














































































































































































































































































































































































































EQCM Analysis and Characterisation of poly(aniline)-poly(styrenesulfonate) films

6.2.4. Conclusion about anion movement

As the redox cycling of poly(aniline)-poly(styrenesulfonate) films does not show
significant differences when HCIO4 or HCI are used, we conclude that the anions do
not contribute to maintain the charge neutrality of the polymer film. Rather proton
movement is responsible for the electroneutrality of the polymer film and water
molecules move in opposition to the flux of protons. During the oxidation scan the
amount of water moving into the film increases gradually as indirectly the driving force
increases. The water motion is driven indirectly by the redox change whereas protons
are driven directly. In the next section the driving force for insertion of water into the

polymer film during oxidation scan and expulsion of water during reduction is

discussed.

6.2.5. Possible movement of water during redox cycles

As concluded in the last section, water moves into and out of the poly(aniline)-
poly(styrenesulfonate) film during redox cycles. When the polymer is in the reduced
state, the nitrogen is sp3 hybridised (tetrahedral). During oxidation, electrons are
removed from the conjugated polymer chains causing a change on the orbitals of the
alternating nitrogens, which are then planar (sp> hybridised) as shown in Figure 6.14.
With the change in hybridisation of nitrogen atoms from tetrahedral to planar, the
polymer chain is straightened out when oxidised generating free volume, which is
occupied by the counterions and water molecules from the solution causing a swelling
of the film.'” The variation in volume of conducting polymers during the potential
sweep make these polymers useful on the application of artificial muscles, or

electrochemical actuators.>'*"1%
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Figure 6.14: Sketch of the poly(aniline)-poly(styrenesulfonate). The nitrogen atoms are
at tetrahedral form when the polymer is at the reduced state and at planar configuration on
the polymer film at the oxidised state. The number of moles of water in the reduced film
is calculated by the difference in mass of the electroactive film (Faraday’s law) and the
total polymer mass (Sauverbrey equation). The additional number of moles of water in the
oxidised polymer is calculated by the mass of polymer gained during oxidation.

6.3. Analysis of cation movement

The cations in the electrolytes used in our EQCM studies of the electronic and ionic
movement in poly(aniline)-poly(styrenesulfonate) films during redox switching are
exclusively protons. The molecular weight of protons is very small relative to the
molecular weight of solvent and anions, therefore it is difficult for the Quartz Crystal
Microbalance to detect the small changes in mass caused by transport of protons. From
the last section we know that protons and water move between the polymer and the
electrolyte during potential sweep. In order to detect the concentration of proton close
to the surface of the polymer film, and consequently try to explain the movement of
proton into and out of the film, the Scanning Electrochemical Microscope was coupled
with the Electrochemical Quartz Crystal Microbalance as shown in Figure 6.15. The
microelectrode was placed very close to the surface of the polymer film using a z axis
piezopositioner. The bipotentiostat fixes the potential of the microelectrode and
simultaneously scans the potential of the substrate, in this case the polymer film on the

QCM. At the same time the QCM measures the changes in the electroacoustic
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impedance of the film. The bipotentiostat and the QCM measurements are triggered by
a Schmitt trigger. All experiments were controlled and the data acquired using

LabVIEW software.
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Figure 6.15: Sketch of the Electrochemical Quartz Crystal Microbalance coupled with
the Scanning Electrochemical Microscope.*

