. As the cells at the callus periphery were in direct contact
with the TiO,-Pt powder, the ultrastructural features of the cells were altered.
These cells present a small cellular content, having a pelicular cytoplasm with few
cellular organelles (Fig. 9). The nucleus having a round shape present heterochro-
matin disposed in rows inside. Sometimes there are areas with rarefied chromatin
(Figs. 9, 10). There is a small amount of cytoplasm and cytoplasmic organelles
around the nucleus, in comparison with the cells situated inside the callus. There
are areas with rarefied cytoplasm in the cell (Fig. 10). The tonoplast is brocken and
deached from the plasmalemma, due to a plasmolysis process (Fig. 10). On the two
parts of the tonoplast surface, some aggregates of TiO,-Pt particles were noticed.
The TiO,-Pt nanoparticles, single or aggregated, are spread inside the cell (Fig. 12).
A finely granular amorphous substance, free (Fig. 10) or in vacuoles (Fig. 11), is
also present inside the cell. In some cells there are myelinic structures (Figs. 11,
12), as a result of some cellular organelles degradation (mitochondria, proplastids
and endoplasmic reticulum). These structures were reported also in the animal
cells, induced by TiO, nanoparticles [10].

Stimulatory effect. The cells situated in the middle of the callus are in an in-
tense metabolic activity and present a normal ultrastructure. The cells present a rich
cytoplasm and cellular organelles. The tonoplast is intact. In the nucleus, the het-
erochromatin is disposed in rows and has no areas with rarfefied chromatin, some
of them being in the G; phase of the mitotic cellular cycle (Fig. 13) and others in
the S phase (Fig. 14). Around of the nuclei are present a big amount of cytoplasm
with cellular organelles (Fig. 13). Mitochondria present a normally structured ma-
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trix and vesiculous cristas. Some of the mitochondria are in division (Figs. 13, 15).
There are TiO,-Pt nanoparticles in cells, usually aggregated. The presence of some
aggregates of TiO,-Pt nanoparticles in the cell is due to platinum properties. The
platinum being an expensive material [11], some of the properties of these
nanoparticles can be modified in the cell; as a consequence, platinum particles ad-
here to one another. There is also an amorphous material in the cell, finely dis-
persed in the vacuoles, on the inner membrane or in the cytoplasm (Fig. 16).

Fig. 11. Vacuole with amorphous matter. Fig. 12. Myelinic structure.

3.3. Interaction of the TiO,-Pt nanoparticles with eukaryote (vegetal) cell

In the scientific references, there is little information on this subject. In ex-
periments performed in Mus musculus, intraperitoneally injected with TiO,-Pt
nanoparticles and then exposed or not at a stress factor (X-irradiation of the whole
animal body), the effect induced at the liver level, as well as the nanoparticle inter-
action with the cellular organelles, were investigated [8]. In liver, the exces of
nanoparticles are extracted from the general circulation and accumulated in the
Kupfter cells. The TiO,-Pt nanoparticles are present only in the cells with macro-
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phagic activity (Kupffer cells), especially near the endoplasmic reticulum, in cyto-
plasm and in vacuoles, as well as in the circulatory system (sinusoid capillaries).

In experiment performed with ferrofluids (Fe;04) in plant, the magnetite par-
ticles interaction with the vegetal cell was also studied [12]. The Mammillaria du-
wei plant were in vitro cultivated on media supplied with magnetic fluid with water
as carrier liquid, under different experimental conditions. The magnetite particles
were identifyied in the euchromatic regions of the nucleus, in the chloroplast (near
grana or in stroma thylakoids), in mitochondria (on crista surface), as well as on the
tonoplast or inner plasmalemma surface.

In this experiment, the interaction of TiO,-Pt nanoparticles with the paren-
chymatic cells from Allium sativum sagitatum callus, was analyzed. The nanoparti-
cles penetrate the callus on its surface, they being administered through dusting. In
the cells at the callus peryphery, the TiO2-Pt nanoparticles induced lesions. They
induced the tonoplast and plasmalemma breakage (Figs. 9-12), single or aggre-
gated nanoparticles being present on the two surfaces of the tonoplast, on the inner
surface of the plasmalemma, as well as in vacuole and in the cytoplasm. Some of
TiO,-Pt aggregated nanoparticles are accumulated at the mielinic corpuscles
(Figs. 11, 12), being eliminated from the cell.

Fig. 15. Mitochondria in division. Fig. 16. TiO, accumulation in cytoplasm.
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In the inner region of the callus, the TiO,-Pt nanoparticles (single or usually
aggregated), are accumulated in vacuoles (Fig. 13), or in the cytoplasm, especially
near mitochondria (Fig. 15). They are also present on the inner surface of the plas-
malemma (Figs. 13, 15), or on the tonoplast surface (Fig. 16). Also, they are accu-
mulated in some vacuoles, while they are practically absent from other vacuoles
(Fig. 14).

4. Conclusions

The treatment of the Allium sativum sagitatum callus by spraying with a
Ti0,-Pt powder has different effects depending on the cell position relative to the
Ti0O,-Pt nanoparticles. In the cells from the inner callus, which are not in direct
contact with the titanium dioxide powder, an intensification of the metabolic proc-
esses of the cells was noticed: increase in the cytoplasm amount and in the number
of cellular organelles (mitochondria, ribosomes, endoplasmic reticulum), mito-
chondria divisions, as well as an intense synthesis activity, exemplified by increase
in the number of ribosomes and the presence of the synthetized substances.

The cytotoxic effect was present in the cells at the callus periphery, which
were in direct contact with the TiO,-Pt nanoparticles. A plasmolysis process, the
tonoplast breakage and its release from plasmalemma, myelinic structures resulted
from altered organelles (chloroplasts, mitochondria, endoplasmic reticulum) were
noticed.

The TiO2-Pt nanoparticles, single or aggregated, are present in the cytoplasm
(especially in the proximity of mitochondria) and in the vacuole, on the inner sur-
face of the plasmalemma and on both surfaces of the tonoplast. In the cells at the
periphery of the callus, the aggregates of TiO,-Pt are accumulated at the myelinic
corpuscle level and they can be eliminated from the cell.

Acknowdledgements. These researches were sponsored by the NUSA/CEEX
grant 18/2005.

References

[1] FERRIN J., OBERDORSTER G., Biological effects and toxicity assessment of titanium diox-
ides: anatase and rutile, Am. Ind. Hyg. Assoc., 46 (2), pp. 57-68 (1985).

[2] LEE K. P., TROCHIMOWICZ J. H., RETHARDT C. F., Pulmonary response of rats exposed to
titanium dioxide (TiO,) by inhalation for two years. Toxicol. Appl. Pharmacol., 79,pp. 179-192
(1985).

[3] LI X. Y., GILMOUR P. S. DONALDSON K., MacNEE W., Free-radical activity and pro-
inflammatory effects of particulate air pollution (PM10) in vivo and in vitro, Thorax. 51,
pp. 1216-1222 (1996).

[4] SERPONE N., SALINARO A., EMELINE A., Deleterious effects of sunscreen titanium dioxide
nanoparticles on DNA: efforts to limits DNA damage by particle surface modification, Prof.
SPIE, June, 4258, pp. 86-98 (2001).



148 G. C. Corneanu et al.

[5] SCHIERTERT C. W., YAGHOUBI S., GERBER N. C., McSHERRY J. J., McCUE J. P., Die-
tary titanium and infant growth, Biol. Trace Elem. Res., 83, pp. 149-167 (2001).

[6] DANIEL M.-C, ASTRUC D., Gold nanoparticles: assembly, supramolecular chemistry, quan-
tum-size-related properties, and applications toward biology, catalysis, and nanotechnology,
Chem Rev., 104, pp. 293-346 (2004).

[7] CORNEANU C. G., CRACIUN C., CORNEANU M., LAZAU C., GROZESCU 1., SILOSI L,
ROGOZ S., PRODAN G. C., BARBU-TUDORAN L., MIHALI C., STEFANESCU 1.,
CORNEANU L.-M., The TiO,-Pt nanoparticles implication in the immune response and their
interaction with the animal cell, in Progress in Nanoscience and Nanotechnologies, 11 (Eds. L.
Kleps, A. Catrinel Ion, D. Dascalu), pp. 183-192. Edit. Academiei Romane, Bucuresti (2007).

[8] WOLOSCHAK G., PAUNESCU T., THURN K., MASERE J., LAI B., Intracellular localiza-
tion of titanium dioxide-DNA nanocomposites, Cornel University, ERL Workshop (2006).

[9] CORNEANU C. G., CORNEANU M., LAZAU C., The TiO, action on the eukaryote chromo-
somes, Buletin SNBC, 36, pp. 115. Edit. Risoprint, Cluj-Napoca (2008).

[10] SINGH S., Toxicological effects of nanoparticles in vitro studies with titanium dioxide, Doctoral
Thesis, Heinrich Heine University, Diisseldorf (2005).

[11] GEERLINGS H., DAVID K., Engagement and translation: perspective of a natural scientist, in
What Can Nanotechnology Learn from Biotechnology? (K. David and P.B. Thompson, eds),
Academic Press/Elsevier, Burlington, London, San Diego, pp. 189-219 (2008).

[12] CORNEANU C. G., CRACIUN C., CORNEANU M., CRACIUN V., BICA D., The vegetal eu-
karyotic cell interaction with magnetite particles, at in vitro culture, in 9™ International Confer-
ence on Magnetic Fluids, Zarm Bremen, 2 pp. (2001).



Temperature Impact on Properties
of Fe,O,-PPy Nanocomposites

Dragos-Viorel BREZOI', Rodica-Mariana ION'

"Valahia University, Materials Science Department, Targoviste, Romania
E-mail: dragosh_brezoi@yahoo.com
2[CECHIM, Analytical Department, Bucharest, Romania
E-mail: rodica_ion2000@yahoo.co.uk

Abstract. The transition behavior for various iron oxide—polypyrrole compositions
was investigated with the help of differential scanning calorimeter. Two distinct ther-
mal transitions have been observed on iron oxide—polypyrrole nanocomposites prepared
by simultaneous gelation and polymerization process: a transition from magnetic phase
(y-Fe,O3) to nonmagnetic phase (a-Fe,Os) of iron oxides in the temperatures’ range
410-450°C and polypyrrole degradation at 373°C. The iron oxide—polypyrrole nano-
composites annealed at different temperatures were found to be magnetic with the mag-
netization values decreasing with increasing annealing temperature.

1. Introduction

In the last few years, the effect of nanoscale size on physical properties and
their potential in nanomaterials engineering has attracted attention of researchers
throughout the world [1]. Due to very small particle size, nanoparticles with size
in the range of 10—-50 nm, have bigger surface area and high porosity in sol form.

Nanostructured materials that are modulated on length scale have shown to
possess properties different from and often superior to those of conventional ma-
terials having grain structures on microsize scale [2]. Decreased the particle size
increased number of atoms close or linked to the surface and interfacial regions,
will affect the electronic structure of surface and interface and magnetic proper-
ties, too.

The ability to control the particle size and morphology of nanoparticles is
very important for advanced industry of high-tech applications of nanostruc-
tured metal oxide material devices such as dye-sensitized solar cells [3], dis-
plays and smart windows [4], chemical [5], gas [6] and biosensors [7], and su-
percapacitors [8].



150 D.-V. Brezoi, R.-M. lon

Nanocomposites with metal oxides exhibit unique properties as they combine
the good properties of the ingredients. Such materials have applications in elec-
tronic, optical, magnetic, and sensing devices [9].

The properties of the nanocomposite between conducting polymers and me-
tallic oxides depend on their preparation methods, polymer concentration, and the
size of oxides nanoparticles. Nanocomposites of iron oxide—polypyrrole have
shown good humidity and gas sensing properties and magnetic support [9].

Conducting polymers, such as polypyrrole (PPy) (Fig. 1), have been used as
the active layers of gas sensors [10-12].

H H % B
/ \
HIQ;\S\H 5@2 (H)) @
H

1

Fig. 1. Pyrrole chemical formula.

By comparison with many commercially available sensors, metal oxides-
based and prepared at high temperatures, the sensors with conducting polymers
have many improved characteristics. They have high sensitivities and short re-
sponse time; especially, these feathers are ensured at room temperature.

The iron oxides exist in three forms: FeO, Fe,0; (y-Fe,O; and a-Fe,03) and
Fe;04. Fe,O5 has polymorphic transformations depend temperature, and certain
structure at low temperature and another structure at high temperature: y-Fe,O3
(cubic, inverse spinel) — a-Fe,O; (hexagonal, corundum) at ~ 410°C. Transforma-
tion from one form to other is possible by oxidation or reduction mechanisms, at
different temperatures: FeO < Fe;04 <> Fe,05 [13].

The purpose of the thermal analysis techniques (TGA and DSC) is to study
the thermal stability and decomposition, solid-state transition, melting point, purity,
crystallinity and aging behavior of different materials. These thermal studies on
iron oxides help in understanding the transition behavior of iron oxide into
polypyrrole shell [14-17].

In our previous papers, we have reported preparation the nanocomposites of
iron oxide—polypyrrole by simultaneous gelation and polymerization process [9]
which resulted in production of magnetic phase of iron oxide; we have reported
phase change induced by polypyrrole in polypyrrole—iron oxide nanocomposites
having different pyrrole concentration, too [9]. These nanocomposites showed re-
markable changes in magnetic and electrical properties with different concentra-
tions of pyrrole [9, 18, 19].
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In this paper we report the thermal studies performed on nanocomposites of
polypyrrole—iron oxide to explain in detail the degradation of polypyrrole and to
understand the phase change induced by polypyrrole in these nanocomposites.

2. Experimental

2.1. Synthesis

Nanocomposites of iron oxide and polypyrrole were prepared by simultane-
ous gelation and polymerization processes (Fig. 2), using Fe(NO;);-9H,0 as pre-
cursor and 2-methoxy ethanol as solvent [3]. To 80 ml of the above solution, dif-
ferent amounts of pyrrole (5, 10, 15, 20 and 25%) were added and the solution was
initially heated at 60°C with continuous stirring to form the gel (Table 1).

During the gelation with 15% amount of pyrrole, magnetite is generating into
nanocomposite structure [9, 18, 19].

Table 1. Experimental conditions for nanocompozites Fe,Oy-PPy obtaining process

Sample Vol..of Fe* Vol. Py Py Total volume T
solution [ml] [mI] [% vol.] [mI] [°C]
1P1 80 421 5 84,21 60
1P2 80 8,88 10 88,88 60
1P3 80 14,11 15 94,11 60
1P4 80 20 20 100 60
1P5 80 26,66 25 106,66 60
ge|at|0n Fe(NOs3)3-9H:20
2-metoxy ethanol
X N
nanocomposite olymerization
X .'q
FCxO}' W Q
" H Py
PPy

Fig. 2. Obtaining the Fe,O,—PPy nanocomposites by simultaneous
gelation and polymerization processes.
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Resulted samples were annealed at different temperature (see in Table 2) at p
= 270 bar, in inert atmosphere of Ar, for further investigation of their properties.
The powders were compressed using a hydraulic press.

Table 2. The samples of Fe,O,-PPy nanocomposite and abbreviations significant

Sample 1P1T3s5 1P2T350 1P3T35o 1PAT350 | 1P5T 35

Source 1P1 1P2 1P3 1P4 1P5

T [°C] 350 350 350 350 350

Sample | 1P3Ti0 | 1P3Tuso | 1P3Ta00 | 1P3Taso | 1P3Tago | 1P3Tago | 1P3Tuso | 1P3Teco

Source 1P3 1P3 1P3 1P3 1P3 1P3 1P3 1P3

T [°C] 100 150 200 250 300 400 450 600

2.2. Apparatus

X-ray diffraction was performed using Philips PW-1050 X—Ray diffractome-
ter with CuKa radiation (A = 1.5418 A at 35 kV).

Thermogravimetric analysis of these compounds was carried out simultane-
ously on a Du Pont TG -DTA analyzer. A sample of 12 mg was used initially, and
thermal analysis was carried out from room temperature to 800°C at a heating rate
of 5°C / minute. The atmosphere of oxygen gas with open sample holder and small
platinum boat was used.

Infrared (FTIR) spectra were recorded using KBr pellets presses under vac-
uum, using a FTIR Perkin-Elmer 2000 spectrophotometer over the 4000400 cm '
range at a rate of 0.5 cm/s. Two milligrams of each sample together with 200 mg
KBr (FTIR grade) were first homogenized in an agate grinding mortar.

Fig. 3. NanoR-AFM by Pacific Nanotechnology with NanoFeel 300 manipulator
and X’Pert Software.
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Microscopy imaging was performed using NanoR-AFM by Pacific
Nanotechnology with NanoFeel 300 manipulator and X’Pert Software (Fig. 3).
Magnetization was measured with Lakeshore VSM 7304.

3. Results and discussions

The electrical, magnetic, and structural properties of Fe,O,—PPy nanocompo-
sites with different compositions have been reported [9, 18, 19]. Even all the nano-
composites were found to be magnetic, the sample with 15% polypyrrole (PPy)
was found to be more magnetic as compared to others.

3.1. X-ray diffraction

The X-ray diffraction indicated a single phase of iron oxide (Fe;O4) for nano-
composite with 15% PPy, whereas the nanocomposites with lower concentrations
of PPy show the presence of mixed phases, magnetic (Fe;0,) and nonmagnetic (o-
Fe,0;), with the grain size varying with the annealing temperature from 10-30 nm.

y-Fex 03
@11) {400) {440)
@22)
-‘§ a
8
2
B K
% aFe0s 0m 1) 202) (300)
£ o12) 028 (116)
b
20 30 40 50 60 70
20 degree

Fig. 4. XRD patterns of magnetically separated parts of the nanocomposite
with 10 % PPy: (a) magnetic part and (b) nonmagnetic part.

The separation of magnetic phase was performed from the nanocomposite
powder with 10% PPy (with mixture of phases) by a permanent magnet. X-ray dif-
fraction studies were carried out on these magnetically separated components.

3.2. FTIR transmission spectra

FTIR spectroscopy has proven to be a valuable tool for the characterization
of different compounds. Infrared spectra illustrate the plot of absorbed infrared ra-
diation dependent on the wave-numbers (wavelengths) caused by the interaction of
the infrared radiation with matter.
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Fig. 5. FTIR spectra of the nanocomposite powder annealed at (a) 350°C, (b) 400°C

and (c) unannealed.
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FTIR spectra (Fig. 5) shows that the main characteristic absorption bands for
PPy into the composites are shifted to higher frequencies as compared to those of
pure PPy. In the composite nanostructures with Fe;O4, the absorption bands as-
cribed to pyrrole ring vibrations shift to higher frequencies, indicating the existence
of an interaction between PPy backbone and magnetic nanoparticles.

The FTIR transmission spectra of the nanocomposite powders with 15% PPy
unannealed and annealed at 350 and 400°C were recorded to confirm the polymeri-
zation of pyrrole (Fig. 5).

In the spectra for nanocomposite annealed at 350°C (Fig. 5a), some bands
were observed at 782, 1088 and 3402 cm ' attributed to the presence of PPy. The
characteristic Fe—O vibrations have been detected in the region between 400 and
1000 cm™'. The sample annealed at 400°C (Fig. 5b) didn’t exhibit any of the PPy
bands.

3.3. Thermal analysis

Thermal analytical techniques are routinely used to study mass variation dur-
ing desorption, adsorption, or decompositionof materials.

Figure 6 a—d shows DSC thermograms for the nanocomposite sample with
15% PPy annealed at different temperatures.
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Fig. 6. DSC thermograms for the nanocomposite sample with 15% PPy annealed
at different temperatures: (a) unannealed, (b) 150°C, (c) 200°C and (d) 300°C.

The thermograms of the unannealed sample and the sample annealed at
150°C exhibited a deviation at lower temperatures ranging from 120 to 200°C indi-
cating degradation of PPy in this temperature range.

Two exothermic peaks were observed for samples annealed at 200 and
300°C. The exothermic peak which appears at lower temperature is attributed to
degradation of PPy [20].

In the case of samples annealed at 200 and 300°C this same peak is shifted to
360 and 380°C respectively. The shift in degradation temperature could be attrib-
uted to increasing of conjugation length progressively with annealing temperature
increasing, making PPy more stable. This is also in good agreement with our ear-
lier results where conductivity was found to be direct dependent of annealing tem-
perature for nanocomposite with 15% PPy [18].