The design of the combined EQCM and SECM was proposed by Gollas et al.* and the
equipment was tested by plating and stripping copper film from copper solution. The
interaction between the microelectrode and the oscillating quartz crystal has to be
carefully considered during the arrangement of the EQCM/SECM instrumentation. The
acoustic waves of the vibrating quartz crystal can be perturbed by the approach of the
tip. The microelectrode tip is not positioned so close as to cause interaction with the
transverse shear waves radiated into aqueous solution for 10 MHz resonators
(140 nm),** although longitudinal and compressional waves originating from the
oscillating crystal can propagate into the solution over distances of centimetres.'?” The
proximity of a reflecting interface perpendicular to the shear motion of the quartz can
lead to periodic variations of the QCM response due to the coupling of compressional
waves reflected by the coplanar face plane of the electrode to the shear waves, both
caused by the oscillating quartz crystal.®? Although it has been demonstrated that for a

cone-shaped tip with small coplanar face, expressed by the angle a in Figure 6.16,
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bigger than 45°, the compressional waves are reflected upward at the cell wall and at
the interface of the liquid with the air.®*

The microelectrode measures proton concentrations in the solution above the
surface of the polymer film as seen in Figure 6.16. The protons are reduced to hydrogen
molecules on the surface of the microelectrode generating a reduction current, which
quantifies the concentration of protons in solution. The release of protons from the film
causes an increase in the reduction current. On the other hand, if the protons move into
the polymer film the reduction current decreases. The water movement into and out of
the film occured during the potential sweep also changes the concentration of protons
in solution between the substrate and the microelectrode and might disturb the mass
transport of protons. In addition the polymer film swells and contracts with water
transport modifying the distance between the microelectrode and the substrate. The
current of the proton reduction at the microelectrode tip is a function of the distance to
the substrate as shown in the approach curve (Figure 6.17). The reduction current
detected at the microelectrode is then determined by a combination of events
mentioned above that modifies the concentration of protons between the microelectrode

and the substrate and its separation distance.

Glass Pt Microelectrode

Solution

2H" mHz 1\ e

Substrate

Quartz

Figure 6.16: Sketch of the microelectrode detecting proton concentration in solution
between the film and the electrolyte solution. The reduction current is proportional to the
concentration of protons in solution and distance between the microelectrode and the

substrate.
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6.3.1. Scanning Electrochemical Microscopy

The Scanning Electrochemical Microscope (SECM) works by scanning a
microelectrode very close to a conducting, or insulating, substrate. Controlled by a
micropositioning device, the tip can move towards the substrate in the perpendicular
direction, producing an approach curve; or the tip can also move parallel to the
substrate mapping the conductivity of the surface or the flux of material from, or
towards, the surface. The technique has been largely used due to its excellent spatial

resolution.'*°

The microelectrode is produced from a very thin filament of conductive material
such as Pt, Au, carbon fibre, etc. The conductive part is sealed with glass or epoxy
leaving a microdisk with a well-defined area of the conductive material exposed at one
end. The tip is polished in a cone shape as shown in Figure 6.16 to facilitate the
diffusion of ions to the surface of the tip. The diffusion at the tip of the
microelectrodes, < 50 pum diameter, is spherical rather than the planar diffusion
obtained at conventional size electrodes. The diffusion field of a microelectrode enables
the detection of material from a large area at the outer limits of the microelectrode and
the decrease of the concentration of the reagent on the surface is not observed.””! A

steady state current, i, is then registered at large times:'*2

i, =4nFDcr (6.12)

where n 1s the number of electrons involved in the reaction, F is the Faraday, D and ¢
are the diffusion coefficient and the concentration of the species analysed respectively
and r is the radius of the electrode. The current is directly proportional to the
concentration of the electroactive species analysed if all the other variables remain
constant. The high value of the diffusion coefficient of protons (about 8.5 x 10” m? s™
for acid solutions)'** confers good current response even for small concentrations. The

limiting current for the reduction of protons in 1 M acid measured by a 10 um diameter

microelectrode is 18 pA.
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The disadvantages of microelectrodes over conventional sized electrodes are that
the small area of the electrode is difficult to be quantified and cleaned, they are fragile
to handle and they require a potentiostat with high current amplification.

The reduction of protons on a large electrode would create many bubbles of
hydrogen at the surface of the electrode, which would disturb the electrochemical
measurements. Large bubbles do not seem to be formed on microelectrodes.’** A
reason for this could be that the hydrogen molecules formed diffuse away fast due to
the spherical diffusion geometry of the microelectrode.