The second exothermic peak observed in the range 410-435°C is attributed to
a transition from magnetic y-Fe,O; phase to nonmagnetic a-Fe,O; phase of iron
oxide and simultaneous recrystallization process, that is reported by J. Morales et
al. [15].

For the unannealed sample this transition peak was not observed up to 460°C.
The samples annealed at 150, 200 and 300°C, will induce some transition peaks at
lower temperatures: 435, 420 and 410°C. It is likely that the particles in the nano-
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composite annealed at higher temperatures have already crystallized, identified by
narrowing of recrystallization peak.

Thus two simultaneous processes of transition from magnetic to nonmagnetic
and recrystallization process cause a downward shift in transition peak from 435 to
410°C. This could be probably explained to single domain nature in smaller particles.

Figure 7 show the DSC thermograms for nanocomposite with 15% and 25%
of PPy annealed at 200°C.
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Fig. 7. DSC thermograms for nanocomposite with 15% and 25% of PPy annealed at 200°C.
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The thermograms exhibited two exothermic peaks: the first exothermic peak
was observed around 360°C and corresponds to degradation of PPy and the second
exothermic peak was observed in the range 410—450°C and is attributed to transi-
tion from magnetic y-Fe,O; phase to nonmagnetic a-Fe,O; phase of iron oxide.

Increasing the PPy concentration, a new peak at higher temperatures is ob-
served, which could be attributed to a phase transition.

Thermal degradation techniques, such as thermogravimetry (TG) and differ-
ential thermal analysis (DTA) have been used for many years to elucidate structural
features of decayed natural heterogeneous organic matter, providing important in-
formation on the chemical characteristics of the sample. Thermal analysis has the
advantage that it is simple, fast, and reproducible; it can be performed on the whole
sample without requiring pre-treatment. Thermal methods are based on pro-
grammed heating of the samples in a controlled atmosphere. Different components
in the sample, which undergo transformations at different temperatures, produce a
graph whose shape reflects the chemical composition and structure of the sample.

Differential temperatures can also arise between two inert samples when their
response to the applied heat—treatment is not identical. DTA can therefore be used
to study thermal properties and phase changes which do not lead to a change in
enthalpy. The baseline of the DTA curve should then exhibit discontinuities at the
transition temperatures and the slope of the curve at any point will depend on the
microstructural constitution at that temperature.

The TG-DTA was performed on nanocomposite with 15% PPy. From Fig. 8
one can see that the degradation process for this composite proceeds in five stages.
The first decomposition stage between 20 and 194.71°C corresponds to water loss.
According to the Fig. 8, a strong degradation starts at about 412.02°C, the tempera-
ture at which the weight loss exceeds 58.69%.

120 30
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Fig. 8. TG-DTA on nanocomposite Fe;O,4-Ppy.
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Dehydration becomes complete during the second stage which occurs in the
range 90.79-194.71°C.

Carbon monoxide and the hydrogen molecules are evolved in the III" and
IV™ stages, which is observed to take place in 194.71-412.02°C, yielding iron ox-
ide and carbon.

Next step in the decomposition curve (the V" stage), which is complete at
546.63°C, resulted in the formation and the liberation of NO,. The observed and
calculated mass losses in the present case are 14.4.

The residual mass percent was calculated to be 4.647 (0.07441 mg).

Result of the thermogravimetric analysis shows a six-stage decomposition
process (Table 3).

Ird

Table 3. Thermal behavior of Fe304-PPy composite (where T; = initial decomposition temperature;
T, = temperature of maximum rate of weight loss; Ty = final decomposition temperature;
w = weight loss)

Stage T,(C) T; (°C) Mef’/'oelf/‘;:fs W (%)
I 20 90.79 H,0 12.68
1 90.79 194.71 H,0 2974
T 194.71 29471 CO+H,+NO, 18.30
v 204.71 412.02 CO+H,+NO, 4039
v 412.02 546.63 NO, 14.4
VI 546.63 800 o 5.458

Under heating, the studied compound undergoes three main processes: dehy-
dration, thermal degradation, and residue formation. Hence, it was shown that un-
der an oxidative atmosphere, the rupture of the metal-ligand bonds (an endother-
mic process) is followed by the combustion of the organic moiety (a very exother-
mic process).

The bimodal dehydration occurs in the temperature range 20-194.71°C and
extends well beyond the initiation of denitration step. The denitration step occurs in
the temperature range 194.71-546.63°C and contains three substages with various
extent of NO, release.

The multi-step dehydration and denitration indicate the crystallographic in-
equivalence and can be explained by the different hydrogen bonding schemes and
Fe—O bond distances.

The TG weight loss profile was mathematically deconvoluted into six sub-
stages and each substage could be properly assigned to dehydration, concomitant
dehydration, and denitration, decarbonilation, followed by denitration and decom-
position of residual compound.
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DTA involves heating or cooling a test sample and an inert reference under
identical conditions, while recording any temperature difference between the sam-
ple and reference. This differential temperature is then plotted against time, or
against temperature. Changes in the sample which lead to the absorption or evolu-
tion of heat can be detected relative to the inert reference.

3.4. Atomic Force Microscopy

With an AFM it is possible to measure more than physical dimensions of a
surface. This is because there is a “physical” interaction of the probe with a sur-
face. An example is that by lightly pushing against a surface with the probe, it is
possible to measure how hard the surface is. Also the availability of the probe to
glide across a surface is a measure of the surface “friction”.

The sample surface in ambient conditions will have a thin contamination
layer composed of water and other contaminants from the environment. It is not
possible to eliminate completely this layer but we have been keeping the samples
in a dry place.

Imaging mode can be classified as contact or vibrating (non-contact) depend-
ing on the net forces between the probe and the sample. As the probe is brought
close to the sample, it is first attracted to the sample surface.

A variety of long range attractive forces, such as Van der Waals forces are at
work. As the probe gets very close to the surface, the electron orbital on the surface
of the probe and the sample start to repel each other. As the gap decreases, these
repulsive forces neutralize the attractive forces, which then become dominant. With
X’Pert Software it has been measured the average size of nanoparticles and we se-
lected the representative topographic images of the samples (Fig. 9).

The cantilever specifications used in this work were: material silicon nitride
(125 pm length, 4 pm thick and 30 pm width) with a nominal frequency resonance
330 kHz, and force constant 42 N/m. AFM tip specification used in this work were:
material silicon, geometry triangular pyramid (with 3 and 6 um base and 10 and
20 pm length), aspect ratio 3:1 and tip radius < 20 nm.

The AFM samples were prepared by deposing a powder on a glass (1.5 cm
length, 1.5 mm thick and 1 cm width). We have used vibrating mode technique
because the deposed thin films are fragile.

AFM imaging (Fig. 9) was realised only on the samples with 15% PPy, an-
nealed at 200°C (a), 350°C (b) and 450°C, respectively: (a) 1P3T200AFM, (b)
1P3T350AFM, (c) 1P3T450AFM.

All the images from Fig. 9 show spherical-shape particles, with aleatory posi-
tion on surface. Average size of the particles of the samples annealed at 200 and
350°C (Fig. 9a, b) is in the range 20-50 nm.

The agglomeration tendence was increased with annealing temperature and
was resulted clusters with average size up to 100 nm for sthe sample annealed at
350°C (Fig. 9b) and 200 nm for sthe sample annealed at 450°C (Fig. 9c).
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Fig. 9. Topographic AFM images, 500x500 nm, “vibrating mode” of the samples
with 15% PPy, annealed at 200°C (a), 350°C (b) and 450°C (c).

3.5. Influence of annealing temperature on magnetization

Preliminary observation on the magnetic behavior show that the nanocompo-
sites with 15% PPy is comporting a magnetic response. The magnetization M was
measured at room temperature in a field of 10 kOe, with vibrating sample magne-

tometer (VSM).
The magnetization values for the samples annealed at 100, 150, 250, 350,

400, 450 and 650°C are showed in the Fig. 10.
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The low value of magnetization at higher annealing temperature (400, 450
and 650°C) is due to the transformation of magnetic phases of iron oxides to a-
Fe,05 phase which is very weak magnetic.

It is well-known that magnetization is influenced by crystallinity, type of
phase of iron oxides and particle size. In comparison with earlier reported values,
the low values of magnetization is due to the reduced particle size.

25

Magnetization M [emu/g]

0

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Annealing temperature [ C]

Fig. 10. Influence of annealing temperature on magnetization.

4. Conclusions

Due annealing at different temperatures into the nanocomposites of iron ox-
ides and PPy, two phenomena was observed: a magnetic to nonmagnetic transition
of iron oxides and PPy degradation. These phenomena were investigated with the
help of differential scanning calorimeter. The samples showed a transition in the
range 410—450°C, after dissociation of PPy, and all the peaks from this tempera-
tures’ range were an indication of magnetic transition corresponding to y-Fe,Os
phase of iron oxide to a nonmagnetic a-Fe,O; phase of iron oxide into these nano-
composites. This transition was not observed in nanocomposites with lower con-
tains of PPy.

Increasing the annealing temperature was determined decreasing transition
temperature. For low values of transformation temperatures, the degradation tem-
perature of PPy is shifted in the same manner with the treatment temperature of
nanocomposite powders. The iron oxide—polypyrrole nanocomposites annealed at
different temperatures were found to be magnetic with the magnetization values
decreasing with increasing annealing temperature.

From TG-DTA, we concluded that iron oxide-polypyrrole nanocomposite
sample undergoes three main processes: dehydration, thermal degradation, and
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residue formation. Hence, it was shown that under an oxidative atmosphere, the
rupture of the metal-ligand bonds (an endothermic process) is followed by the
combustion of the organic moiety (a very exothermic process).

The bimodal dehydration occurs in the temperature range 20-194.71°C and
extends well beyond the initiation of denitration step. The denitration step occurs in
the temperature range 194.71-546.63°C and contains three substages with various
extent of NO, release.

The multi-step dehydration and denitration indicate the crystallographic in-
equivalence and can be explained by the different hydrogen bonding schemes and
Fe—O bond distances.
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Abstract. Recent results concerning the use of new synthetic or functionalized
natural polymers for nano/bio/applications are presented. The first chapter presents
novel polysaccharide microparticles obtained from pullulan and carboxymethylpullulan
by using a new crosslinking agent — [3-(glycidoxypropyl) trimethoxysilane]. They pre-
sented interesting properties of interaction with biologically active substances, which
recommend them as supports for controlled release drug systems. The second chapter
gathers the newest results on the synthesis of NLO-molecules build on polysilane struc-
tures enclosing various electro-active groups. The structural influence of the Si-H func-
tionality on the low temperature restructuration processes is discussed in relation with
the electronic spectrum profile and fluorescence properties. Further, new polysilane-
metal complexes structures were obtained by the polycondensation reaction of a,®-
bis(chloromethyl)-polymethylphenylsilane with the Ni (II) complex of bis(salicyl-
idene)ethylenediamine. The chloro-functionalized polysilane was obtained by a modi-
fied Wurtz coupling procedure at low temperatures. To obtain the polymer-metal com-
plex the resulted macroligand was complexed with metal cations. This structure is char-
acterized by a highly localized electro-activity in the redox moiety combined with a
specific o conjugative effect in the polysilane chain. UV-VIS and FL spectral analyses
as were used to investigate the optical properties of the polysilanes in relation with their
chemical structure.

The paper present also results regarding the biomedical applications of maleic co-
polymers and polyacrylates with photosensitive groups, that outline new applications
fields for the polymers in nanotechnology.

1. Introduction

Nanoscience is a recent scientific area which concerns itself with the study of
materials that have very, very small dimensions — from hundreds to tens of nano-
meters in size. Nanotechnology is a field of applied science focused on the design,
synthesis, characterization and application of materials and devices on the nano-
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scale. Nanoengineering is the practice of engineering on the nanoscale. Nanobio-
technology (or bionanotechnology, or biomolecular nanotechnology) is a new wing
in nanoscience and nanotechnology, developed last years at the crossroad of biol-
ogy, biotechnology, medicine and nanoscience. It is based on the principles and
chemical pathways of living organisms, ranging from genetic-engineered microbes
to custom-made organic molecules. It encompasses the study, creation, and illumi-
nation of the connections between structural molecular biology and molecular
nanotechnology, since the development of nano-machinery might be guided by
studying the structure and function of the natural nano-machines found in living
cells [1-4].

The current uses of polymers consist mainly in: plastics, elastomers, natural,
artificial and synthetic fibres/yarns, coatings, paintings and foams, sealants or gas-
kets, functional polymers (reactive polymers, linear or cross-linked polyelectro-
lytes, additives for paper, textiles or leather industry), thermal or electric insulators.
Besides these traditional fields, new advanced applications of polymers are devel-
oping: optoelectronics and photonics, fuel cells and battery technology, aircraft and
automobile industry, membrane-based technologies, thin coatings and protections,
food and cosmetics, environment monitoring and protection, biomedical purposes.

Polymers are a frequent partner in the nanoworld. We could define a polymer
nanoscience, dedicated to theoretical and fundamental aspects, and the polymer
nanotechnology, which deals with nanomaterials and nano-objects based on poly-
mers. There is a huge amount and a great variety of research and results in this
field. A tentative of clustering the nano-objects could be done as follows, according
to the number of nanodimensions: nano 3D objects, such as nanoparticles, nano-
spheres, nanocapsules, dendrimers; nano 2D objects, such as biopolymers, nanofi-
bres, nanowires; and nano 1D objects, such as very thin films, multilayers, etc. A
constant increase of the contribution of natural or synthetic polymers to the realiza-
tion of nanoentities, nanostructures or nanodevices could be observed. A similar
trend can be identifyied in the functionalization with polymers of other nanomate-
rials based on carbon or inorganic compounds. These two tendencies have as a
main result the diversification of nanoproducts and their successful application in
nanotechnology or bionanotechnology/medicine. In our contribution we will report
recent results concerning the use of new synthetic or functionalized natural poly-
mers for nano/bio/applications.

2. New polysaccharide-based microparticles crosslinked
with siloxanic units

Many papers have been devoted in last years to the study of polymer hydro-
philic gels — macromolecular networks crosslinked through chemical or physical
methods, possessing interesting properties which recommend them for various
biomedical, bio-technological, pharmaceutical applications. In this last field, one
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can mention the use of polysaccharide-based gels as delivery systems for peptides,
oligonucleotides [5] and protein drugs [6]; many dextran hydrogels were prepared
by Hennink et al. and their interaction with proteins (lysozyme, IgG) was studied
[7-10]. In this chapter is presented a new method of obtaining microparticles of
pullulan (P) and carboxymethylpullulan (CMP) by using 3-(glycidoxypropyl)-
trimethoxysilane (TMS), which forms crosslinks through grafting with epoxy end
on polysaccharide OH and through hydrolysis and condensation of the methoxy
silane groups at the other end (Scheme 1).

0 CH NaOH
/ \ CH- 2\ CH, a
POl + circn” N oy \SK0CH,) >

ring hycrossis
opéning /!
] )/
/
OH 4
CH, CH, CH,
| N o
pro—Cie-c” 07 o Si(OH);3 —
polyco:pdensation
Y
OH OH OH OH
B NN AT '-/C H< VAN
Pz~O—CH,—CH 0O H |SI—O-|SI CH, CH~CH,~O—Pz
OH OH
Scheme 1.

The microparticles were prepared by dispersion of an alkaline polysaccharide
solution in an organic suspension medium, in the presence of a stabilizer and of
crosslinking agent (TMS) (Tables 1 and 2). The new microparticles were character-
ized and their interaction with biologically active substances was investigated. In
Figure 1 are given the images of dry or swollen microparticles, having 40—120 pm
diameters. Other characteristics are also presented in Tables 1 and 2.

100 pm

Fig. 1. Microparticles of carboxymethylpullulan crosslinked
with TMS dry (left) and swollen in water (right).
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From SEM images one can see that the surface of the microparticles presents
either wider or narrower holes, as a function of the amount of crosslinking agent
(Fig. 2).

Fig. 2. SEM of CMP microparticles crosslinked with various amounts
of TMS (samples: CMP: 0.38 (a); CMP: 0.58 (b) and CMP: 0.38y,c; (c) from Table 2).

Table 1. Reaction conditions and physico-chemical characteristics of pullulan microparticles

Sample Molar ratio Si content Specific density Water swelling
T™MS/ GU 2% g/mL g/g
PR-0.14 0.14/1 2.40 1.10 2.34
PR-0.24 0.24/1 3.30 1.088 222
PR-0.41 0.41/1 3.80 1.05 2.14

Table 2. Reaction conditions and physico-chemical characteristics of CMP microparticles

Sample Molar ratio Si content Specific density Water swelling
T™MS/ GU g% g/mL g/g
CMP: 0.77 0.77/ 1 4.02 1.166 10.50
CMP: 0.58 0.58/1 3.75 1.158 14.70
CMP: 0.38 0.38/1 2.38 1.140 25.10
CMP: 0.38x,c1” 0.38/1 2.30 1.118 8.50
CMP: 0.19 0.19/1 0.87 0.89 36.50

") Solution in presence of NaCl

The microparticles obtained from anionic carboxymethyl pullulan are more
hydrophilic than those obtained from the neutral polysaccharide pullulan (as can be
seen from the water swelling values from Tables 1 and 2). By using of a higher
amount of crosslinking agent, the obtained microparticles have a higher specific
density and a lower water swelling. The differences in porosity of the synthesized
microparticles were evidenced from determinations of the different molecular
weights PEG retention.
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As can be seen from Fig. 3, microparticles of P crosslinked with TMS retain
various amounts of PEG 600 and 1000, as a function of their initial amount of
crosslinking agent. PEG 4000 being retained in very small amounts, it may be con-
sidered as the molecular weight (MW)-limit of exclusion (hydrodynamic radius Ry
2.5 nm). The CMP crosslinked microparticles (more hydrophilic) retain PEG with
higher MW, in amounts depending on the initial ratio of crosslinking agent. Thus,
the PEG with MW 35000, which is retained in very small amounts on all CMP
supports, can be considered as their exclusion limit (Rg 10 nm) (Fig. 4). Moreover,
the presence of NaCl in the initial CMP solution influences the PEG retention
properties of the microparticles by diminishing the exclusion limit for PEG reten-
tion at 13500 (Ry 6 nm).

10-
8,

W PEG 600

g PEG/ 100g 61 @ PEG 1000
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upport (PR) 4 O PEG 4000
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O,

1 2 3
support (PR)

Fig. 3. Retention of PEG with various MW on PR microparticles.

121
101 B PEG 4000
¢ PEG/ 100g 8 O PEG 6000
support 6 PEG 13500
(CMP) ‘2" 0 PEG 35000
0

1 2 3
Support (CMP)
Fig. 4. Retention of PEG with various MW on CMP microparticles.

The interaction of the new microparticles with biological active substances
(drugs) was investigated in order to appreciate their performances as controlled
release drug systems. The CMP microparticles with siloxanic hydrophobic residues
can interact with biomolecules through both electrostatic and hydrophobic forces.
Some data on the retention of basic drugs such as propranolol and quinidine are
presented in Table 3.
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Table 3. Propranolol and quinidine retention on CMP crosslinked supports

Support Drug Retained drug
g/ g support meq drug/ g support
CMP: 0.38 quinidine 1.0 3.06
CMP: 0.58 quinidine 0.97 2.97
CMP: 0.77 quinidine 0.83 2.54
CMP: 0.38 propranolol 0.82 3.16
CMP: 0.58 propranolol 0.73 2.81
CMP: 0.77 propranolol 0.70 2.70

Quinidine is retained in relatively higher amounts on these supports, probably
due to its higher basicity (pK, 10, compared to that of propranolol 9.5). The
amount of drug retained on the supports decreases with the increase of the
crosslinking degree. This fact can be correlated with the more hindered access of
the drugs into the more crosslinked network and with a synergistic hydrophobic
effect of uncrosslinked alkylsilane units in less crosslinked supports. Accordingly,
the release rate of the drugs from their conjugates with CMP supports increases
with the decrease of their crosslinking degree, due to the more rapid access of the
external fluid to the reactive sites (Figs. 5 and 6).
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Fig. 5. In vitro release of propranolol from its conjugates with CMP supports.

The in vitro release of the propranolol (Fig. 5) and quinidine (Fig. 6) was
faster for drugs in acidic (pH 1.6) than in buffered (pH 7.4) solutions. The pro-
pranol is more quickly released, due probably to its lower basicity. In acidic pH,
the release occurs with a “burst” effect on all supports, the rate depending on the

crosslinking degree.
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Fig. 6. In vitro release of quinidine from its conjugates with CMP supports.

In order to change the release profile especially in acidic pH, the microparti-
cle-quinidine complexes were covered with an enteric soluble polymer — cellulose
acetate phthalate (CAP) using a technique of solvent evaporation [11]. The in vitro
release curves proved that microparticles’ covering with cellulose acetate phthalate
film (CAP) induces a delayed release in both acidic and buffered solutions (Fig. 7).
Thus the performances of the support/drug polymeric system for controlled release
of drugs may be improved.
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Fig. 7. Comparative release curves of quinidine from coated with CAP
or uncoated complexes drug-microparticles.

In conclusion, novel polysaccharide microparticles were obtained from pullu-
lan and carboxymethylpullulan by using a new crosslinking agent — [3-(glycidoxy-
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propyl) trimethoxysilane]. They presented interesting properties of interaction with
biologically active substances, which recommend them as supports for controlled
release drug systems.

3. Synthesis of modified polysilanes with nonlinear optic properties

It is known that nonlinear optics (NLO) deal with the interaction of electro-
magnetic field (light) with matter to generate new electromagnetic fields, altered
with respect to phase, frequency, amplitude or other propagation characteristics
from the incident field. One of the intensively studied nonlinear optical phenomena
is second harmonic generation or frequency doubling. In the case of second-order
nonlinear optical processes, the macroscopic nonlinearity of the material (bulk sus-
ceptibility) is derived from the microscopic molecular nonlinearity and the geomet-
rical arrangement of the NLO-chromophores. Organic molecules that exhibit sec-
ond-order NLO properties usually consist of a delocalized n-system, enclosing ei-
ther a donor or acceptor substituent or both. One approach to achieve this property
is balancing the electro-active properties of the donor and acceptor substituents
[12] and another one is the synthesis of molecules with a (c—m)-conjugated frame.
This chapter gathers the newest results on the synthesis of NLO-molecules build on
polysilane structures enclosing various electro-active groups.

The intriguing NLO properties of polysilanes originate from the o-—
conjugative character of the polysilane chain combined with the electronic influ-
ence of the various organic substituents [13]. Through this study new polysilane-
metal complex structures were investigated in order to show the influence of the
metal-complex segments onto the c-electrons delocalization along the main chain.
One of our aims is the understanding of the electronic transitions and the extent of
(o—m)-conjugation occurring in these polymeric systems and to investigate the in-
teraction between donor and acceptor substituents through the conjugated frame.
To this end, we have studied the absorption and emission properties of these com-
pounds by UV and steady state fluorescence spectroscopy.

For this purpose a poly[diphenylsilane-co-methyl(H)silane] (PSHDF) was
synthesized first by homogeneous coupling reaction using 15C5 crown ether com-
plex with Na [14]. The next step was to modify the main silicon chain by insertion
of ligands and subsequent complexation with the appropriate metal cations.

The chloromethyl-functional polysilane was obtained by a modified Wurtz
coupling technique in THF. For this purpose methylphenyldichlorosilane was po-
lymerised in the presence of chloromethyldimethylchlorosilane on sodium wire in
anhydrous/inert medium. The polysilane-metal complex was then prepared through
the polycondensation reaction of the chloromethyl functional polysilane with the
Ni-salen diphenol complex with triethylamine as proton acceptor [15, 16]
(Scheme 2).
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Scheme 2. Polydiphenyl-bis(salicyliden)ethylenediamine-metal complex (M=Ni, Cu).

Optical properties of polysilanes To understand the electro-optical properties
of the polysilane-metal complexes it was necessary first to investigate the polyhy-
drosilane backbone. It is known that the UV spectrum of a polymethylphenylsilane
homopolymer shows an absorption band at 280 nm indicating the presence of 6—n
transitions due to the phenyl substituent and another one at 340 nm corresponding
to the o—c* transitions of the conjugated silicon chain [17]. When two aryl groups
are attached to the polysilane chain, like in PSHDF, the interaction between the n—
orbitals of the phenyls and the ¢ conjugated silicon chain lead to a decreased opti-
cal band gap, causing the absorption maximum to shift to around 350 nm [18].
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Fig. 8. UV spectrum of polyhydrosilanes.

PSHDF structures were investigated further by steady state fluorescence (FL)
measurements and compared with a polymethylphenylsilane hompolymeric struc-
ture (PSMF). The mirror image relationship and the bandwidth between absorption
and emission give information concerning the regularity of the main chain spatial
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conformation [19]. The FL spectral profile of PSMF with full width at half maxi-
mum fwhm = 25 nm is very different from the mirror image of the absorption band
at 340 nm indicating that the stiff helical chain conformation of PSMF has frequent
irregularities generated by the chiral inversions or twisting from P to M motifs
(Figure 8) [19]. In contrast, PSHDF showed relatively narrow UV absorptions with
fwhm = 15 nm and the FL spectral profile closer to the mirror image of the 350 nm
absorption band. This is somehow surprising because the small methyl(H)silyl
fragments which create bending and fractures of the main silicon chain, should
produce a UV absorption maximum shift to lower wavelengths, widening of the
bands and strong irregularities in the FL spectra.
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Fig. 9. Fluorescence spectra of polyhydrosilanes.

The absence of such effects indicates that the long diphenylsilyl segments
with a stiff and regular helical global conformation [20] are coupled through trans-
planar small fragments which eliminate the internal conformational tensions allow-
ing a free rotation of the chain around the —Si-Si-Si-Si- dihedral angle of the
methyl(H)silyl (Fig. 9). Therefore, the o—electron delocalization within the polydi-
phenylsilane blocks is not affected by the low temperature restructuring of the
small methylhydrosilyl fragments.

The electronic properties of the synthesized polysilane-metal complex struc-
tures were evaluated through UV-VIS spectral analysis for both linear and pendant
architectures. Thus it was observed that both electronic spectra profiles display the
specific c—c* at 320 nm. In addition, the absorption bands corresponding to the
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metal complex transitions could be noticed at 380—460 nm and 400—480 nm, re-
spectively. The UV spectrum of the linear structure shows broad absorption bands
and lower intensities than the starting building segments (Fig. 10). This suggests
that the interferences between the o electrons delocalized over the polysilane skele-
ton and the m electrons of the metal complex affect the conduction mechanism
through increasing of the bandgap. The lower intensities of the absorption bands
result probably from the altering of the local conformation within distances shorter
than 10 silicon atoms.

The UV spectrum of the pendant structure shows higher intensities for the
o—c*transitions in polysilane at 340 nm (Fig. 11). Also, the values of the wave-
length remain almost unchanged comparing with the starting compounds. There-
fore, we concluded that the pendant polysilane-metal complex is appropriate for a
hybrid conduction mechanism study because in this case there seem to be no con-
jugative bridging with the metal complex moiety. The electronic properties of
both segments remained unaltered by the coupling procedure and behave like
separate entities, separating the electrono-donor character of the metal complex
units from the main polymeric frame.

Linear Structure
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Fig. 10. UV absorption spectrum of the linear polysilane-metal complex.
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Fig. 11. UV spectrum of the pendant polysilane-metal complex.
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In conclusion, the optical and electronic properties of polyhydrosilanes and
polysilanes-metal complexes support their application as NLO materials for opto-
electronics. The electronic spectra of polyhydrosilanes revealed the presence of the
o—chromophore units as in polymethylphenylsilane, a NLO material which is al-
ready in exploitation. New polysilane structures were created by enclosing of elec-
trono-donating metal complex fragments and formation of a DGA structure.

4. Photopolymers for laser ablation at 308 nm

One of the main challenges in surface chemistry and materials science is the
discovery and application of novel materials in biophysics, optoelectronics, and
nanotechnology. Among them, the design of photosensible polymers occupies a
central place in the development of functional devices for specialized applications
like photoresponsive systems, medical applications, optical data storage [21]. In
relation to polymers intended for photolithographic processes, the literature studies
have been primarily focused on microstructuring through UV/laser irradiation of
standard polymers (polyimides, polymethacrylates, polycarbonates) or doped sys-
tems (polymers/rodhamine, pyrene, benzophenone) [22], but often, the quality of
the ablated zones is relatively poor. Although the first reports of laser ablation of
polymers were issued by Y. Kawamura and R. Srinivasan as a possible alternative
to conventional photolitography, many questions are still open [23]. Polymer abla-
tion, further reviewed by Lippert et al [24], is typically described in terms of ther-
mal, photothermal or photochemicals models, sometimes viewed as combined
processes. Therefore, the current research on polymer ablation is divided in two
main areas: (i) applications of laser ablation, developing new materials and tech-
niques and (ii), studies concerning ablation mechanisms. Significantly, probing
ablation mechanisms and improving ablation parameters (i.e. ablation rate and
quality) need new photopolymers designed for an irradiation wavelength at 308
nm. Contextually, some triazene polymers have been intensively investigated [25]
to be exploited in microlithography and photoresist technique owing to the intrinsic
qualities of triazene chromophore (-N=N-N<). The dominating aspects that can
succeed the performance of photoresist systems are the dimensions, resolution and
sensitivity of systems during the irradiation process. As a consequence, the promis-
ing candidates to accomplish these particular conditions are those that can be struc-
tured by the dry development of structuring techniques such as excimer laser li-
thography. Such “dry—etching” capability has the advantage that no additional wet-
developing steps are necessary after irradiation, making this technique attractive
for industrial applications.

On this line, we reported previously data on various polyurethanes with tri-
azene and bistriazene groups in their structure, whose ablation properties depend
on the polymer and chromophore structure [26]. In order to achieve a better under-
standing of the effect of the triazene chromophore on the polymer properties, the
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ablation behavior of triazene polyacrylates irradiated at 308 nm is presented in the
following. Figure 12 shows the structure of the synthesized triazene polyacrylates
which were exposed to laser irradiation (XeCl excimer laser) to evaluate the influ-
ence of laser beam on polymer surface.

The polymers were studied at low fluences (between 10 and 400 mJ-cm ),
when the influence of structural parameters on the ablation rate can be observed. The
ablation parameters, Fy, (threshold fluence) and o, (effective absorption coefficient)
indicated that p-methoxi triazene copolymer PA-1 had a threshold fluence of
211 mlJ -cmfz, while Fy of the second copolymer was much lower (Fy =
112 mJ-cm™?). Therefore, the high stability of the PA-2 to UV irradiation could be
encouraging for laser structuring applications where no modification of the polymer
under ambient conditions is preferred. The morphology of the polymeric films after
laser ablation was visualized by scanning electron microscopy (SEM). In Fig. 13 the
photographs of the PA-1 (left) and PA-2 (right) structures are shown as examples,
both the ablation spots being made after 10 pulses at 420 mJ-cm > fluence.
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* CHg
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R =Cl (PA2)

Fig. 12. Structure of the triazene polyacrylates.

Fig. 13. SEM micrographs of the ablated craters (308 nm) for PA-1 (left) and PA-2 (right).

These photoimages confirm a well defined structuring process due to the de-
composition of triazene moieties in the investigated polyacrylates, for which a clean
surface is very important for the application of laser ablation in lithography. As
expected, from the size of the microridges, the resolution is, in the micrometer or even
submicrometer domain.
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In conclusion, the experiments performed with the excimer laser irradiation
(308 nm) demonstrated that the designed copolymers could be used for the fabrica-
tion of microstructures with adequate accuracy. Moreover, the generated mi-
croridges illustrate the absence of any amount of redeposited material and the
achieving of a flat and smooth surface.

5. Conjugates of maleic anhydride copolymers
with disinfectant compounds

The use of maleic anhydride (MA) copolymers in medicine and pharmacy is
a topic in which fascinating results were already obtained, including the current
applications [27, 28]. So can be mentioned the SMANCS (neocarzinostatin conju-
gate with n-butyl monoester of MA—styrene copolymer) and the DIVEMA (MA—
divinyl ether copolymer), promoted after laborious and long time lasted research
efforts. Three main directions could be evidenced from the literature data: MA co-
polymers possessing per se bioactivity; conjugates of MA copolymers with various
drugs; drug formulations as solid dispersions based on MA copolymers. Another
promising application is the engineering of biosurfaces on which thin polymer
coatings were deposited and chemically modified. MA copolymers are also used
for medical analysis kits, dental materials, components of biomaterials (for exam-
ple, with hydroxyapatite), functionalization of dialysis membranes, immobilization
of bioactive molecules for tissue engineering. In this chapter are gathered some of
our results regarding the synthesis and characterization of new derivatives of
maleic anhydride copolymers with disinfecting agents or with menthol, aiming the
use in dentistry.

: )
—/CH—C\H—CHZ—C— + OH — >  toH—oHA CH—C\H)l_—XCHZ— ?:—
oc_ /co Ry —on CHy CO CO OC /CO R,
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Scheme 3. Chemical reaction between MA copolymers and menthol.

The esterification of MA copolymers with the OH functions of menthol is il-
lustrated in Scheme 3. The same reaction was carried out with thymol and eugenol.
Generally the reaction takes place in dipolar aprotic solvents, preferably N-
methylpyrrolidone, without catalysts, at temperatures below 80°C. The conversion
was estimated by conductometric titration in acetone-water mixture, being between
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25 and 50% referred to the maleic anhydride moieties. The new derivatives with
thymol or eugenol were characterized by IR spectra and TG analysis and their an-
timicrobial activity was tested on various species of bacteria by evaluation of the
phenol coefficient. The sample having the poly(maleic anhydride-alt-styrene) as
parent copolymer and the eugenol as disinfecting species was demonstrated as sat-
isfactory active against Staphylococcus aureus, having the phenolic coefficient as
high as 5.83 [29].

Another type of conjugates which we have synthesized starting from MA co-
polymers was the derivatives with menthol [30]. These new products could be used
in dental prosthesis, as macromolecular systems which release the odorant, being a
remedy against fetid breath. In this case conversions of 0.2 up to 0.35 were at-
tained, depending on the chemical structure of the parent copolymer. The compati-
bility between poly(methyl methacrylate) — PMMA —, one of the typical polymeric
materials used in dentistry, and the menthol derivative of MA-MMA copolymer
(MMh) was checked by viscometric measurements in solution (Fig. 14). At low
concentrations the intrinsic viscosity values of the mixture are higher than the cal-
culated ones (curve 4, Fig. 14), suggesting a relatively strong interaction between
the two polymers.

0,3
Nsp/C
028 | = PMMA
® MMh
A mixture PMMA/MMh
026 o )
m  calculated mixture
0,24
0,22
0,2

0 0,2 04 0,6 0,8 1
Cp, g/dL

Fig. 14. Reduced specific viscosity of poly(methyl methacrylate) (PMMA) (1),
MA-MAM derivative (MMh) (2) and PMMA/MMh mixture (3) in acetone at 30°C.

In conclusion, our attempts directed on some still “free” windows, such as the
synthesis of new derivatives with disinfecting agents or with menthol, were up to
now successful. The new derivatives were carefully purified and characterized
from point of view of composition/conversion and behaviour in aqueous medium,
involving the biocide or compatibility properties, and the results were promising.
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Abstract. The paper presents the layout and the technological steps for an inter-
digitally integrated capacitor used for gases detection. Silicon micromachining technol-
ogy is applied for manufacturing the sensor substrate.

The sensitive layer used is phthalocyanine (Pc) deposed by EDL (evaporated dyes
layers technique). Many solutions were found as phthalocyanine derivatives deposition
technique. Considering the different sensitivities of phthalocyanines derivatives, we ob-
tained different gas sensors. The copper phthalocyanine (Cu Pc) and nickel phthalocya-
nine (Ni Pc) have been investigated for NO, detection. The measurement of sensors for
NO, and NHj detection will be presented as concentration versus impedance.

The microsensors testing structures deposited with phthalocyanines were investi-
gated by impedance measurements in a vacuum chamber controlled by a gas analyzer.

The measurements were made at room temperature but a medium temperature is
applied (<200°C) after measurement, for cleaning the material in order to reuse the sen-
sor. The sensor is integrated, MOS compatible, cheap, easy to be used and has a low
power consumption.

1. Introduction

The gas sensors are commonly used for pollution control measuring low concen-
trations of pollutant gases in air, generated by motor vehicle or industrial emissions.

The main factor to be considered in selection of NO, NO,, or NO, sensors for
measurements in ambient environments or in biomedical field is the sensitivity.
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Nitrogen dioxide (NO,), nitrogen monoxide (NO) and carbon monoxide (CO)
represent a significant health hazard for every one of us; the first alarm threshold
limit is set at concentration of 200 pg/m’ (106 ppb) for NO, and 15 mg/m’
(13 ppm) for CO/1/.

The operating principle of the gas sensors is based on the change in conduc-
tivity due to the chemisorption of gas molecules at the sensitive layer surface. The
integration of standard CMOS technology with conducting sensitive layer as phtha-
locyanine (Pc) deposited by EDL technique was one of the goal of our research.
We deposited three types of layers phtalocyanine based: copper phthalocyanine
(CuPc), nichel phthalocyanine (NiPc) or iron phthalocyanine (FePc) films to be
used as gas sensitive layers for the detection of NO,, and NO, in ambient air.

The layout and the technological steps of a gas sensor based on an interdigi-
tated capacitor integrated with a polysilicon heater, micromachined on a silicon
membrane, CMOS compatible, and the test measurements for NOy andNO, are pre-
sented.

The microsensors deposited with phthalocyanines were investigated by im-
pedance measurements in a vacuum box controlled by a gas analyzer.Small quanti-
ties of these gases can be detected by measuring the resistance of a Pc film.The gas
sensors were tested in a box at a constant temperature and their resistance was de-
termined function of NOy and NO, concentration and in presence of an inert gas
N,. The integrated heating element consists of a polysilicon layer underneath the
active area. A temperature sensitive resistor will enable precisely temperature con-
trol. The sensor is integrated in CMOS technology adding special micromachining
processes.

It comes out that these sensors prove stability and sensitivity in polluted air.

2. Sensor Design and Fabrication

The schematic drawing of the sensor chip is presented in Fig. 1. The scheme
present the layout and the cross — section of the sensor chip presenting information
about technological steps and sensor design. The layout is a simplified version, the
interdigitated electrodes having a higher number of fingers/2/. The real structure of
the sensor will be presented by SEM pictures. The fabrication process starts with
thermal oxidation of the silicon wafers and patterned before the selective ion im-
plantation. High dose boron (9-10"° ¢cm™2, 100 KeV) is implanted and diffused fol-
lowed by a boron doping from solid source + diffusion (1050°C, 4 hours). In this
wayit was realized the p-n junction, 12 um depth, for anisotropical stop etch, in
two steps, for obtaining the requested depth. After boron diffusion the thickness of
the oxide grown on the silicon surface is Xox = 8000 A. The masking layer for the
anisotropic etching on the backside of the wafer and for isolation is obtained by the
deposition and configuration of a 2000 A Si;N, layer. The next step is the deposi-
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tion and the configuration of a 4000 A boron doped polysilicon layer. After
polysilicon configuration, the resistor serving as heating element is obtained. A
simplified version could be to use the silicon membrane high doped with boron as
heater, without polysilicon resistor. A CVD oxide is deposed such as dielectric
layer and the contacts at polysilicon layer are open. Cr-Au deposition and configu-
ration follow. Then the interdigitated electrodes, the resistor for monitoring the
chip temperature and the necessary bond pads are defined by photolithography
above the insulated heater element. The gold (Cr-Au) was used as electrode mate-
rial to achieve a good contact with the Pc film. The utilisation of Al as electrode

material give us, also, very good results.

Electrodes
Polysilicon 4000
Metal A \ /
A o 2l N
CVD - /
S|02 Il ,I
Lift-off A W 7X /
mask ! /
/I ,/’
SiO, A
5000 A /! E
G, N \ J
2000A Si \
n <100> o
B
SizN,
2000 A

Fig. 1. Scheme of the sensor chip.
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The following step was the deposition and the configuration by double side
alignment of 2 pm borophosphosilicate glass (BPSG), as mask material for the ani-
sotropic etching, which has a low temperature deposition (<400°C) and can be used
after metallization.