There is a delay between the time protons are released or absorbed by the polymer
and the current being detected by the tip. This time delay, ¢, is proportional to the

distance, 4, between the tip and the substrate'!

e (6.13)
t=—
2D

where ¢ is the time needed for the proton to diffuse over the distance 4. A proton
released from the substrate reaches a microelectrode positioned 50 um away 0.13 s
later, which means a difference of 2.7 mV at a scan rate of 20 mV st

13* have measured the amperometric response of protons by

Frank and Denuault
positioning a Pt microelectrode very close to a poly(aniline) film in acid solution during
redox switching. A steady state current for the reduction of protons is recorded at the
microelectrode while the potential of the polymer film is linearly scanned. The current
obtained during the potential scan of the polymer registers the exchange of electrons
between the polymer film and the electrode and the current at the microelectrode
reflects the movement of ions between the film and the solution. We have used the
same SECM technique but added the simultaneous EQCM measurements. The results
presented in this thesis cannot be directly compared to Frank and Denuault’s '**
because they have studied the poly(aniline) film during redox swithing while here the
poly(aniline) film is electrodeposited with large poly(anion). This addition of the large
poly(anion) in the structure of the poly(aniline) is believed to modify the anion
movement during potential sweeping in order to keep the electroneutrality of the
polymer. In addition, in our case, we consider the contribution of the water flow which

is not the case in the work refered. To our knowledge, the present work is the first to

couple EQCM and SECM to analyse ionic and electronic movement during redox

switching of conducting polymers.
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The combinations of EQCM and SECM have been previously reported although
with other purposes. The radial sensitivity mapping of two different quartz crystals was
which acts as a counter electrode.'*® The distance between the tip and the substrate was
calibrated by frequency-distance response.*® The SECM is used in combination with
an EQCM to investigate the principle modes of tip-induced interactions. The focus is
on the influence of acoustic waves and surface modifying processes on the resonant
frequency of the quartz crystal.””’ Films of silver and Cgq were studied by
EQCM/SECM under bipotentiostatic control, although only the frequency was
measured on the EQCM.'*®

6.3.2. Experimental

A ten micrometer diameter platinum microelectrode was used for the detection of the
proton concentration close to the surface of the poly(aniline)-poly(styrenesulfonate)
film. The electrolyte solutions must be pure'” and ARISTAR grade chemicals were
used in these experiments. Traces of contaminants would obstruct the small area of the
microelectrode, interfering with the current, and leading to inaccurate amperometric
measurement of the concentration of protons. As the area of the electrode disk is very
small, any obstruction on the surface changes considerably the value of the original
area producing errors on the application of equation (6.12). The polymer film must also
be free of any residue of aniline monomer that might contaminate the solution and the
tip. The polymer film was rinsed with ARISTAR grade acid solutions several times
before the measurements with the microelectrode. A common way of verifying the
cleanliness of the solution and the microelectrode surface is to perform a cyclic
voltammogram for the Pt microelectrode in acid solutions.'* If the voltammogram'*’
does not correspond to that expectedfor a clean Pt surface, the microelectrode should be
polished and the electrolyte replaced.

In order to carry out the experiments on microelectrodes, the acid concentration
used for previous analyses had to be decreased from 1.00 M to 0.04 M. The reduction

of protons in highly acidic solutions creates irreproducibility in the measurements
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because the production of a great quantity of hydrogen gas disturbs the diffusion at the
tip of the microelectrode. A concentration of 0.04 M for the acid was found to give a
stable steady state current for the proton reduction. We have used 0.04 M HCIO, and
0.04 M HCIl as electrolytes for the experiments on proton movement on the
poly(aniline)-poly(styrenesulfonate) film during redox switching. The poly(aniline)-
poly(styrenesulfonate) film used for these experiments is the same as used for the
studies on anions movement. This change in concentration of electrolyte does not seem
to affect the ions which move during the potential sweep, since the voltammograms and
electroacoustic impedance of the polymer film is very similar when any of the two
concentration of acid solutions were used.