BPSG layer can be easily removed and the contact and the pad windows are
opened. The etching is stoppedat B doped regions where the etching rate is very
slow and the thickness of the membrane is also, defined. In the caseof silicon ani-
sotropic etching in EDP type F (ethylenediamine: pyrocathecol: water: 1000 ml:
160ml: 160ml), BPSG can be replaced by densified CVD/3/. The utilisation of
BPSG, densified CVD as mask materials and EDP as etching solution allow us to
obtain the compatibility of the anisotropic etching with the I.C. technology.

Phthalocyanines films of various thickness (40 nm for CuPc and NiPc; 20 nm
for FePc) were vacuum evaporated onto the substrates of the interdigitated elec-
trodes in order to analyse their sheet resistivities. The phthalocyanine film tempera-
ture could be very accurately controlled by the integrated heating element and
thermoresistor. For an accurately deposition of Pcs in the active area of the device,
the lift off technique will be used.

The SEM picture of the encapsulated sensor, covered with phthalocyanine is
presented in Fig. 2.

taky ziz igagl 777 BaEABAl !MR

Fig. 2. SEM picture of the sensor chip.

The active area of the sensor contains the metal electrodes. The thickness of
the metal layer (Cr-Au) is 400 nm. It is important to study the uniformity of the
covering with Pc in order to prevent degradation by clustering of the contact metal.

On a substrate with electrodes on top, Pc film forms not a continuous film
over the edge of the electrode strips because during the evaporation of the film the
incident angle of the Pc molecules is not exactly normal to the substrate and on one
side the strip edge forms a kind of shadow /4/. The film thickness at his point is
probably smaller than the average thickness. The electrode strips are much higher
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that the Pc film deposited on top. We expect a relative bad covering of the strips
and a relative high number of cracks caused by the edges of capacitor strips. Pcs
films deposited on electrodes had high resistance measurement values: 10 MQ for
CuPc, 15 MQ for NiPc, 30 MQ for FePc. The cracks can be observed in Fig. 3 and
4. For a better integrity of Pcs layer we will act for design and technology changes
in order to obtain the planarization ofthe substrate.

Fig. 4. SEM picture of the electrodes covered with 20 nm FePc area.

3. Experiments

Thin sensitive phthalocyanines films were deposed by evaporation /5/ to ob-
tain gas sensors. The sensors have been tested in a plexiglass box at a constant
temperature and the resistance was determinated function of NO, and NO.
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For the NO, analyse, 2ml of concentrated HNO; allowed to evaporate in a Petri
dish inside the Plexiglas box and the responses were measured after every 20 sec-
onds. The entire experiment was done in an automatic manner and the electronic cir-
cuit was entirely enclosed in a plexiglass box to avoid electrical interferences.

Sensitivity of NOy and NO, has been tested with a gas analyser; calibrations
of each gas have been repeated at least 5 times, typical reproducibility of the sensor
response were at 1-3mV.

The method used for Pc deposition wasEDL, as evaporated Pcs at 200+400°C
under high vacuum (~10"Torr) forms a film of 4050 nm for CuPc or NiPc and
20 nm for FePc onto the chip with interdigitated electrodes for conductance meas-
urements. The thickness and the speed (107*+1 nm/s) of deposition of the metal
phthalocyanine film was controlled with a quartz balance.

It comes out that these metal phthalocyanines films are very stable and sensi-
tive in very aggressive environments. The measurements were made at room tem-
perature but a medium temperature is applied (< 200°C) after measurement, for
cleaning the material in order to reuse the sensor; in our case the temperature ap-
plied was 150°C for one hour.

The Figures 5, 6 show the sensor characteristics for 40 nm CuPc¢ film in NO,
and NO,.

Metal phthalocyanines exhibit changes of conductance in presence of very
small (ppb) concentration of oxidizing/reducing gases; their bulk conductance
ranges from 107 to 10> ohm™' cm .

4. Results and Discussions

The measurements indicate us the decreasing of the resistance with the in-
creasing of the concentration for NO, and NO, gases and for all types of phtalo-
cyanines and sensors (Figs. 5-10).
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Fig. 5. Resistance versus NO, concentration for CuPc.
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Fig. 6. Resistance versus NOy concentration for CuPc.
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Fig. 8. Resistance versus NO, concentration for NiPc.
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Fig. 9. Resistance versus NO, concentration for FePc.
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Fig. 10. Resistance versus NO, concentration for FePc.

Two different area are used for sensors in order to study the sensitivity func-
tion of layout. Different read out values has been obtained, showing the influence
of the sensors dimensions in response. The reproducibility of the silicon technology
will allow us to obtain identical and reproducible sensors.

Phthalocyanine structure is a large planar molecule with a delocalized elec-
tron system, which can easily be ionized. A phthalocyanine molecule is a good
electron donor. The ring of N atoms around the central metal forms a potential
well, which is responsible for the semiconducting properties. Metal phthalocya-
nines are very stable from chemical and thermal point of view, as a result of their
intrinsic structural characteristics. The operating principle of the sensors is based
on the change in conductivity due to the chemisorption of gas molecules at the
semiconductor surface. Depending on whether the reaction is oxidizing or reduc-
ing, acceptors or donors will be produced at the film surface leading to the forma-
tion of a space-charge layer and modification of the free carrier density.
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The differences in sensitivity for Cu, Ni, FePcs can be explained by the elec-
tronic configuration of metals coming in Pcs composition. The simple Pcs conduc-
tivity is usually low (approximately 107*Q'cm™). The transitional metals help the
conduction due to electron transport through redox system. The metal is much
more efficient if it forms plan complexes with conjugate ligands (Pc). An excellent
example is CuPc which has the highest mobility between of all organic compounds
(75 cm?/v.s). Here “dz”” orbitals of copper superpose with “3d” orbitals of azo-
methane of adjacent molecules with 0.388 nm interplanare distance.

When air alone was exposed to the Pc film, the signal change was insignifi-
cant compared with that on exposure of the air and nitrous oxide mixture. When
the exposure time of gas was longer than 5 minutes, there was no further current
increase recorded showing that the Pc film has been saturated.

5. Conclusions

Three main types of thin phthalocyanines films have been studied from point
of view of NOy and NO, sensitivity: CuPc, NiPc, FePc. They exhibit changes of
conductance in presence of small concentration of nitrogen oxides gases. Resis-
tance measurements have been done without contact problems for Pcs films depos-
ited on interdigitated electrodes.

The sensitivity and stability of the sensor are sufficient for applications dur-
ing the measurements made at room temperature of polluted air and even aggres-
sive environments such as the NO, steams from HNO; 100%. The temperature of
150°C was applied for one hour, for cleaning the material (metal phthalocyanines
films) in order to reuse the sensor.

The sensor in entirely integrated, MOS compatible, cheap, easy to be used
and has a low power consumption.
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Abstract. The paper presents the realization and microphysical characterization of
rectangular and y—shape micro-channels, manufactured using a polymeric material:
SU8. The fluid flow in both configurations was simulated with COMSOL Multiphysics
software. The micro-channels were intended to be used in microfluidic applications for
chemo-bio investigations.

1. Introduction

Microchannels are used in microtechnologies for platform as “Lab on Chip”.
They are usually integrated with micro-valves, pumps, reaction chambers and can
be integrated with electronic chips [1] or optical parts as waveguides and detection
elements like photodiodes [2].

SU-8 polymer is a biocompatible material which can be successfully used in
the manufacturing of integrated microfluidic platforms for a wide range of bio-
chemo applications, using low cost integrated technologies, in order to develop
miniaturize microsystems for portable use, sensitive and reliable.

We present in this paper the fabrication of different configuration of micro-
channels to be used in microfluidic applications, obtained by SU-8 and the simula-
tion of fluid flow, using COMSOL Multiphysics software. We obtained rectangular
and y-shaped fluid microchannels, which were investigated using scanning electron
microscopy.

2. Fabrication/Characterization Results

There are different techniques used for manufacturing micofluidic microchan-
nels: etching of silicon wafers using wet or dry micromachining techniques, glass mi-
cro channels fabrication, which allows the optical observation of the fluid, or polymeric
based microchannels using photolithographic techniques (SU-8 or PMMA). The use of
polymeric materials represents a flexible and in the same time chip method.
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SUS is a negative photoresist, an epoxidic resin, initialy used for the manu-
facturing of high aspect ration of 3D micromechanical structuresis. It has remar-
cable properties as: chemical inert, mechanical stable, very good adhesion on SiO,
and Si;N,, transparent for the electromagnetic radiation for 500-850 nm range,
hidrofob, so far recomaded for an economic alternative for the microfluidic channel
manufacturing [3, 4].

As substrate we used silicon <111> wafers. For a good adesion, the substrate
was clean (H,SO4:H,0,=1:3) and dryed before the polymer deposition. We used
SU-8 negativ photoresist (SU-8 2005, MicroChem Corp., MA) which was spin-
coated for a thickness of 6 um, at 1000 rmp for 40 s. The layer was pre-baked for
1 min at 65°C, 2 min at 95°C and 1 min at 65°C, in order to evaporate the solvent
and to densify the film. This process of upgrading the temperature is necessary for
a good polymerization of the resist., and to obtain a low stress film. To obtained the
desired thickness of the microfluidic channels (12 pm) we repeated two times the
process. The layers were exposed by UV radiation. After the exposure, a thermal
treatment at 95°C for 4 min was performed for the resulted of SU-8 layer in order
to selectively cross-link the exposed portion of the film, developed with Micro-
Chem SU-8 Developer for 3 min. A 10 min hard-bake process was finally per-
formed at a temperature of 150°C to improve the mechanical resistance (hardness)
by a further cross-link of the final resist pattern. The structures were then analyzed
by scanning electron microscopy (SEM). The final measured thickness of the mi-
crofluidic microchannels were about 11 um.

We defined 2 different confugurations by standard litographic technique: rec-
tangular and y —shaped The resulted dimensions were the following: 10-11 um
depth; 12—22 um width and length between 5 and 10 mm.

SEMMAG: 4.8 kx DET: SE Detecior DET: SE Detector
3000 KV DATE: 120307 20 pm Vega CTescan HV: 30,00 KV DATE: 120307 100 pm ‘Vega CTescan
VAC: HiVac Device: VG2920673R0 Digtal Micrescopy Imaging VAC: HiVac Davice: VG292067IR0 Digital Microscopy imaging

a) b)
Fig. 1 a, b. SEM photos of rectangular microchannels etched in SU8 polimer.
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As one can see in Figs. 1 and 2, the investigations of scanning electron mi-
croscopy (SEM) show very high aspect ration walls and a very good uniformity for
relatively long channels (mm).

SEM MAG: 2,00 ke DET: SE Delector -
HV: 30.00 kv DATE: 12/03/07 50 ym Vega GTescan
VAC: HiVac Device: VG2I2067IRO Digital Micrascopy Imaging

SEMMAG: 161 x DET: SE Delector
HV: 30,00 kV DATE: 120307 500 pm Vega CTescan
VAC: HIVac Device: VGZO206TIRO Digial Microscopy Imaging

a) b)
Fig. 2 a, b. SEM photos of y-shaped microchannels etched in SU8 polimer.

3. Simulation

The simulation of a fluid flow in the microchannels has been performed using
COMSOL Multiphysics software. The flow was considered to be an incompressi-
ble laminar flow and was simulated using the incompressible Navier-Stokes appli-
cation mode. First there has been simulated the flow in a simple rectangular chan-
nel. Figure 3 presents the layout of this channel.
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Fig. 3. Layout of the rectangular channel.

The geometrical dimensions are the following: channel length 1000 pm,
channel width is 20 um and the channel height is 10 um.

Figure 4 presents the result of the simulation: the velocity field of the fluid in
the channel. The fluid is water, and it has been considered a 10 Pa pressure at the
inlet of the channel, and the slip condition on the walls of the channel: lateral and
bottom.
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Fig. 4. Velocity field of fluid flow in a rectangular channel.

A simulation for a y shaped channel has also been performed. Figure 5 pre-
sents the layout of the y-shaped channel. The total length of this channel is
1000 pm. The width of the initial channel and of the two secondary channels that
form the y arms is 20 pm and the height of the channel is 10 um. The angle formed
by the two secondary channels that form the y arms is 2°. The fluid that flows
through this channel is also water. The pressure at the inlet is 10 Pa, and the pres-
sure at the outlets is 0.
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Fig. 5. Layout of the y-shaped channel.

The result of the simulation show the velocity field (Fig. 6) of the water flow
in the y-shaped microchannel. It can be seen that the velocity decreases in the two
secondary channels and the flow keeps it laminar incompressible nature.
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Fig. 6. Velocity field of the fluid flow in a y-shaped channel.

4. Conclusions

We manufactured high aspect ration fluidic microchannel using SU-8 poly-
meric material. The velocity of the fluid flow was simulated in the two types of
configurations: rectangular and y-shaped, using COMOSOL Multiphysics soft-
ware.

The developed microfluidic channels are chip, easy and fast to fabricate and
can be utilized for chemo-bio investigations, using small quantities of biological
materials, being an alternative to silicon techniques. Further work has to be done to
integrate driving electrodes and other system components with the fluidic micro-
channels, in order to control the movement of charged bio-samples.
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Abstract. In order to reach the world target of 4% share of electricity production
by 2030 worldwide, the major issues in the solar cell domain are to lower the costs of
modules from around 3 €/Wp to below 0.5 €/Wp, to have products with a maximum
capacity for building integration like roofing elements or walls panels, and to find proc-
esses leading to the fabrication of environmentally friendly PV products.

For these purposes our team proposes to make complex targets (CulnS,) with dif-
ferent amount of Ga and to make films deposition on new substrates like composite
glasses, kapton and metal sheets (Ti foil and stainless steel foil).

1. Introduction

Solar cells/integrated photovoltaic elements are semi-conducting multi-layer
devices that produce electric energy, by photo-voltaic effect. Materials used as sub-
strates are usually Si, GaAs, CdTe [1] but recent researches were based especially
on replacing the Si and glass, with metallic foils (Ti, Mo). The photo-voltaic ele-
ments based on multi-layer structures using as active element CulnSe,/S, have at
this moment the best quantum efficiency [2-3]. Reports on CdSe film junctions
with CIGS [4] and CdTe are also available. The investigation of chalcopyrite mate-
rials such as CulnSe, or CulnS; at the interface with semiconductors from group II-
IV were recently researched [5]. The study of the In,S;-Cu,S-CuS system has
shown the existence of a solid solution range with In,S; vacancy in spinel crystal
structure [6]. These solid solutions have been synthesized in the form of powders
and single crystals by solid state and chemical vapor transport reactions. The cell
parameters for CulnS,, which exhibits the chalcopyrite structure, are: bc-tetragonal
I 42d (122), a=b=0.5523, ¢ = 1.1133, ¢c/2a =1.0079 [7].
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InSe layered semiconductors are new class of materials for solar energy con-
version application [8]. The transport properties of InSe along the layers and
method of obtaining have been widely investigated [9—15].

The methods to prepare less toxic CulnS, are varied. The starting materials
are In metallic as powders and S, in excess [16]. From metallic indium melt were
grown various single and multiphase samples of chosen compositions. Were identi-
fied three Cu-In phases, the In-S phase IngS;, and the ternary phases CulnsSg and
CulnS, by means of their PAC signals [17].

CulnS, and CulnSe, with different morphologie shapes were also obtained by
similar hydrothermal and solvothermal synthesis, crystal growth from melt in the
ternary system. Single crystalline (112)-oriented CulnS, surfaces can be obtained
using a lamellar eutectic growth mechanism, with crystallizing of CulnS, melt by
horizontal gradient freeze in a temperature gradient ranging from 5—-15°C/cm, un-
der elevated argon pressure of ~20 bar [18-22].

2. Experiments

Were obtained complex targets (I), for film deposition was selected magne-
tron sputtering method (II), and some materials were studied for Si replacing (III).
In towards to Si replacing we propose to use: kapton and metal sheets (Ti foil and
stainless steel foil).

Experiments were made in three directions: designing the succession of
multi-layers, preparing of complex targets (CulnS,), and selecting new substrates.

The deposition method was selected magnetron sputtering using in a
VARIAN ER 3119 unit. In this case are necessary targets with the following di-
mensions: @ =100 mm + 1 mmand h =4 mm — 6 mm [23-29].

Was proposed the following succession of layers presented in Fig. 1.

n-ZnO:Au

i-ZnO

zZnS

CIGS

Mo

kapton

Fig. 1. The proposed multilayer composition.
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2.1. Preparing of complex targets

Were obtained complex targets by using powders Cu-S,-In and Cu-S,-In,S;
as starting materials, and then doping with 8% Ga.
The starting materials and their characteristics are presented in Table 1.

Table 1. Characteristics of used materials

. Starting materials Characteristics
No experiment - = - -
Density [grem 7] Melting point [°C]
In (white metal ) 7.31 156.60
1 Cu (red powder) 8.96 1084.62
S, (yellow powder) 2.07 112.8
In,S; (red metal 4.90 1050
2 Cu (red powder) 8.96 1084.62
S, (yellow powder) 2.07 112.8

The powders were dry mixed for 30 minutes in ceramic crucibles, than ther-
mal treated in an electric furnace with superkanthal elements type LHT 02/16 (Na-
bertherm Germany) in N, atmosphere. The thermal treatment was: heating from
20°C up to 1000°C; duration 5 h, at 1000°C; cooling duration was 10 h. The tem-
perature was kept by using a controller that programs the heating regime. N, gas
flow was kept at constant pressure of 5 bar.

In Fig. 2 are presented the results of the experiments (a) using In metallic —
an exothermic reaction took place at about 150°C, and b) using In,S;).

a) b)
Fig. 2. Aspect of complex targets: a) using In metallic; b) using In2S3.

The obtained materials were structural characterized by X-ray diffraction, us-
ing an X-ray diffractometer (Bruker-AXS type D8 ADVANCE) having Cu anode,
filter kg de Ni.
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2.2. 1 Doping

The obtained target CulnS, was doped by volume diffusion with Ga in H,S
atmosphere. This method leads to obtain CulnS, and CuGas,.

The sequences of the process to obtain complex materials CulnS, doped with
99.99% metallic Ga may be described as:

1. First from Cu,S and In,S; was obtained the phase Cu,,Ing;

2. Sulphating and formation of the ternary compound CulnS, chalcopyrite;

3. Diffusion in the chalcopyrite of Ga;

4. Re-crystallization of phase CulnS, and CuGaS, that leads to formation of

quaternary CulnGas,.

2.3. Film deposition

Thin films can be obtained by several techniques such as: pulsed laser depo-
sition, molecular beam epitaxy (MBE), magnetron sputtering (RF) ion layer gas
reaction, and so on [30]. CulnS; thin films were prepared by ion layer gas reaction
using C,HsOH as a solvent, CuCl and InCl; as reagents and H,S gas as suphuration
source.

Epitaxial and polycrystalline films were grown by a co-vaporization process
in a vacuum chamber containing sulphure vapors [31]. Thin films of CulnS, can be
deposited on substrates at temperatures as low as 300°C [32].

By RF magnetron sputtering deposition are made layers of: Mo (700 nm—
1000 nm.); CIGS (1500 nm—2000 nm); ZnS (50 nm—100 nm); i-ZnO (500 nm—
1000 nm) and n-ZnO: Al (800 nm—1200 nm) [33-39].

2.4. Substrate selection

As substrate we propose to use materials such as: composite glasses, kapton
and metal sheets (Ti foil and stainless steel foil), which are common and not ex-
pensive.

On a transparent plastic foil substrate a semiconductor CdS film for a
photonic application was realized using pulsed-laser deposition [40]. Although
plastic is not considered to be a favorable substrate material for semiconductor
thin-film formation, the deposited CdS film possesses good adhesion, with a poly-
crystalline texture, flat surface (roughness/thickness = 0.003), and room-tempera-
ture photosensitivity with a blue-shifted peak at 2.54 eV.

In order to use kapton as substrate the materials was analyzed by DTA (dif-
ferential thermal analyze) and mechanical properties (stress, Young modulus and
elongation after water treatments).

Results are presented in Figs. 3-5.

The advantage of using as substrates metallic foils or plastics despite Si are
the following: the solar cells made will be more thin and lighter then the classic
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ones. Also the obtained devices are easy to use being able to be used in stationary
and mobile applications (automobile, in space, mobile telephones).