For the conditioning stage before the cyclic voltammetry, the microelectrode
was maintained at +0.2 V and the substrate at -0.2 V vs. SCE while the solution was
purged with argon for 3 min. Reproducible measurements were obtained with this
conditioning stage and oxygen was not an interference. During the voltammetric cycles,
the microelectrode was kept at —1.2 V vs. SCE while the polymer film was cycled
between —0.2 V and 0.5 V vs. SCE at 20 mV s\,

The current registered at the microelectrode is a function of the distance
between the microelectrode and the substrate. This distance was kept constant for all
experiments described in this section. The tip has to be very close to the surface of the
film to be able to detect changes in the concentration of protons that take place in that
region. The tip has to be in the diffusion layer of the substrate. However the mass of
film fluctuates during the redox switching due to ions and solvent exchange with the
electrolyte, and so the tip must be far enough so as not to touch the polymer film during

13 noticed on similar experiments that the

the redox cycles. Frank and Denuault
poly(aniline) film swells during the oxidation and touches the microelectrode tip
causing a perturbation in the current. In this case the measurement has to be stopped
and the tip brought back to the bulk for reconditioning. However the poly(aniline)-
poly(styrenesulfonate) is much more compact than the poly(aniline) film (as shown in
the SEM images in Chapter 5) and should swell less during the redox switching. In
order to find a good distance between the polymer film and the tip, an approach curve
was performed using 0.04 M HCIO,4 as shown in Figure 6.17. There is a limiting
current for the reduction of protons at —1.0 V vs SCE as seen in the inset of Figure 6.17.

During the approach curve the potential of the microelectrode was maintained at -1.0 V

vs SCE. In this experiment the substrate is at open circuit and acts as an insulator
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blocking the transport of protons from the electrolyte to the tip. The proton reduction
current decreases as the tip gets closer to the substrate because there are fewer protons
available to be reduced to hydrogen molecules. A decrease of about 40 % at the
limiting current of the proton reduction over the bulk value is an indication that the tip
is close enough to the polymer surface to detect changes in proton concentration at the
surface of the polymer, and this position was adopted for the experiments of the
analysis of proton movement. The absolute distance between the tip and the polymer
film is not known. The bulk value is the limiting current obtained from the reduction of
protons when the tip at an infinite distance from the substrate. In order to measure ion
fluxes from poly(aniline) films, Frank and Denuault 134 used a distance at which the tip
showed a 20 % decrease in the limiting current relative to the bulk value. In our
experiments the tip is placed closer to the substrate.

The platinum microelectrode used in our experiments has a value of R, of 10.
The R represents the ratio between the radius of the glass surrounding the electroactive
tip and the platinum radius. The value of R, does not matter when the microelectrode
measures a positive current feedback from a conductive substrate. On the other hand if
the substrate is insulating, the current registered at the microelectrode decreases as the
sheath radius increases. The insulating sheath blocks the diffusion to the disk electrode

through the thin gap between the microelectrode and the insulating substrate.'*’
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Figure 6.17: Approach curve of a 10 pm diameter Pt microelectrode with insulator/disk
radius ratio, R,, of 10 at —1.0 V vs. SCE on the surface of 96 pg cm™ of poly(aniline)-
poly(styrenesulfonate) film at open circuit in 0.04 M HCIO,. The inset shows the
reduction of protons from 0.2 V to 1.0 V vs. SCE at 200 mV s™ in 0.04 M HCIO,. The
reduction was carried out with the microelectrode at different distances from the surface
of the polymer film. In red, the tip is on the bulk and in black the tip is at the position
where the reduction current registered 40 % of decrease relative to the bulk.