Problems may appear, such as technological ones, but also about the com-
patibility between the substrate and the semi conducting materials used as energy
generators.

From technological point of view, the first problem that occurs is that the so-
lar cells are subjected to mechanic efforts during the fabrication process that may
lead to bending. This fact has more consequences:

— changing of shape and dimensions of device;

— due to difference in the elastic modulus and the chemical composition be-

tween the substrates may appear cracks in the layers and as a consequence to

reduce the efficiency of the solar cell.

A special problem that may appears during the process of solar cell fabrica-
tion with polymeric (polyimide type) substrate is that concerning the adhesion of
thin film to substrate.

In this paper we select as substrate two types of polyimide foils noted Kapton
HN and Kapton VN to study the behavior of such substrate after covering it with a
thin film.

Each foil has 125 pum thickness.

Kapton is a polyimide that has unique properties and that recommends it to
be one of the most suitable substrates and support for applications in electronics.

Kapton has the ability to maintain physical properties (mechanical and elec-
trical) in a wide temperature domain and so it is suitable to be used as substrate to
flexible solar cells.

Kapton is obtained by polymerization of an aromatic anhydride with a
dyamine.

After the tests made on sample Kapton HN and Kapton VN used in this paper
was demonstrated that it is not soluble in organic solvents being chemical resistant.

On the Kapton HN and Kapton VN foils were performed the following tests:
degassing tests, water stability tests, mechanical properties test and thermal proper-
ties tests.

In order to establish the behavior to degassing of Kapton was made the fol-
lowing experiment:

— samples were put in place and the pressure was reduced up to 10 torr;

— samples were than heated up to 450°C.

Due to fact that the polyamide and Kapton are obtained after a poly-
condensation reaction their properties are affected by long treatment in water.

In order to establish the water stability, the Kapton substrate was boiled in
water for 1000 h.

The mechanical properties (Young modulus, tensile strength and elongation)
of Kapton foils were measured in a Single Column Testing Machines 1-5 KN test
device, from Lloyd Instruments.
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Thermal gravimetric properties were measured using a TGA 92 from
SETARAM. Samples were heated up to 550°C with 10°C/min. and then kept at
550°C for 30 minutes.

3. Results

3.1. Degassing tests

In Fig. 3 (a, b) are presented the curves obtained after degassing tests for
sample Kapton HN and Kapton VN. It can be observed that the amount of gas ob-
tained after degassing process for both samples, at different temperatures and pres-
sures are in the accepted values.

450 1.6E-8
400 4 + 1.4E-8
3850 —+—Temperature
o —a—Pressure T 1288
200 E
g 11080 §
280 ®
TE80ET 5
200 4 o
] + B.0E.7
%150 /\ &
L]
* 500 4 ./ \‘ 1 4 4087
\
ol / \ -J/ \ t2087
/ ™
o
0 T T T T 0.0E+D
0 50 100 150 200 280
Time (min)
a)
300 8.0e-6
—4— Temperature 1 aoes
280 " 8 —m— Pressure
e + 7.0E-8
Q
g"’w 1 1B0E8 T
= + 5.0E-8 &
$ 150 e
] T 40ES @
%100 7 + 30E-6 o
= + 2.0E-6
50 4
+ 1.0E-6
1
0 T T T T - 0.0E+0
] 20 40 80 80 100 120
Time (min)
b)

Fig. 3. Degassing curves for samples Kapton HN (a) and Kapton VN (b).
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3.2. Water stability tests

In Figs. 4 and 5 are presented the results obtained after boiling in water, at
100°C, for a Kapton HN sample of 125 um thickness, for 1000 h.

It can be observed that, even when the sample was boiled for long time, its
mechanical properties decreases, but very low.
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Fig. 4. Variation of tensile after boiling in water of a Kapton HN foil (thickness 125 um).
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Fig. 5. Elongation after water treatments of Kapton HN substrate (thickness 125 um).
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3.3. The mechanical properties tests

Tensile strength (Fig. 4) and elongation (Fig. 5) are at good parameters. By
decreasing the temperature and water content the mechanical properties of Kapton
increased. By increasing the temperature and water content the mechanical proper-
ties decreased but remain in acceptable parameters to be used as substrates for
flexible solar cells.
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Fig. 6. Stress and Young modulus of Kapton HN substrate (thickness 125 um).

From the curves in Fig. 6 it appears that stresses decrease by increasing the
temperature.
3.4. Thermal properties tests

The thermo-gravimetric analyze of a Kapton HN foil (thickness 125 pm), is
given in Fig. 7 and shows that the weight loss is 0.
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Fig. 7. DTA of Kapton HN substrate (thickness 125 pm).
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It may be concluded that in the condition of a thermal treatment at 550°C the
sample is stable. But it can be observed that, if the temperature increases, the color
of sample changes and it is less flexible.

The prepared complex CulnS, targets were used to obtain thin films by R.F
magnetron sputtering deposition, in a VARIAN ER 3119 unit.

Result of X-ray diffraction made to the obtained targets is presented in Fig. &.
It showed out that, at surface, the S, is in low concentration.
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Fig. 8. X-ray diffraction pattern of a) the bulk sample and b) surface sample.

The deposition of multilayer structures was achieved in neutral atmosphere of
N, or Ar at partial pressures in the range 5x10*~5x107° torr. The deposition rates
are optimized to be in the range 0.1-1 Als and the thickness of the thin films is in
the range 20 nm—2000 nm in order to preserve the stoichiometry. The multilayer
structures were analyzed as regards the surface morphology, using atomic force
microscopy. Results are presented in Fig. 9.

4. Conclusions

Using powders such as Cu-S,-In,S; and Cu,S-In,S; were obtained complex
targets that were used to deposit thin films for solar cell fabrication. By testing at
thermal treatment the kapton sample was stable until 550°C.

Elongation increased with temperature, having a maxim at 300°C, but the
sample was stable. By increasing the temperature and the amount of water the
sample remains in parameters to be used as substrate for solar cells.

By using magnetron sputtering (RF) deposition method thin films were ob-
tained on different substrates, kapton, inox and Ti foils.
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20.0um0

Fig. 9. AFM of the films deposited on different substrates: kapton, inox and Ti foil.
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Kapton has the ability to maintain physical properties, in a large temperature
domain, that is suitable for flexible solar cells fabrication, as substrate. Developing
and studying technological skills of advanced nano-materials, with special empha-
sis on quaternary composite nano-layers for PV cells, are the main goal of the
work. RF magnetron sputtering techniques is the physical process to be used to
manufacture PV devices. Si substrates were replaced with good technological re-
sults by kapton.
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Abstract. The objective of this work is to demonstrate the potential of the
nanoporous silicon and corresponding hybrid materials based on it as proton conductors
in general, with a specific focus on its potential applications in fuel cells. Hybrid inor-
ganic/organic structures were fabricated and analysed in the view of further applica-
tions in miniaturized fuel cells technology. Taking into account the advantages obtained
by nanotructuration, nanostructured porous silicon was used as matrix for both protonic
polymer (Nafion) impregnation and catalyst (Pt) deposition.

1. Introduction.

The design of energy sources, power portable devices like cellular phones,
laptop computers or sensors networks, is a challenge. These devices are presently
powered with batteries that limit their autonomy and require human intervention
and electrical energy sources to recharge. Moreover, they generate wastes incom-
patible with their proliferation. The international technology roadmap for semicon-
ductors predicts a decrease of the voltage required to power the working of micro-
circuits toward 0.6 V in the next 10 years [1].

Fuel cell technology has been generally recognized as a key twenty-first cen-
tury energy source, with growing importance for preserving the environment as it
produces environmentally benign energy [2, 3]. The use of miniature fuel cells
(LFCs) appears an attractive way to power portable electronics with a clean and
refillable energy source. This is one of the reasons to explain the intense activity
presently occurring in the FC research field. Among all kinds of FC, only two are
really suitable for miniaturization. The limitation principally comes from the work-
ing temperature required to be lower than 100°C. One of them is the proton ex-
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change membrane (PEM)-FC. A key element of a PEMFC is the membrane that
must have high conductivity for protons and be impermeable to all other present
species (Hy, O,, water, any other fuel, etc). The operation principle of the standard
PEMEFC is presented in Fig. 1 [3]:

PEM FUEL CELL
Electrical Current
Excess - €| Water and
Fuel Heat Out
e *
B- H+ *
1 HQO
HY| L
Hy | H+| =
Q.
H"‘| < 2
FuelIn ’ % Air In
7 | N
Anode Cathode
Electrolyte

Fig. 1. Operation of Polymer Electrolyte
Membrane Fuel Cell - PEMFC [3].

The schematic presentation shows a basic design of a fuel cell which consists
on two electrodes on either side of an electrolyte (polymer). While the hydrogen
fuel is supplied to the anode and oxygen is supplied to the cathode of the fuel cell,
the charge carrier is the hydrogen ion (proton) obtained in the course of a chemical
reaction where the hydrogen is split into an electron and a proton; furthermore,
electricity, heat and water are produced.

The micro direct methanol fuel cell (WDMFC) is considered as the most promis-
ing type of fuel cell for small power-supply units because of its advantage of ambient
condition operation, which is most essential for portable application [4-9]. Similar
reactions take place in this particular type of cell, as it is presented in Fig. 2 [10]:

Powsor Coapanptian

Ancis r®-| Calhose

Water,
Famuofning Alr

Fig. 2. Schematic view of a direct methanol fuel cell [10].
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However, the liquid methanol (CH;OH) is oxidized in the presence of water
at the anode generating CO,, hydrogen ions and the electrons that travel through
the external circuit as the electric output of the fuel cell. The hydrogen ions travel
through the electrolyte and react with oxygen from the air and the electrons from
the external circuit to form water at the anode completing the circuit.

Anode Reaction: CH;0H + H,0 => CO, + 6H" + 6¢~
Cathode Reaction: 3/2 O, + 6 H + 6e” => 3 H,0O
Overall Cell Reaction: CH;OH + 3/2 O, => CO, + 2 H,O

There are two major drawbacks with the direct methanol fuel cell (DMFC): a
relatively lower anode electrocatalytic activity and methanol crossover, and the low
efficiency of fuel consumption and methanol poisoning at the cathode. Active re-
search effort has recently been focused on DMFC proton exchange membranes,
especially with respect to methanol crossover [11-16].

State-of-the-art miniature FC technology [17-22] generally use ionomer films
to conduct protons from the anode, where hydrogen is consumed, to the cathode pro-
ducing, with the reduction of oxygen, water, electrical current and heat. At the pre-
sent time, the best conductivity (0.08 S-cm™') is reached by the polymeric Nafion
perfluorosulfonated membranes. However the high cost and the geometric instability
during hydration are only some of the severe constraints of such polymers.

On the other hand, silicon micromachining processes are employed for fabri-
cation of a broad spectrum of miniaturized micro-electro-mechanical-systems
(MEMS:s), and represents a suitable approach for development of uDMFC, because
they allow to micropattern the substrate with desired 3D features. For example,
Maynard and Meyers [23] proposed a conceptual design for a miniaturized proton
exchange membrane methanol-based fuel cell based on silicon technology, achiev-
ing 0.5-20 W recorded power. Most recently, Yu et al. [24] fabricated a miniature
twin-fuel-cell connected in series by sandwiching two membrane-electrode assem-
blies between two silicon micro-machined plates. Pavio et al. [25] has been inves-
tigated the low-temperature co-fired ceramic (LTCC) material as an alternative for
the bipolar plates of micro fuel cell systems, and they have reported a DMFC pro-
totype.

In portable fuel cells, water and gas management represents a critical issue to
enhancement of cell performance and sustained cell operation for an extended pe-
riod of time. Blum et al. [26] discussed overall water balance between the cell’s net
production rate and water loss through an air-breathing cathode. It was recognized
that a water-neutral condition occurs when the water molecules lost per molecule
of methanol consumed by the cell reaction approaches two, a stoichiometric value
of the net water production per mole of methanol. Under this water-neutral condi-
tion, there is neither need to carry water in the fuel tank of such a micro DMFC,
nor dry out of the cell. Recently, Lu and Wang [27] presented a photographic study
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of bubble dynamics on the anode side and liquid water flooding on the cathode
side, thereby providing a basic understanding of gas and water management re-
quirements in DMFC and hence aiding a judicious selection of suitable materials
for anode and cathode backing layers.

2. Experimental processes

To be fully compatible with microelectronics processes and standard micro-
fabrication techniques the FC is integrated on silicon substrates. The objective of
this work is to demonstrate the potential of the nanoporous silicon and correspond-
ing hybrid materials based on it to act as proton conductors in general, with a spe-
cific focus on its potential applications in fuel cells. Porous silicon (PS) has been
an intensively studied material, primarily due to its unique optical properties, but
recently, novel applications have been developed using other interesting character-
istics [28]. It is formed by anodic etching in hydrofluoric acid based solutions; a
wide range of porous layer thicknesses, porosities, surface areas and morphologies
can be obtained depending on the anodization conditions [29]. The nanoscale pores
may provide efficient channels for proton transport.

An easy method to obtain nanocomposite materials consists on introducing/
impregnation the matrix material with the second one; the main advantage is that the
resulting material exhibits both constituents’ properties. Taking into account these
characteristics, we have studied an organic/inorganic nanocomposite material based
on Nafion — known as the best polymeric element — and porous silicon — nanostruc-
tured Si matrix — in order to obtain a new proton exchange membrane (PEM) which
can be subjected to specific MEMS processes for fuel cell application.

(i) The first stage is realization of the silicon membrane, with 50 um thick-
ness, by a standard wet etching process in a 40% KOH solution at 80°C. A photo-
lithographic positive process was used to define on both silicon wafer sides the
mask which contains a simple design with 3x3 mm squares. A schematic view of
the proposed design is presented in Fig. 3:

3mm

525 pum

Fig. 3. Schematic cross-section view of the porous silicon membrane;
silicon is in grey, porous silicon is in pink, and the oxide layer is in green.
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A thick — 1.5-2 um — thermal oxide layer is required to resist as mask for the
long silicon etching process (about 4 hours).

(ii) The electrochemical etching for membrane nanostructuration was per-
formed using the AMMT GmbH equipment controlled by a computer in oder to
realize the porozification process. As it is well known the porosity and the pores
geometry are depending on the anodization parameters, like current density, elec-
trolyte solution, and process time [29, 30]. In order to obtain the optimum PS mor-
phology as well as the electrical characteristics, two types of pore geometries has
been studied: (i) a branched structures of pores/ fibrils with tens of nanometers di-
mensions; (ii) columnar pores with 1-2 microns diameters. For fabrication, two
types of silicon were studied, as following:

e n-type silicon wafers, with (111) crystallographic orientation, having 525
+/=25 um thickness and a low resistivity 1-5 mQ-cm, see the SEM images
in Fig. 4;

e n-type silicon wafers, with (100) crystallographic orientation, having 525
+/=25 pum thickness and a resistivity of 0.01-0.02 Q-cm, see the SEM im-
ages in Fig. 5.

The solution used as electrolyte is a mixture of ethanol and hydrofluoric acid
(C,HsOH: HF = 1:1) and the anodization parameters were modified in order to ob-
tain a 50% porosity, corresponding to 20 nm pores size, in the first case, and
500 nm pores size, in the second case.

SEMMAG: 3259k DET: SE Detector
HV: 15.00 kv DATE: 01/24/08 2pm \ega ©Tescan
WAC: HiVac Device: VG29206TIR0O Digital Microscopy imaging

Fig. 4. SEM images of the porous silicon — 20 nm pores size, plan view (a) and (b) cross section.
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SEMMAG: 4152 kx  DET: SE Delector Il

SEMMAG: 7.88 k. DET: SE Detector
HV: 3000 kV Device: VGIIZ06TIRO 2 pam Vega ©Tescan HV: 30,00 kV Device: VGZI206TIRO 10 pm Vega ETescan

VAC: HiVac Digital Micrascapy Imaging VAC: HVas Digital Microscopy Imaging

Fig. 5. SEM images of the porous silicon — 500 nm pores size, plan view (a) and (b) cross section.

(iii) Nanoporous silicon membranes were filled with a Nafion 117 solution
(purchased from Fluka GmbH- Sigma Aldrich).

Nafion is a sulfonated tetrafluorethylene copolymer [31]. It is the first of a
class of synthetic polymers with ionic properties which are called ionomers. The
ionic properties of Nafion were created by adding sulfonic acid groups. Nafion
combines the physical and chemical properties of its teflon base material with ionic
characteristics that give to the final material the following properties: extremely
resistance to chemical attack; relatively high working temperatures compared to
many polymers (up to 190°C); highly ion-conductivity (it functions as a cation ex-
change polymer); super-acid catalytic properties; selectively and high permeability
to water. Nafion has received a considerable attention as a proton conductor for
proton exchange membrane (PEM) fuel cells, known as polymer electrolyte mem-
brane because of its excellent thermal and mechanical stability.

e
o—cr,_ Jo_ Foe 4,0
e

CF,

Fig. 6. Nafion chemical structure.

A 5% Nafion solution in aliphatic alcohols and water was applied on
nanoporous silicon structures and after solvent evaporation, a nanocomposite
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membrane was obtained, Nafion- porous silicon, a membrane with the advantages
of the Nafion for proton conduction compatible with an integrated silicon mass
production technology.

A first step consists in making porous silicon surface hydrophilic in order to
improve the pores filling process. The porous silicon samples are immersed for 10
minutes in boiling Piranha solution, consisting in a mixture of an 80% of pure sul-
furic acid and 20% of a 33% aqueous solution of hydrogen peroxide. After making
hydrophilic the porous silicon surface, the samples are immersed in a 5% Nafion
solution 117 in low aliphatic acids and water, from Fluka GmbH (Sigma-Aldrich
group), for 2 hours.

The volume of Nafion solution filled in the porous membrane was calculated
according to the estimated volume of the pores. For a membrane surface of 9 mm®
with 50% porosity, corresponding to 20 nm pores size, the necessary volume is
about 4 pl.

The final structure is a nanocomposite nafion- porous silicon membrane, which
is characterized using Scanning Electrochemical Microscopy (SEM), in Fig. 7.

SEMMAG: 4.31 kx DET: SE Detector SEMMAG: 17.21 ke DET: SE Delector
HV: 30.00 kv Device: VG2I2067IRO 20 pm Vega GTescan HV: 30.00 kv Device: VG2I20673RO § pm Vega GTescan
VAC: HiVac Digital Micrascopy Imaging VAC: HiVac Digital Microscopy Imaging

Fig. 7. SEM images of the porous silicon after adding Nafion, plan view (a) and (b) cross section.

Compositional characterization of the Nafion- porous silicon nanocomposite
membrane was performed by a Spectrometer IR with Fourier Transformation:
FTIR (Fourier — Transform Infrared Spectroscopy), from Tensor 27, produced by
the Bruker Optics having the spectral range: 4000-400 cm ™' and the resolution:
0.5cm™.

In the case of the porous silicon spectra: the presence of the silanol groups is
indicated by the wide band centered at the 3500 cm ™' (stretching of hydrogen
bonded silanol and adsorbed water [32]). The band at 648 cm™' is specific to Si-Si
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bond and 893 cm!

can be related to the O;-SiH, lattice vibration. The 1053.5 cm'

and 843 cm ' wavenumbers are specific to Si-O-Si stretching bond and the band at
2150.4 cm™ is specific to Si-O-H bending.
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Fig. 8. IR spectra of the porous silicon.

In the case of the 5% Nafion solution spectra, Fig. 9: the band at 1057 cm™' is
corresponding to SO;H group, the bands at 1380 cm ™', 1154 cm™" are correponding
to C-F bond, and 959 cm ' is ascribed to characteristic functional groups in plain
Nafion [33], especially to C-O-C bond. Also, the bands at 1604 cm ' and
3350 cm™' are specific to OH groups and the 2970 cm ™' band is for C-H bond from
aliphatic compounds.

Transmitance [%)]

11

5% Nafion solution

0,8 ——— 17—
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 9. IR spectra of the 5% Nafion solution.
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A comparison between the IR spectra of the two types of Nafion- porous sili-
con membranes is presented in figure 10. The both IR spectra are similar present-
ing the specific bands for the Nafion solution (1215 cm™ and 1147 cm™ for C- F
bond, 1057 cm™ for the SO;H group, 970 cm’ for the CO-C bond), and also, the
specific bands for porous silicon (1053cm™ and 835 cm™ wavenumbers are specific
to Si-O-Si stretching bond, 650 cm™ for Si- Si bond).

— PS/Si(111)+ Nafion
— PS/Si(100)+ Nafion

Transmitance [%]

090 4+—14—+—-—v+—F—+—F——1"——1+"
2400 2200 2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm™)
Fig. 10. IR spectra of the two Nafion — porous silicon membranes.

The metallic (Pt) nanoparticles are deposited onto the nafion- porous silicon
membranes, using H2PtCl6 (3.5 mM) precursor solution, by chemical impregna-
tion or by electrochemical deposition Pt nanoparticles with about 100 nm sizes
have been obtained.

SEM images of the platinum nanoparticles deposited on the nanostructurated
surface are presented in Fig. 11.

The SEM images reveals Pt particles with about 100 nm sizes and a porous
structure. Due to this structure, these particles are increasing the internal area of the
membrane.

The presence of the platinum particles in the nanocomposite membrane in-
creases also, the proton conductivity of the membrane, due to the generation of the
water molecules on the Pt particles by the recombination of permeated hydrogen
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and oxygen. The platinum deposited on the nanocomposite Nafion-porous silicon
membrane acts as catalyst for the electrochemical reactions specific in fuel cell.

T

-

SEMMAG: 3.33kx  DET: 5E Debector
MV 30.00 kY Device: VG292067IR0 20 pm Vega CTescan
VAC: Hivae Digial Microscopy imaging

Device: VG292067IR0 2 pm Vega CTescan
Digial Microscopy imaging

Fig. 11. SEM images of the platinum nanoparticles deposited on the nanostructurated
surface, (a) plan and (b) detail view.

3. Conclusions

The technological conditions to obtain a nanocomposite Nafion- porous sili-
con membrane impregnated with platinum nanoparticles on two n types silicon
(111) and (100) were described.

The membrane morphology investigated by SEM and structural characteriza-
tion performed by FTIR reveals that the experimental structures are suitable for
using as proton exchange membrane (PEM).

It was demonstrated a new way of making porous silicon membrane filled
with a Nafion-117 solution for fuel cell applications.

Its main advantage is the compatibility with the silicon micromaching tech-
niques which allows cell miniaturization.
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Abstract. An important application in the emerging field of plasmonics is the de-
velopment of substrates capable of providing large electromagnetic enhancements for
surface-enhanced spectroscopies. In this work, gold nanoislands were deposited on a
semiconductor surface according to a special arrangement which increases the infrared
sensitivity. The high sensitivity of surface enhanced infrared absorption allows the ob-
servation of changes in the chemical nature of the carboxyl head group of the 11-
mercaptoundecanoic acid during pH changing. An analysis of the vibrational spectra
suggests that by changing the pH, the carboxyl head group of the self assembled
monolayer of thiol molecule can be deprotonated and re-protonated after adsorption
without losing the adsorbed 11-mercatoundecanoic molecule.

1. Introduction

Infrared spectroscopy (IR) allows the study of electrochemical reactions by
probing the chemical species to the surface or near the surface electrodes. Unfortu-
nately, the sensitivity is much lower in the case of metals as in the case of semi-
conductors. In particular, the use of attenuated-total-reflection (ATR) geometry
which allows a wining of at least a 10 factor in sensitivity is applicable only in the
case of semi-conductors. The low sensitivity in the case of metals is therefore a
major handicap when it comes to discussing electrochemical and intermediary re-
actions present in quantities below the monolayer. The resonant excitation of plas-
mons in metallic nanostructures can provide large field enhancements on the sur-
faces of metals, and thus providing dramatic increases in the detected spectroscopic
signals for molecules adsorbed on their surfaces [1]. The most widely used surface
enhance spectroscopy (SES) is surface enhanced Raman scattering (SERS), where
the electromagnetic enhancement factor is proportional to the fourth power of the
incident field on the molecule [2]. Recently, the interest is focused in another type
of SES, surface enhanced infrared absorption (SEIRA) [3—6]. Even the electro-
magnetic enhancement in SEIRA is only proportional to the square of the electro-
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magnetic field, SEIRA plays important role in the field of chemical and biological
sensing since it probes dipole-active vibration modes, and possesses sufficient sen-
sitivity to detect weak signals on the level of monolayer.

It is well known that the maximum electromagnetic enhancement in a plas-
monic nanostructure occurs for resonant excitations of the plasmons in the visible
and UV regions of the spectrum [7-10]. So, designing and fabricating of nanostruc-
tures with reproducible plasmon resonance across the broad of IR region of the
spectrum come as primary reason when thinking why SEIRA has received much
less attention than SERS.

However, the plasmon resonances of metallic nanoparticles are strongly de-
pendent on structure and composition [11].

In this work, we are studying gold metal nanoislands deposited on the surface
of a semiconductor according to a special arrangement which increases the infrared
sensitivity. Indeed, it was observed that the deposition in the form of a dense ar-
rangement of nanoislands on an insulating substrate or semiconductor can increase
the IR electromagnetic field on its surface. The origin of this increase is the pres-
ence of collective electromagnetic resonance of metal islands in the IR, while the
resonance of an isolated island is generally in the visible. The gap resonance to the
IR is due to the collective character and is even larger when the interactions be-
tween islands are bigger. To facilitate the understanding of this phenomenon of IR
increased sensitivity, we have prepared a regular arrangement of metal nanoislands.
In this paper, we show first of all how it is possible to prepare by electrochemical
deposition a regular network of gold nano-islands on silicon. Then have been stud-
ied by IR spectroscopy adsorption and modification of a thiol molecule, 11-
mercaptoundecanoic acid on the surface of gold nanoislands. We also could high-
light that, the protonation and reprotonation of the carboxyl head group of the 11-
mercaptoundecanoic acid after exposure in a solution of pH = 8 and pH = 2, can be
made without losing the thiol molecule signal during pH changing.

2. Experimental

Silicon samples were cut from 1 to 10 Qcm (111) wafers (n-type, P doped)
with a miscut angle of 20 precisely oriented towards <11-2>. The careful adjust-
ment of the miscut orientation is necessary to obtain straight and parallel mona-
tomic steps terminated by monohydride sites. Prior to etching, samples were
cleaned in (98% H,S0,)/(30% H,0,) 2:1 mixture and rinsed with bidistilled water.
The H-termination was obtained by chemical etching in oxygen-free 40% NH4F to
avoid the formation of triangular etch pits on the (111) terraces. 50 mM (NH,4),SO;
was used as oxygen scavenger. A final rinse in bidistilled water was performed af-
ter etching. An InGa eutectic on the back side was performed to assure the ohmic
contact. The sample was then mounted with its lateral edges protected by an elec-
trolytic scotch tape to expose only the well-defined (111) face to solution.
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Gold was deposited from 0.1 mM KAu(CN), + 0.2 mM NaCN + NaOH 2M,
using a three-electrode electrochemical cell connected to a potentiostat. The refer-
ence electrode was a mercury sulfate electrode (MSE) and all potentials are quoted
against this reference of potential. The counter electrode was an Au grid.

For the preparation of 11-mercaptoundecanoic acid monolayers, the gold
substrates were immersed in a 2 mM aqueous solution for a period of 24h.

3. Results and discussion

To obtain a regular system of gold nanoisland, we start from a hydrogenated
Si (111) surface prepared in a NH4F solution. This treatment, associated with a par-
ticular choice of disorientation of the crystal against (111) plans, provide a Si sur-
face, formed by plane terraces without pitting, separated by monoatomiques and
parallel steps. Obtaining a Si surface with parallel steps is a necessary condition for
obtaining a regular system of gold nano-islands.

In order to improve the size dispersion of the gold islands at steps, one must
decouple the nucleation stage from the growth by using ‘double-potential-step elec-
trodeposition’. In this procedure, the first step of potential controls the density of
nuclei along the silicon steps and the second one allows the growth of the existing
nuclei. In the case of gold growth on stepped H-Si(111), the optimum sequence is
applying —2 V for few seconds(Fig. 1a), to promote strong hydrogen evolution re-
action (HER) at the silicon steps and saturate them with gold nuclei, and then
—1.5 V for several tens of seconds, to grow the gold islands without nucleating new
islands[12].
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Fig. 1. a) Potential vs. current density for gold nano-island deposition; AFM images. Different gold
deposits: b) 4 sat —2Vand 10sat —1.5 V;c)4sat—2Vand 30 s —1.5 V; c) 4 sat —2V and 50 s at
-1.5V;d)4sat—2Vand 100 s at—1.5 V.

In the b-e images gold nanoislands are separate by an average inter-islands
distances of 118 nm in the case of b), 98 nm ¢), 90 nm d) and 50 nm e).

A first way to characterize the optical properties of gold nanoislands is to
compare the absorbance of different deposits in function of the regularity of the Si
steps and in function of the polarization of the incident light.

In Fig. 2 the fabricated deposits consist of rather monodisperse gold islands
with 2x10° islands cm™' along the steps, which is equivalent to an average distance
of 50 nm between the centers of islands.

We observed that the absorbance in function of the wavenumber for the same
gold deposit depends on the orientation of the polarization of light rather than the
Si steps. The absorbance is always greater when the polarization of light is parallel
to the board steps and smaller when it is perpendicular to the steps (Fig. 2c). This is
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understandable when Au network is anisotropic with a density of nano-islands
along the upper steps of 25% (in deposits from Fig. 2) perpendicular to the steps
(which is identical to the density marches because of the selective nucleation).
What is remarkable is that the absorbance is very sensitive to the regularity of gold
nano-islands lines, so the regularity of the steps. Indeed, the two surfaces from
Fig. 2 have the same density of steps but with a more regular spacing for Fig. 2b
than for Fig. 2a. In addition, these two surfaces have the same total density and cor-
respond to the same quantity of electrodeposited gold. The difference in average
size of gold nano-islands comes from the shape of the AFM tip. This difference in
regularity of the inter-steps spacing induces significant differences in absorbance
spectra (Fig. 2c), the sample with a more regular spacing being more absorbent.

Absorbance

1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

(©

Fig. 2. AFM images(4 umx4 pm): (a) and (b) 4 s at —2V and 100 s at —1.5 V;
(c) infrared absorption spectra corresponding to the two gold deposits,
dotted line for the image (a) and plain line for the image (b).
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In order to investigate the enhancement of infrared sensitivity 11-
mercaptoundecanoic acid from 1 mM solution in ethanol was adsorbed on the
Au/Si samples.

Previously, the gold nano-island surface was cathodic treated in an acid solu-
tion in order to desorb cyanide molecule adsorbed on the surface of gold deposits.
The presence of characteristics peaks of thel 1-mercaptoundecanoic acid in the IR
spectra, at 2845 and 2913 cm™' corresponding to the alkyl chains and CH, groups,
and at 1710 cm' associated with the vibrations of the C=0 carboxylic group
(Fig. 3), demonstrates the absorbance of thel1-mercaptoundecanoic acid on the
surface of gold nano-islands. In order to evaluate the enhancement in IR sensitivity,
we compared the intensity of the specific 11-mercaptoundecanoic acid peaks
(1710 cm™, 2845 cm™' and 2913 cm™') with those peaks of a monolayer of unde-
canoic acid grafted directly on silicon surface (Fig. 3, the top spectrum). For a
100 s gold deposit time and for a polarization of the light parallel to the steps direc-
tion, the peak area of C=0 (0.148) at 1710 cm ™' is 20 times greater and peaks area
of CH, (0.029) is 7 times greater than in the case of undecilenic acid molecule
grafted directly on silicon. This increase is almost 2 times greater for a polarization
of light parallel to the gold nano-island lines compared to the light polarization
perpendicular on the gold nano-island. This comes from the largest proximity of
gold nano-islands following this direction. This system open the way for a quanti-
tative study of the effect of enhancement depending on the morphology of metal
deposition.
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Fig. 3. Infrared spectra, of a silicon surface grafted with 11-undecylenic acid (upper spectrum)
and a surface Au /Si functionalized with 11-mercaptoundecanoic acid (the bottom two spectra
corresponding to two directions the polarization of light compared to the lines of gold).

This gold nano-islands /silicon structure allow us to demonstrate the effect of
deprotonation and reprotonation of carboxyl head group of the self assembled
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monolayer of thiol molecule after exposure to an alkaline (pH = 8) or acidic (pH =
= 2) solution. The IR emphasized with great sensitivity these changes; two sym-
metrical peaks corresponding to the 1423 cm™' and antisymmetric (1555 cm™)
vibrations of the specific COO-groups are observed (Fig.4). These experiences
show the possibilities of using this type of gold deposits to study by infrared
spectroscopies chemical or electrochemical reactions on the gold surface.
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Fig. 4. IR spectra of deprotonated 11-mercaptoundecanoic acid
for the two directions of the polarization of light.

4. Conclusions and perspectives

We have shown that [R-resonant gold nanoislands on Si are excellent sub-
strates for SEIRA, producing high quality spectra across a broad 700-3500 cm™'
range required for vibrational spectroscopy. The analysis of the infrared signal of
self-assembled monolayer of 11-mercaptoundecanoic acid on gold nano-islands
have shown large SEIRA enhancement factors, in the 100 range, by using these
substrates. These results open up new opportunities for the development of SEIRA
as a reliable and highly useful technique for molecular spectroscopy, with numer-
ous applications in chemical/electrochemical and biochemical sensing.
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Abstract In this work we implemented a new variant of classical nanosphere li-
thography that combines the reactive ion etching (RIE) of self-assembled film of poly-
styrene nanospheres with metal deposition to fabricate gold films with periodic arrays
of nanoholes. This method allows us to introduce the control over the array periodicity
by choosing the initial diameter of spheres, the metallic hole diameter by RIE etching
time as well as the film thickness. The films morphology was characterized by AFM
whereas their optical properties were measured using optical fibre microreflectometry
and transmission. Our objective is to understand how the structural parameters (hole di-
ameter) interplay onto the plasmonic response of films in order to enhance the light
transmission as well as plasmonic local field.

1. Introduction

The desire to use and control photons in a manner analogous to the electrons
in solids has generated a great interest on the study of nanoscale materials. Among
them, nano-sized plasmonic materials have attracted numerous experimental and
theoretical studies due to their intriguing optical properties, properties determined
by the surface plasmons. A surface plasmon (SP) is a collective oscillation of free
electrons inside a metal-dielectric surface. According to Maxwell’s theory, elec-
tromagnetic surface waves can propagate along a metallic surface or on metallic
films. Their dispersion relation w(k) lies right of the light line which means that the
surface plasmons have a longer wavevector than light waves of the same energy
and thus they can’t be directly excited using light. By imposing a periodic array of
nanoholes upon a metallic film the light and plasmons wavevector can be matched
through the momentum of the periodic array, satisfying Bragg equation:

k, =k *iG, +iG,, (1)
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where lip is the surface plasmon wave vector, lgx is the component of the incident

wave vector that lies in the plane of the sample, G. and G, are the reciprocal lat-

tice vectors.

A fundamental constrain in manipulating light at nanoscale is the extremely
low transmission through subwavelength apertures. According to the theoretical
results predicted by Bethe [1], transmission through a single aperture smaller than
the wavelength of light scales as:

4
p
T x [kj , (2)

where 7 is the radius of the subwavelength aperture and A is the wavelength of
light. Accordingly, for a hole of 150 nm diameter, one expects transmission effi-
ciency on the order of 107, In 1998, Ebbesen and co-workers [2] found that the
transmission of light through a periodic array of subwavelength holes is drastically
enhanced. Using a silver film with periodic array of holes with diameter of 150 nm,
the authors observed an enhanced transmission with efficiencies about 1000 times
higher than that expected. This result has generated numerous theoretical [3-6] and
experimental studies [7-9]. Apart from its fundamental interest, this extraordinary
transmission effect has potential applications in a number of areas, ranging from
biophotonics to near-field microscopy, omnidirectional absorbers and sensing.

In this work we fabricated subwavelength metallic holes arrays by imple-
menting a nano-lithographic method inspired from the classical nanosphere lithog-
raphy [10], in which we combine the self-assembling of polystyrene nanospheres
with reactive ion etching (RIE) and metal deposition and studied the structural and
plasmonic properties of the fabricated structures. This method allows us to intro-
duce the control over the array periodicity by choosing the initial diameter of
spheres, the metallic hole diameter by RIE etching time as well as the film thick-
ness. The transmission and reflectivity spectra are characterized by well-defined
maxima and minima of which the positions are determined by the geometry of the
holes. Transmission with up to 3 times enhancement was obtained, with intensities
highly dependent upon the holes diameters. Due to the high sensitivity of the plas-
mon resonances involved in this process, the fabricated structures are ideal multi-
functional plasmonic substrates for Surface Plasmon Resonance (SPR) and Surface
Enhanced Raman Spectroscopy (SERS) sensors.

2. Experimental section

Our strategy to fabricate periodic arrays of nanoholes in gold films consists of
three major steps: convective assembly of polystyrene spheres on glass substrate (Fig.
1a), reactive ion etching with oxygen to tailor the sizes of the polystyrene beads (Fig.
1b) and gold film deposition and beads removal by sonication in toluene (Fig. 1c).
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Fig. 1. Metallic nanohole array fabrication process: (a) Convective assembly;
(b) Reactive Ion Etching; (€) Metal deposition.

Thorough cleaning of glass microscope slides was used to ensure hydrophilic
surfaces. This process consisted in several steps: first the glass slides were soni-
cated in isopropylic alcohol for degreasing. After carefully rinsing the slides in ul-
tra pure water, they were boiled in Piranha solution, followed by cleaning in ultra
pure water and drying. Then a colloidal solution of polystyrene beads of 0.450 um
+ 0.011 um in diameter was deposited on these samples. In our implementation of
the convective assembly process used to deposit the coatings, a droplet of liquid
suspension (~10 pL) was injected into the wedge formed between two inclined
glass slides, a sample substrate and a deposition plate, where it was entrapped by
capillarity. The liquid meniscus was withdrawn horizontally across the substrate by
translating the deposition plate at controlled speeds. All coatings were deposited at
ambient laboratory temperature, using a closed glass chamber to maintain a con-
stant humidity. The diameters of the polystyrene beads coated substrates were then
tailored by RIE with oxygen using a modified DC/RF sputtering device, where the
coated substrate was used as target, thus the oxygen ions being accelerated towards
the substrate. The etching process preceded at a pressure of 60 mTorr and a radio
frequency (RF) power of 10W, with various etch periods (20, 25, 35, 45 s). After
45 s of etching, the entire array of spheres was eliminated from the substrate. Over
the tailored array of nanospheres, a thin gold film of 40 nm thickness was depos-
ited by thermal evaporation at a pressure of 3-10 torr.

3. Results and discussion

Figure 2 shows typical AFM images of the structures through the fabrication
process steps. After the convective assembly of the spheres in step 1, AFM data
(Fig. 2a) showed that the polystyrene array exhibited ordered hexagonal close-
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packed arrangement over large areas. The period of the deposited layer is deter-
mined by the diameter of the spheres of 450 nm. The tailoring of the size of the
polystyrene spheres array by oxygen RIE thinned the diameter of the spheres
(Fig. 2 b). After the oxygen RIE, the separation between spheres increased as the
size of the spheres decreased. RIE exposures of 45 s or longer resulted in total re-
moval of the polystyrene spheres and thus they were not used in our experiment.
After metal deposition and polystyrene sphere removal by sonication in toluene, a
gold film with periodic array of nanoholes was left on the glass slide. The diameter
of the holes was determined by the diameter of the tailored polystyrene spheres,
whereas the period of the array of holes was determined by the initial diameter of
the spheres, which was not affected by the etching process.
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Fig. 2. AFM images of @) 450 nm PS monolayer; b) array of etched PS;
c) metallic nanohole array.

Figure 3 depicts the optical transmission spectra of gold film perforated with
an array of holes with diameters of 180 nm and 280 nm together with the transmis-
sion of reference flat film.