145



EQCM Analysis and Characterisation of poly(aniline)-poly(styrenesulfonate) films

6.3.3. Results and Discussion

The experiments using the coupled EQCM and SECM simultaneously record the
current at the polymer during the redox switching of the polymer, the current at the
microelectrode which registers the proton concentration close to the surface of the
polymer film and the QCM measurements. This combination is unique and has not
been reported before on the analysis of conducting polymers during potential sweep.
Figure 6.18 and Figure 6.19 show the QCM measurements and the charge
passed during the redox cycles of the poly(aniline)-poly(styrenesulfonate) film.
Although the polymer film exchanges water with the electrolyte it is considered rigid as
AR is close to zero at all potentials. The plots are similar to those previously analysed
with the mass of the polymer increasing during the oxidation scan and decreasing
during the reduction scan. The experiments are reproducible from one measurement to
the next and also from one film to another (data not shown here). There is not a
significant difference in the electroacoustic impedance response of the poly(aniline)-
poly(styrenesulfonate) film on changing the electrolyte from HClO4 to HCl. This
reaffirms the conclusion made previously that the anions do not participate in the
maintenance of charge neutrality of the poly(aniline)-poly(styrenesulfonate) film at our
experimental conditions. After these experiments using 0.04 M acid solution, a
voltammogram using 1 M of HCIO4 was performed and the polymer film presented the
same response as registered previously confirming then the stability of the film

throughout the experiments.
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Figure 6.18: Electroacoustic impedance measurement and charge during redox cycles of
96 ug cm™ of poly(aniline)-poly(styrenesulfonate) film in 40 mM HCIO; at 20 mV s,
The system was conditioned purging argon for 3 min with the substrate at —0.2 V, the tip
at 0.2 V vs. SCE. The substrate was cycled from —0.2 V to 0.5 V while the tip was kept at
-1.2 Vvs. SCE.
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Figure 6.19: Electroacoustic impedance measurement and charge during redox cycles of
96 pg cm™ of poly(aniline)-poly(styrenesulfonate) film in 40 mM HCl at 20 mV s™'. The
system was conditioned purging argon for 3 min with the substrate at —0.2 V, the tip at
0.2 V vs. SCE. The substrate was cycled from —0.2 V to 0.5 V while the tip was kept at
-1.2 Vvs. SCE.
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Figure 6.20 shows the movement of water and movement of protons separately during
the potential sweep of poly(aniline)-poly(styrenesulfonate) in 0.04 M HCIO4 by
applying equations (6.8) and (6.10). The number of moles of anions is considered to be
zero, Ucios- = 0, and the fraction of the number of moles of water, 0.18 X U0, Was
transformed to the entire number of moles of water by dividing the values obtained
from equation (6.10) by 0.18. The number of moles of protons is obtained by
subtracting the equation (6.8) from the equation (6.10). The changes in mass in the
polymer (calculated from the values of X; shown in Figure 6.18) is related to the water
movement alone as no anions take part in the maintenance of the electroneutrality of
the polymer and the molecular mass of the protons is comparatively very small. The

protons are expelled from the film during oxidation and inserted during reduction.
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Figure 6.20: Number of moles exchanged during redox cycling of 96 ug cm” of
poly(aniline)-poly(styrenesulfonate) film in 0.04 M HCIO, at 20 mV s™. The film is kept
at -0.2 V vs SCE for 3 min before the voltammetric cycles. a) number of moles of water
and b) number of moles of protons exchanged. The points and the associated letters are
used to explain the proton and the water movement on the polymer film during potential
sweep in the text.
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Figure 6.21 and Figure 6.22 show voltammograms of the poly(aniline)-
poly(styrenesulfonate) films in different acid solutions. The normalised current
registered at the microelectrode is plotted together with the current registered at the
substrate during the potential scan of the polymer as a function of the polymer
potential. Overlaying the two helps in the comparison between the electron and proton
movement in the poly(aniline)-poly(styrenesulfonate) film. The current at the
microelectrode was normalised against 40 % of the limiting current for the reduction of
protons obtained when the tip is in the bulk. This is the current registered at the tip
placed close to the substrate when the polymer film is at open circuit and the polymer
has no influence on the concentration of protons. This normalisation is useful because
the perturbation produced by the substrate upon the electrochemical reaction taking