For a thin, flat film of 50 nm thickness, the transmission band around 500 nm
originates from bulk optical properties of metal and can be explained in terms of
electron transitions and recombination between the filled d-bands in metal and the
Fermi level in conduction band [11]. However the transmission features of perfo-
rated films should be assignable to a contribution from the excitation of free elec-
trons involved in surface plasmonic waves. It is meaningful that the transmission
spectra of the perforated film with holes of 280 nm diameter exhibit maximum
transmission which is of 36% at 564 nm (relatively to perfect transmissible refer-
ence), while for the film with holes of 180 nm diameter the maximum transmission
of 33% is achieved at 553 nm. This leads to an increase of the transmission of
8.6 times for the holes of 280 nm diameter and 7.7 times for the holes of 180 nm
diameter compared to the transmission of the flat gold film.

The excitation of surface plasmon is demonstrated also in Fig. 4 where is pre-
sented the optical reflectivity spectra of the holes array with diameters of 180 and
280 nm, at normal incidence together with that of a flat gold film.
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Fig. 3. Optical transmission spectra of gold film flat (a) and perforated
with an array of holes of 180 nm (b) and 280 nm (c) diameter.
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Fig. 4. Optical reflectivity spectra of gold flat film flat (a) and perforated
with arrays of holes of 280 nm (b) and 180 nm (c).
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Here the minimum of reflectivity is red shifted from the reflectivity edge
at 505 nm of bulk film. The array of holes with diameters of 280 nm exhibit a
minimum reflectivity at 568 nm with an intensity of 6%; as the hole array size
decreases to 180 nm the minimum reflectivity shifts to 536 nm and increases to
11%.

The perforated metallic films exhibit both transmission and reflectivity
spectral features different from that of the reference continuous film. In particu-
lar the transmission is amplified while the reflectivity is red shift and both ef-
fects are depended upon the diameter of the holes. This confirms that the nano-
structuration brings new optical properties to noble-metal due to optical excita-
tion of surface plasmons. In our case the surface plasmons excitation operates by
coupling of the incident light to surface plasmons waves on air/metal interface,
then by combining a direct (bulk) transmission with transmission through the
holes mediated by localized plasmons and, finally re-emission of light by scat-
tering of surface plasmons at the second metal/glass interface [12].

4. Conclusion

In this work we presented a simple, inexpensive and versatile method for
the fabrication of metallic films perforated with subwavelength arrays of nano-
holes. By optimal choosing the experimental parameters we can tune the struc-
ture’s surface plasmon resonance over the desired spectral range. The optical
properties of the fabricated structures were studied revealing an enhanced
transmission with spectral position highly dependent on the period of the array.

The periodic arrays of subwavelength nanoholes in metallic thin films are
among the most promising structures for applications in light manipulation at
the subwavelength range. These structures enable an increase by several orders
of magnitude of the transmission when the surface plasmon resonance condition
is achieved. Moreover, the excitation of the surface plasmons leads to a strong
enhancement of the local electromagnetic field, making these structures promis-
ing multifunctional substrates for surface plasmon — mediated molecular spec-
troscopic methods. Among these methods SERS can be a very sensitive method
capable of single-molecule detection. SPR based sensors are gaining much inter-
est in biochemical and biomedical sensing due to the high sensitivity of plasmon
resonance on the changes in the dielectric constant of the surrounding medium.
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Abstract. We investigate the adhesion of Bovine Serum Albumine (BSA) to gold
nanoparticles by measuring the spectral shift of Localized Surface Plasmon Resonance
(LSPR) and the fluorescence quenching of tryptophan residue in BSA after protein
binding to the surface of metal. The spectroscopic data allow the calculation of constant
binding (Kb) between the protein and colloidal gold and the numbers of specific bind-
ing sites.

1. Introduction

Despite the remarkable speed of development of nanoscience, relatively little
is known about the interaction of nanoscale objects with biological systems. In the
past few years there has been a surge of interest in nanomedicine and nanotoxicol-
ogy for understanding bio/non-bio interfaces. When nanoparticles enter a biologi-
cal fluid, they become coated with proteins that may transmit or induce biological
effects due to altered protein conformation and perturbed function. A deep under-
standing of the biological effects of nanoparticles requires knowledge of the equi-
librium and kinetic binding properties of proteins that associate with the particles.
In particular, gold nanoparticles (AuNPs) are attractive for bio-nanotechnolgy due
to their chemical stability and biocompatibility. Indeed, in contrast to cadmium
containing quantum dots and other toxic or immunogenic nanoparticles, AuNPs
have little or no long-term toxicity or other adverse effects in vivo. Colloidal gold
has been safely used to treat rheumatoid arthritis for half a century. In the past few
year great progress has been made in the synthesis of metal nanoparticles (NPs)
and control over their size [1-3] and shape [4-6]. Beyond their biocompatibility
and surface chemical properties, AuNPs strongly interact with light, a phenomenon
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called plasmon resonance whereby light induces collective oscillations of conduc-
tive metal electrons at their surface. Excitation of plasmon resonances lead to a dra-
matic enhancement of the nanostructure light absorption and scattering cross-
sections as well as of the local electromagnetic field bound to the metal surface.
Apart to the dependence of particle shape, the position of the surface plasmon ab-
sorption band is highly dependent on the dielectric constant of the medium sur-
rounding the particles. As result of chemical or electrostatic interaction between
AuNPs and any molecular layer surrounding nanoparticles, there will be a change
in the index of refraction which will be translated into a shift of surface plasmon
resonance. This is the mechanism by which operates the local surface plasmon
resonance (LSPR) spectroscopy in biodetection. Among AuNPs, rod-like shape
nanoparticles are especially attractive for such sensing, due to their two plasmon
resonant bands, one situated in visible and other in near-infrared (NIR), the second
one being very sensitive to the local environment.

In this paper, we use the LSPR spectroscopy to prove the adhesion of BSA to
the surface of spheroidal and rod-like AuNPs. Also, we use fluorescence spectros-
copy to asses the affinity strengthens of protein binding to the metal surface. In
recent years, the fluorescence quenching technique was applied extensively to
study the interactions of different biomedical molecules and serum albumins [7—
10] and the effect of metal ion on the bindings of serum albumins and other sub-
stances [11]. In this study, based on the method of Tedesco et al. [12], the binding
constant and the numbers of binding sites between colloidal gold and serum albu-
mins were calculated. There were three reasons for choosing Bovine Serum Albu-
min (BSA) in this study: (a) BSA is present in plasma where plays an important
physiological role, (b) BSA is a protein model with well-known structure, and (c)
BSA exhibits two tryptophan residues, one located on the surface and other in the
hydrophobic pocket.

2. Experimental

HAuCl;4H,0, Najscitrate and Bovine Serum Albumin were purchased from
commercial sources (Aldrich) and used as received. Gold nanospheres of 18 nm
average diameter were synthesized with the wet chemical method of Turkevich et
al. [13]. For the synthesis of nanorods particles, a seed-mediated growth method at
room temperature in two steps has been employed. In the first step a seed spheres
solution of 3-5 nm gold nanocrytals was prepared. In the second step, the growth of
gold nanorods from as prepared seed nanoparticles in presence of CTAB, sodium
borohydride, AgNO; and ascorbic acid was used. The nanorods were concentrated
and separated from solution by centrifugation. The supernatant, containing mostly
CTAB molecules and gold ions, was removed and the solid part containing rods
was redispersed in ultrapure water. The as synthesized nanorods in water are
coated with a bilayer of CTAB molecule being stable at room temperature for
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many months. The BSA solution is made by dissolving BSA in water to a concen-
tration of 1 mg/mL.

The UV-VIS absorption spectra were recorded with a Jasco V-530 UV-VIS
spectrophotometer. Fluorescence spectra were recorded on a Jasco LP-6500 spec-
trofluorimeter equipped with 1.0 cm quartz cells and the slit width was 1 nm/3 nm.

3. Results and discussion

Figure 1 shows the UV-Vis LSPR spectra of as prepared AuNPs in the pres-
ence and absence of BSA solution. UV-Vis absorption measurements (see curve a
in Fig. 1) indicated that the maximum wavelength of the surface plasmon reso-
nance (SPR) band of gold nanoparticles in aqueous suspension was 520 nm. When
albumin solution was added to the preformed AuNPs solution, an increase in ab-
sorbance and a slight red-shift of 3 nm in the maximum absorbance value was ob-
served, compared to that of control GNPs, which indicated the formation of bio-
conjugates (Fig. 1A).

The absorption spectrum of BSA aqueous solution exhibits an absorbance
maximum at 278 nm which correspond to aromatic residues tryptophan and tyro-
sine absorption. In addition, from the ultraviolet absorption (UV) spectra shown in
Fig. 1B, the absorption peak of pure BSA at 278 nm, moved to lower wavelength
and the intensity of this protein characteristic peak decreases when different con-
centration of gold nanoparticles were added into BSA, which indicated that there
was interaction between them. The blue shift indicated that tryptophan residues
were placed in a more hydrophobic environment and less exposed to the solvent
[14]. In contrast, obvious changes of SPR band were observed for GNP after con-
jugating with the albumin.
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Fig. 1 A. The UV-VIS absorption spectra of pure colloidal gold solution (a), BSA-gold nanoparticles
conjugates (b); B. Absorption spectra of BSA containing different concetrations of gold nanospheres.
The [BSA]/[Au] ratio was maintained at values of (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.4, (f) 0.5, (g)
0.6, (h) 0.7, (j) 0.8, (k) 0.9, (1) 1, (m) 1.1
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For gold nanorods, the plasmon absorption splits into two bands [15]. The
long wavelength plasmon band originates from the longitudinal mode of oscillation
of the free electrons along the long axis of the rod, while the short wavelength
plasmon band originates from the transverse mode perpendicular to the former one.
As the aspect ratio of the gold nanorods increases, the longer wavelength plasmon
absorption band gradually red shifts [16]. Here, gold NRs of aspect ratio 2 have a
transverse band at 518 nm and a longitudinal plasmon band at 674 nm (Fig. 2A —
curve a). Addition of BSA solution led to visible changes in the surface plasmon
bands (Fig. 2A — curve b), the longitudinal band are red shifted with BSA addition.
This shows a strong electromagnetic coupling in the longitudinal plasmon band of
the gold nanorods because the BSA molecules were adsorbed onto the end of gold
nanorod. In contrast, the transverse band did not show a similar change to the lon-
gitudinal band, indicating the absence of electromagnetic coupling in the transverse
plasmon band.

In order to demonstrate the interaction between BSA and gold nanorods we
monitoried the spectral changes in Fig. 2B. The aggregation effect was observed as
result of addition of gold nanorods to pure BSA solution. It is observed that there is
a red shift as well as broadening of the longitudinal plasmon band.
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Fig. 2. A. The UV-VIS absorption spectra ofl gold nanorod solution (a), BSA-gold nanorods conju-
gates (b); B. Absorption spectra of BSA containing different concetrations of gold nanorods.
The [BSA]/[Au] ratio was maintained at values of (a) 0, (b) 0.1, (¢) 0.2, (d) 0.3, (¢) 0.4, (f) 0.5,
(g) 0.6, (h) 0.7, (§) 0.8, (k) 0.9.

Fluorescence Study. From the fluorescence spectra, we could obtain some
information on the binding of protein to the surface of different shape gold
nanoparticles, such as the binding mechanism, binding constant and binding site.
BSA has three intrinsic fluorophores: tryptophan, tyrosine and phenylalanine that
can be quenched. In fact, because phenylalanine has a very low quantum yield and
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the fluorescence of tyrosine is almost totally quenched if it is ionized, or near an
amino group, a carboxyl group, or a tryptophan, the intrinsic fluorescence of BSA
is almost contributed by tryptophan alone [17].

Effect of gold nanospheres on BSA spectra. Herein, the fluorescence spec-
trum was monitored using excitation at 280 nm and emission within the region
from 290 to 450 nm. From Fig. 3A, it could be seen that BSA had a strong fluores-
cence emission peak at 336 nm, whereas gold nanoparticles had no intrinsic fluo-
rescence. The choice of 280 nm as the excitation wavelength was to avoid the con-
tribution from tryptophan residues. The fluorescence intensity of BSA was de-
creased with the increasing of concentration of colloidal gold, which indicated that
the colloidal gold quenched the fluorescence of BSA. The red shift of up to 4 nm
(from 336 to 340 nm) with the increasing of gold nanospheres concentration corre-
sponds to the changes of the polarity around tryptophan residues.
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Fig. 3. The fluorescence quenching spectra of Tryptophan residues by different concentration of gold
nanosphere (A) and gold nanorod (B). The [BSA]/[Au] ratio was maintained at values of (a) 0,
() 0.1, (¢) 0.2, (d) 0.3, (e) 0.4.

Effect of gold nanorods on BSA spectra. To understand the effect of gold
nanorods on the tryptophan environment of the protein, the intrinsic fluorescence
of BSA in the presence of increasing concentrations of gold nanorods in the molar
ratio of [BSA]/[rods] was studied. The fluorescence spectra of the protein in the
presence of gold nanorods are shown in Fig. 3B. It was observed that the fluores-
cence intensity of BSA-gold nanorod decreased regularly with the increasing con-
centration of gold nanorod, but that there was no significant A, shift with the addi-
tion of gold nanorod, which indicated that gold nanorod can quench the inner fluo-
rescence of BSA and that the interaction between gold nanorod and BSA has oc-
curred. When the binding sites of the gold nanoparticles are totally saturated by
BSA molecules, the fluorescence emission intensity becomes constant and no
changes should be observed for any further BSA addition.
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The binding constant K, and the number n of binding sites. The relation-
ship between fluorescence quenching intensity and the concentration of quenchers
can be described using the method of Tedesco et al. The method was introduced to
calculate the binding constants and the numbers of binding sites between colloidal
gold and serum albumins.

In this equation (Fy —F)/(F-F.) = ([M]/Kus)", Fo and F,, are the relative
fluorescence intensities of the protein alone and the protein saturated with the
[gold] and #n is the number of binding sites per BSA. The slope of the double-
logarithm plot obtained from the experimental data is the number of equivalent
binding capacity (n), whereas the value of log[gold] at log[(Fy —F)/(F—F.)] = 0
equals to the logarithm of the dissociation constant (Kgiss). The reciprocal of Ky;ss
is the binding constant K;,. The result (Table 1) illustrates that there is a greater
constant binding between gold nanospheres and BSA than that of the nanorods
and BSA.

Table 1. Binding constant (K},) and binding capacity (1)
of gold nanoparticles with BSA

Kb n
Gold nanosphere 2.34x10" 1.37
Gold nanorod 0.5x10° 0.38

4. Conclusions

The main purpose of this paper is to study the bindings of colloidal gold and
serum albumins using the fluorescence quenching technique. The addition of BSA
into the gold nanorod solution resulted in preferential binding to the two ends of
the gold nanorods. On the other hand, for gold nanospheres the protein is adsorbed
on the surface on the metallic gold nanoparticles. The gold nanospheres binding
sites and thus the binding constant with BSA are greater than that of the nanorods
due to the higher surface area where the protein can be adsorbed.

It can be expected that the fluorescence quenching technique could provide a
promising tool to study the interactions of colloidal gold and proteins. Surface
functionalization is a critical issue in the development of gold nanorods and other
nanoparticles for applications in site-directed targeted imaging or therapy.
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Abstract. A comparative study of laccase and peroxidase (oxidoreductases) im-
mobilization on polymeric supports and silica nanoparticles (SBA15 and SBA15 NH,)
is presented. Two types of biocompatible polymeric supports were obtained: films of
sodium alginate/chitosan/hyaluronic acid, simple and with magnetic nanoparticles, and
microparticles of chitosan and/or sodium alginate (as polymers) + hyaluronic acid. Such
supports were used to immobilize laccase and peroxidase by two methods: direct im-
mersion and after support activation with 2.5% glutaraldehyde. For comparison, some
supports based on silica, simple or functionalized (SBA15 and SBA15 NH,) also were
used to immobilize above mentioned enzymes. The immobilization yields of peroxidase
on microparticles were calculated, the highest ones being obtained in case of supports
activated with glutaraldehyde: 98,89% for chitosan microparticles and 98,86% for those
of alginate + chitosan. In case of peroxidase immobilized on silica supports, simple and
functionalized (SBA15 and SBA15 NH2), the immobilization yields were lower against
that obtained using organic supports, namely, 98% and respectively 96,26%. As regards
the laccase immobilization, the obtained immobilization yields using chitosan mi-
croparticles were 99,8%, while using silica supports they were above 90,8% and 90,7%.
The properties of the used polymers and their structure determine the possibility to use
them as raw materials in obtaining biocompatible supports in order to immobilize some
biological active substances (enzymes, drugs).

1. Introduction

The immobilized enzymes opened new perspectives for processes in which
the enzymatic biocatalysators intervene, facilitating their running in continuous
system, the treatment in optimum conditions of some diluted solutions, the enzyme
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disappearance from environment resulted after transformation and avoiding the
undesired secondary products.

The including of enzymes into an immobilization support is based on their
placing within the structure of a polymeric matrix or membrane, such structure be-
ing chosen as to impede enzyme release, but allowing the substrate penetration and
release of the reaction products. Because the enzyme binds in no way to matrix or
membrane, this represents the most used method applied to immobilize a great
number of enzymes, microbial cells and cell organelles. The enzyme proprieties are
almost not changed, and losses of enzimatic activities are negligible.

The enzymes immobilization by forming support-enzyme bounds is the oldest
and among most used immobilization methods. The physical adsorption, ionic
binding and chelating are the most attractive methods for industrial applications,
because even if the strength of formed bound is weak, the possibility to reuse the
support exists.

The supports used to immobilize the enzymes by covalent binding are classi-
fied by their origin into inorganic and organic ones being based on synthetic or
natural polymers.

The cases in which the support, in its primary state, contains the reactive
groups necessary to immobilize the enzyme are rare, excepting a series of organic
compounds of synthesis. Therefore, before the immobilization the selected sup-
ports are activated with reagents compatible to enzyme structure.

Table 1. Main characteristics and applications of natural polymers

Polymers Characteristics, uses
—natural polycation;
—biocompatible, non-toxic;
Chitosan and derivates —able to form gels and films;
—widely used in systems of controlled release (ex. gels, membranes,
microspheres)
—extracted from marine alga;
—able to form relatively easily gels;
—relative biocompatible;
—microstructure and viscosity depend on its chemical composition;
Alginate —used to realize:
o the matrix to immobilize the cells and enzymes;
o the systems of controlled release of bioactive substances;
e the injectable microcapsules used in treatment of degenerative
diseases and hormonal deficiencies.
—Sulphatat polysaccharide obtained from red algae;
—able to form wide range of gels, at room temperature;
—excellent thermo resistant properties;
—used for microencapsulating
—excellent lubrication agent;
—potential therapeutic agent.

Carragenan

Hyaluronic acid




244 E. Neagu et al.

The polymeric materials — simple or composite — constitute a very actual ob-
ject characterized by peculiar dynamics, due to their wide range uses within the
medical and pharmaceutical domains.

The main characteristics of most important natural polymers used as supports
for enzyme immobilization are shown in Table 1.

The magnetic nanoparticles represent another type of supports used to immo-
bilize some active biologic components, including the enzymes.

In recent years important successes were achieved in the technological proc-
esses to obtain magnetic microspheres, magnetic nanospheres or ferro-fluids. The
techniques based on some complex magnetic biocompatible systems were applied in
numerous fields like drug targeting, molecular biology, diagnostic, isolation and pu-
rification of cells, radioimmunoassay, hyperthermia, purification of nucleic acids.

As regards the forms of supports, these could be polymeric membranes, mi-
crospheres or nanoparticles.

The choice of support represents a problem of especial importance to obtain
an immobilized enzimatic preparation.

It is enough difficult a material selected in this scope to concomitantly fulfil
all conditions imposed to a suitable support, namely:

e high affinity against proteins;

e availability of reactive groups for direct reactions with protein free groups;

e casiness to be transformed into various physical forms;

o toxic free;

¢ physiological compatibility (for applications in food industry and those of

medical nature);

e low price.

The research scope was to obtain some polymeric supports as films of algi-
nate/chitosan/hyaluronic acid, films of chitosan with magnetic nanoparticles, and
microparticles based on chitosan and mixes of sodium alginate/chitosan/hyaluronic
acid.

These supports were used to immobilize some oxidoreductases — laccase and
peroxidase — by two methods: through adsorption on solid support and covalent
binding after support activation with 2.5% glutaraldehyde.

Besides the supports prepared of natural polymers, inorganic silica supports,
simple and functionalized (SBA15 and SBA15 NH,) and phosphate polymeric
supports were also comparatively used to immobilize same enzymes.

Laccase (EC 1.10.3.2.), also named 1,4-benzendiol oxydase, represents an
enzyme, which contains copper and is found in most plants and microorganisms.

The laccases are glycoproteins, their basic subunit being a single polypeptide
chain of 50-70 kDa; their carbohydrate content is of 10-45%, they contain 4 cop-
per atoms, and their optimum pH ranges between 4 and 7.3, in function of the sub-
strate.
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The laccase catalyzes the oxidation of mono-, di- and polyphenols to
quinones, of aminophenols, polyamines, lignin, as well as of aryldiamines and con-
comitantly reduces the oxygen to water [2—4].

The laccase of Trames versicolor (an enzyme used in present project experi-
ments) was immobilized on nanoparticles and caolinit through adsorption or cova-
lent binding on supports previously activated by reticulation with glutaraldehyde
[4], on activated agarose with p-benzoquinone [5], on electrodes of carbon fibres
by adsorption after their reticulation with glutaraldehyde or carbodiimida [6], on
silica particles [7], on polyamide membrane through covalent binding [8], on mi-
crofiltration membranes of polyviniliden difluoride (PVDF) [9] etc.

The laccase has applications especially in food industry, where its principal
role is to remove the phenol compounds responsible of oxidation of cut vegetables,
fruit juices, beer and vine turbidity [10]; as well as in textile industry to remove the
colorants within the washing waters [11, 12], in nanobiotechnolgy by development
of some biosensors for clinical and environment applications [13—15], in synthesis
of some organic compounds [16—18], for treatment of some waste waters with high
load of polyphenols [19-23].

Peroxidase (donor: H,O,-oxidoreductase, the other enzyme used in our ex-
periments, is found both in vegetal and animal reigns, is distributed in mitochon-
dria, peroxisomes and catalyses the dehydrogenation of great number of organic
compounds, like: phenols and aromatic amines, hydroquinones, especially deri-
vates of benzidine.

With few exceptions, the peroxidases are hemoproteins and catalyzes the re-
action:

RH,+H,0, - R+2H,0,
donor donor oxidat

where RH, is a compound of organic nature belonging to very different chemical
groups: aromatic amines, phenols, flavins, cytochromes.
But peroxidases, which act like oxidases:

DH,+ O,— D + H,0,
Or monooxigenases:
DO, + O, + NADPH — D-OH + NADP" + HO™

also exist.

The horseradish peroxidase is most well studied, being a glycoprotein with
content of 18% carbohydrates, having a molecular weight of 40200, an optimum
pH of 6.0, and isoelectric point at 7.2 pH. The ratio of optical densities D.O.403 nm/
D.O.;57 um, named Renheitzahl (RZ), is usually determined on pure peroxidase
preparations as test of preparation purity. RZ varies between 4.19 and 2.50 — RZ =
3.04 in case of homogenous enzymatic preparations.



246 E. Neagu et al.

The horseradish peroxidase shows a high specificity. Its activity is detected
with H,O, MeOOH, Et OOH.

The peroxidase from horseradish HRP was immobilized on alkylaminated
glass and functionalized by glutaraldehyde to determine the oxalate in urine [24].
HRP was covalent immobilized on functionalized polyacrylonitril membranes PAN
functionalized with carbodiimida 1-ethyl-3-(3-dimethylaminopropyl) (EDC). The
silica microbeads derived by silanization were also coupled with HRP after activa-
tion with EDC or glutaraldehyde [25]. HRP was covalent immobilized on glass to
remove 4-chlorophenol from water solutions [26].

A new biosensor for H,O, was realized based on biohydrogel obtained by
immobilization of horseradish peroxidase HRP on polyhydroxylcellulose PHC,
prepared by mixing the polyvinylalcohol with carboxymethyl hydroxyethyl cellu-
lose, a biosensor which was electrochemically and electroanalytically tested [27].

A new generation of biosensors was built starting from HRP immobilized
through the sol- gel technology (SG) on modified electrode = nanotube of carbon
(CNT). CNT promotes the effect of electron transfer between HRP and electrode
surface, while the net of sol-gel furnishes an environment biocompatible for HRP
immobilized enzyme which maintains its bioelectrolytic activity to reduce H,O,
and is able to respond to rapid changes of HO, concentrations [28].

The literature data indicate that, due to carboxyl groups in its molecule, the
peroxidase could be immobilized through covalent binding on different supports,
among which it could be named the membranes of polyacrylonitril [25].

2. Experimental part

Two of oxidoreductase enzymes were studied, respectively the peroxidase
and laccase, which were immobilized on various functionalized supports in order
to study the effects of such enzyme immobilization in function of nature of those
supports.

The materials used in our experiments were:

1. Enzymes

e Peroxidase, VI-A type from horseradish (Sigma)
e Laccase from Trametes versicolor (Fluka)
2. Substrates for enzymes
e Hydrogen peroxide (Chimopar) 0,0017 M, prepared through dilution of
1 mL of H,0O, 30% in 100 mL of distilled water — for peroxidase
¢ Syringaldazine (Sigma) — 0.216M solution prepared in absolute methanol
— for laccase
3. Used supports
3.1. — Microparticles of alginate/chitosan
3.2. — Microparticles of alginate
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3.3. — Microparticles of chitosan with hyaluronic acid
3.4. — Microparticles of chitosan

3.5. — Film of chitosan with magnetic nanoparticles
3.6. — Film of chitosan with hyaluronic acid

3.7. — Film of sodium alginate

N*Hex;CI”

3.8.

P'Et;Cl”

’ <
NOct;Cl”
P'Et;CI0
3.10. S-NH,
3.11. SBA-15
4. Reagents necessary to determine the enzimatic activity of the two en-

zymes: 4 — aminoantipirina 0.0025 M with phenol 0.17 M; Potassium
phosphate buffer 0.1 M pH = 6.5.

2.1. Supports’ preparing

The biocompatible supports as microparticles were obtained from three
polymers: chitosan 1.5%, sodium alginate 5% and hyaluronic acid 0.5%. After dis-
solution the polymeric solutions were poured in drops into 5% sodium hydroxide
solution within which it promptly precipitates by forming microparticles.

Also, 1.5% PEG in order to increase the viscosity and 10% glycerol as poro-
genous agent were used.

The coagulation solution is maintained under stirring more about 5 minutes af-
ter appearance of microparticles, after which the stirring is stopped, the sodium hy-
droxide was filtered and obtained microparticles were washed with distilled water and
dried at room temperature during 48 hours.

Preparing the chitosan films with magnetic nanoparticles:

The magnetic nanoparticles were obtained by co-precipitation of ferric and
ferrous ions with NH,OH in hydrothermal conditions; supports initially had a hy-
drophilic character after which they were functionalized with aminopropylsilane —
APTS.

The chitosan films with magnetic nanoparticles were obtained from 1% chi-
tosan solution prepared in 1% acetic acid, to which 1% PEG were added to in-
crease the viscosity, mixed 2 hours till dissolution. In such solution the magnetic
nanoparticles were added in 2:1 (chitosan:nanoparticles) weight ratio, the mix was
sonicated several hours till homogenization.
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Then, the solution was applied on glass and the solvent vaporization was per-
formed at room temperature during 3—4 hours, then several hours into oven at
50°C. After solvent vaporization the dry formed pellicles are post-treated with 5%
sodium hydroxide during 50-60 min, at 80°C, and finally the pellicles are washed
with distilled water to remove the excess of hydroxide.

Biocompatible supports as films: as polymers were used 1.5% chitosan, 5%
sodium alginate and 0.5% hyaluronic acid + additives poly ethylen glycol (PEG)
and 2% acid acetic.

The following supports were obtained:

— Pellicles:
M1 =1% chitosan + 1% PEG + NPM (magnetic nanoparticles) in mass ratio of 2:1,
M2 =1.5% chitosan + 1% PEG + 0.5% HA in ratio of 25:1,
M3 = 5% alginate.
— Microparticles:
CH = 1% chitosan + 1.5% PEG,
CH — HA = 1.5% chitosan + 1% PEG + 0,5% HA,
Alg = 2% sodium alginate, further precipitation with 0.2 M CaCl,,
Alg — CH = 2% alginate + 1% chitosan.

2.2. Oxidoreductases’ immobilization on supports

The peroxidase and laccase immobilization on polymeric supports was real-
ized by two methods:

a) on active surface of supports, after their activation with 2.5% glutaralde-
hyde 5 hours (2 ml), after which the supports were washed with 0.2 M phosphate
buffer, pH 7.5 (for peroxidase) respectively 0.1 M phosphate buffer pH 6.5 (for
laccase) after which the enzyme was added.

b) through direct immersion of supports in the enzymatic solution.

On supports 1 ml enzyme was placed and the supports were leaved in contact
with enzyme 24 hours.

2.3. Determination of peroxidase activity

The peroxidase activity is usually determined based on the oxidation rate of
pirrogaloll, a method which many times proved to be inadequate. A large variety of
hydrogen donors were used to determine the enzyme activity, many systems in-
cluding components with carcinogenic potential such as — di anizidina.

An improved method was realized by using 4 — aminoantipirine as hydrogen
donor (Trinder, 1966). The reaction rate is determined through measuring the ab-
sorbance increase at 510 nm, an increase resulted by decomposition of hydrogen
peroxide. By decomposition of one micromol of hydrogen peroxide at 25°C and
pH =7, in specific conditions results one unit.
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It was worked with a peroxidase to which an enzimatic activity of 155 U/mg
was determined.

Used reagents

— 0.2 M phosphate buffer pH = 7;

—0.0017 M hydrogen peroxide, prepared by dilution of 1 mL 30% H,O, in
100 mL distilled water. Then 1 mL of such solution was diluted with 50 mL
0.2 M phosphate buffer, pH = 7,

—0.0025 M 4 — aminoantipirina with 0.17 M phenol prepared by dissolution
of 810 mg phenol in 40 mL distilled water, to which 25 mg 4 — aminoan-
tipirina was added and is diluted to a final volume of 50 mL with distilled
water.

Work procedure

— The spectrophotometer was adjusted to 510 nm and 25°C.

— In each cuve was pipetted:

— 1.4 mL 4 — aminoantipirina solution + 1.5 mL 0.0017 M H,0,

— It was incubated in spectrophotometer at 25°C 3—4 minutes to equilibrate
the temperature.

— 0.1 mL diluted enzyme was added and the absorbance increase was deter-
mined at 510 nm for 4-5 minutes.

Result calculation
AAs¢/min for linear portion of curve was calculated with formula:
Enzyme units / mg = AAs;¢/min / 6.58xmg enzyme / mL mix.

2.4. Determination of laccase activity

The laccase activity was determined with a spectrophotometer based on the
oxidation rate of siringaldazina along time, according to the reaction [66]:

Laccase
Siringaldazina + O, » oxidated Siringaldazina + 2H,0

»

Work procedure
The following reagents (mL) were pipetted in each cuve:

Sample Control
Deionized water - 0.5
Phosphate buffer pH = 6,5 2.2 2.2
Enzyme solution 0.5 -




250 E. Neagu et al.

It was incubated in a spectrophotometer termostated at 30°C until the solu-
tions reach such temperature, after which in each cuve (sample and control) 0.3 mL
siringaldazina were introduced and immediately the absorbance variation was re-

corded at wavelength of 530nm during about 10 minutes. AAs;o,m/min variation
was calculated both for samples and control.

Result calculation
AAs3p/min for linear portion of curve was calculated with formula:

(AA 5, Proba/min-AA ;;,Martor/min )xdil.

Units/ml enzyme =
(0,001x0,5)

where:
dil. = dilution factor,

0.001 = change in As3o,, / min / units of laccase at pH 6.5 and 30°C in 3 ml
reaction mix,

0.5 = volume (mL) of used enzyme.

3. Results and discussion

The results obtained at peroxidase immobilization on polymeric supports are
presented in the Table 2 and Fig. 1.

peroxidase immobilized on polymeric supports
X
S 100
2L
>
z 95 -
2 @ adsorption
I 90 ~ S
N m functionalization
a 85 -
£
£ 80 -
R AR I
o Q ¢ 0‘2\
?[\/ =) ?\Q
Q
)
sample

Fig. 1.
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Table 2. Peroxidase immobilization on supports

S AE. AE. s
Crt. sample Immobilization Sypport UI/ sup- Ul mg I_mmo_blllza-
No. type weight, mg tion yield %
port support
1 Micropar- adsorption 14.5 30.41 2.09 96.23
ticles Givati ith
SBA 15 | Aachvation wi 25.57 30.42 1.18 96.26
NH glutaraldehyde
2
2 Micropar- adsorption 13.5 30.29 2.24 95.8
ticles activation with
SBA 15 glutaraldehyde 124 3119 251 %
3 Micropar- adsorption 37.77 31.16 0.82 98.6
ticles activation with
Alg - CH glutaraldehyde 2822 30.7 1.08 7
4 Micropar- adsorption 30.54 30.97 1.01 98
ticles activation with
Alg elutaraldehyde 28.8 30.43 1.05 96.3
5 Micropar- adsorption 21.5 30.65 1.42 97
ticles activation with
CH - HA elutaraldehyde 30 31.24 1.04 98.86
6 Micropar- adsorption 50 31,17 0.6 98.6
ticles activation with
CH glutaraldehyde 32 31,25 0.97 98.89
7 adsorption 49.24 27.3 0.55 86.39
Film M1 activation with
elutaraldehyde 54 29.71 0.55 94
8 adsorption 1143 29.8 2.60 94.3
Film M2 activation with
elutaraldehyde 7.9 30.45 3.85 96.36
9 FilmM3 | Activation with 52.58 30.01 0.57 94.96
glutaraldehyde

At peroxidase imobilization on polymeric supports was observed:

— an increased immobilization yields ranging between 86.39-98.89% by both
immobilization methods, both for inorganic supports and organic ones,

— generally, after the functionalization with glutardialdehyde the obtained
yields were slightly higher than in case of direct immersion for major part
of supports,

— most suitable supports for peroxidase immobilization were those containing
chitosan and especially as microparticles.

An enzyme with enzymatic activity of 56.34 U/mg was used to immobilize
the laccase on polymeric supports and the obtained results are presented in Table 3
and Fig. 2.

In Fig.2 are presented by comparison the results obtained to immobilize the
laccase on supports in function on the immobilization method:
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Fig. 2.

Table 3. Results obtained to immobilize the laccase on polymeric supports

— AE. AE. -
Crt. sample Immobilization Sypport U/ sup- Ul/ mg I_mmo_blllza-
No. type weight, mg tion yield %
port support
1 adsorbtion 334 48.7 1.45 86.4
Pl activation with
elutaraldehyde 31.24 51.16 1.63 90.8
2 adsorbtion 29.2 43.68 1,49 71.5
P2 activation with
elutaraldehyde 25.7 51.09 1,98 90.7
3 Microparti-
cles adsorbtion 26.8 56.024 2,09 994
Alg - CH
4 Microparti- adsorbtion 17.3 55.5 3,20 98.5
cles activation with
CH-HA glutaraldehyde 194 343 280 %.7
5 Microparti- adsorbtion 54 53.66 0,99 99.8
cles activation with
CH elutaraldehyde 374 56.28 1,50 95.2
6 Film M1 adsorbtion 30.89 36.41 1,17 64.6
activation with
+
(CH+NPM) elutaraldehyde 27.7 14.63 0,52 74
7 Film M2 adsorbtion 5.9 30.98 5,25 54.9
activation with
+
(CH+HA) olutaraldehyde 104 53.164 5,11 94.3
Where:

P1 = inorganic support based on silica,
P2 = inorganic support based on silica,
Alg = sodium alginate,

CH = chitosan,

HA = hyaluronic acid,

NPM = magnetic nanoparticles.
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Following the results obtained in immobilization experiments of laccase it

was concluded that:

— the obtained immobilization yields were above 90% for all studied supports
excepting the laccase immobilized on chitosan film with magnetic nanopar-
ticles, where the immobilization yield was of 74% in case of film activation
with glutaraldehyde and of 64.4% in case of adsorption on support;

— the supports as microparticles containing chitosan seemed to be most suit-
able to immobilize the laccase, especially through method of direct immer-
sion;

—the film containing magnetic nanoparticles NPM registered the lowest
immobilization yields to immobilize both studied enzymes, and
significantly lower in case of laccase.

In Figs. 3 and 4 are comparatively presented the results obtained to immobi-
lize the two studied enzymes in case of direct immersion and after the functionali-
zation of supports.

immobilization of peroxidase and laccase by

adsorption

5 - 120
[}
3 ?E 100
58§ 804 @ peroxidase
E g 60 1 O lacasse"
'_g £ 40
EZ 20 4
g o T T T T

Ag- CH- CH ML M2

CH

sample
Fig. 3.

immobilization of peroxidase and lacasse after
functionalization
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80
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40
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20
0 T T T T
M1 M2

Alg-CH CHHA CH

immobilization yield %

sample

Fig. 4.
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3. 1. Testing the stability in order to reuse the obtained immobilized systems

The stability of the supports immobilized with peroxidase and lacasse for
which initial highest immobilization yields were obtained, was tested at their reuse.
In this scope the supports were washed with phosphate buffer solution after deter-
mination of enzymatic activity and the preservation yields after each reuse were
calculated (Tables 4 and 5 and Figs. 5 and 6).

Table 4. Results obtained to reuse peroxidase

Immobilization Initial Preservation yield Preservation
Support type tvpe ield o after first reuse yield after second
i d ° (%) reuse (%)
adsorption
Film M1 86,39 82,9 80
functionalization 94 92,6 914
Film M2 adsorption 943 93,48 9.8
functionalization 96,36 95,9 94.9
Microparticles adsorption 98,3 97,8 97
CH
functionalization 98,9 98,7 98
. . ; 97 96,7 95
Microparticles adsorption
CH-HA functionalization 98,86 98,79 98
adsorption 96,23 95,79 95
SBA 15 NH,
functionalization 98,5 96,26 95
SBA 15 adsorption 98,6 95,4 94,9
peroxidase reutilization
115 —e—Miad
—a— Mlgl
S 105 M2 ad
E M2 gl
e ¢ —%—CHad
é %1 "\V.\f_ —e—CHgl
g —— CH-HA ad
85 —=—CH-HA gl
SBA15NH2 ad
75 SBAL5NH2 gl
initial reutilizatioln number Il SBA 15 ad

Fig. 5.
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Table 5. Results obtained to reuse lacasse

255

o o Preservation Preservation yield
Immobilization Immobilization ield after first after second reuse
Sample 1 y
type yield % reuse (%) (%)
P1 functionalization 90,8 89 87
P2 adsorbtion 90,7 89,5 88
Alg - CH adsorbtion 99,4 97 95,5
adsorbtion 98,5 97 94
CH-HA functionalization 96,7 96 95,5
CH adsorbtion 99,8 98,2 97
functionalization 95,2 94 93
M2 adsorbtion 943 93 92,5
lacasse reutilization
—e— P1 gl
100 - —=—P2d
N .\c\.
] —— e Alg -
S, *\(t &
g) CH -
S HA d
g 90 - —%—CH
8 HA gl
5 —e—CH
—+—CHdgl
80
initial | 1l
reutilization number

Fig. 6.

By reusing the enzymes was observed that the peroxidase and lacasse pre-
served in high extent the enzymatic activity, the obtained preservation yields being

only by few units lower, for all studied supports.

4. Conclusions

e At immobilization of two oxidoreductase enzymes, peroxidase and laccase
on polymeric supports, generally, high immobilization yields were obtained
in range of 64.6 — 99.8%, by both immobilization methods — direct immer-
sion and after functionalization with glutaraldehyde;

e The immobilization yields were higher using peroxidase than laccase espe-
cially after the supports’ functionalization;
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e At laccase immobilization on supports were generally obtained better re-
sults after functionalization with glutaraldehyde;

e The films with NPM —M3- generally gave results merely poor to immobi-
lize both studied enzymes and by both methods, too;

e The most suitable supports among those studied by us to immobilize the
peroxidase and laccase generally were those containing chitosan, especially
as microparticles;

e The supports immobilized with peroxidase had greater level of preservation
the enzimatic activity, when they were reused.
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