place at the tip can be detected.”*
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Figure 6.21: Voltammetric cycles of 96 pg cm™ of poly(aniline)-poly(styrenesulfonate)
film in 40 mM HCIO,4 at 20 mV s™. The system was conditioned purging argon for 3 min
with the substrate at —0.2 V, the tip at 0.2 V vs. SCE. The substrate was cycled from
-0.2 Vto 0.5 V while the tip was kept at —1.2 V close to the substrate. The points and the
associated letters are used to explain proton and water movement on the polymer during
potential sweep in the text.
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Figure 6.22: Voltammetric cycle of 96 pg cm™ of poly(aniline)-poly(styrenesulfonate)
film in 40 mM HCI at 20 mV s'. The system was conditioned purging argon for 3 min
with the substrate at —0.2 V, the tip at 0.2 V vs. SCE. The substrate was cycled from
-0.2 Vto 0.5 V while the tip was kept at —1.2 V close to the substrate.

During the oxidation scan, the current at the microelectrode increases together with the
oxidation current of the polymer film. The peaks in proton release and polymer current
coincide. Then the normalised current at the microelectrode drops below 1, which
could indicate that protons are taken up by the film, but it is not very probable since
protons should leave the film during oxidation. The normalised current at the
microelectrode reaches a minimum and then finishes the oxidation scan at the same
current as it starts. At the beginning of the reduction scan there is a broad decrease at
the microelectrode current which is the reverse of that happened on the oxidation scan.
The normalised current at the microelectrode reaches the value of 1 just before the
reduction peak starts and the normalised microelectrode current follows the reduction
of polymer with a small time delay. The normalised microelectrode current ends the
reduction scan from where the current starts the oxidation scan.

The increase in the normalised current at the microelectrode takes place with
protons being released from the polymer film. The uptake of water into the polymer
film, though increases the concentration of protons between the tip and the polymer
film, however this is not significant relative to the sensitivity to proton movement

because in 0.04 M acid there is 1 proton for every 1375 water molecules. As was seen
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in the approach curve, the current at the microelectrode can also increase if the distance
between the tip and the films grows with no simultaneous movement of protons
between the film and the electrolyte.

By referring to the approach curve in Figure 6.17 we can calculate the thickness
by which the polymer would need to increase in order to cause the effect seen in the
current registered at the microelectrode in Figure 6.21 and Figure 6.22. The range of
the normalised current shown in Figure 6.21 and Figure 6.22 is between 0.90 and 1.05
which corresponds to an absolute current at the microelectrode between 0.450 LA and
0.525 pA, since the normalisation is calculated against 0.5 pHA. The correspondent
expansion and shrinkage of the film would have to be about 4 um according to the
relation between the current registered at the tip and the distance between the tip and
the substrate recorded during the apporach curve. The change in mass of the polymer
during the potential sweep is 3 ug cm™ by applying the Sauerbrey equation to the AXy
values of Figure 6.18. We can convert this mass change to a thickness change,
d=m /(4 x p), by considering that this mass is caused by water alone which has density
of 1 g cm™. Thus we estimate that the thickness of the polymer film varies by only
0.03 um during the potential sweep due to the movement of water. This is about one
hundred times less than the charge required to explain the changes in the normalised
current at the microelectrode. In addition we know that the dry polymer film is about
1 ym thick and it is not probable that the film absorbs water to four times its original
thickness. Based on this analysis, we eliminate the possibility that the swelling, or
contraction, of the polymer film is relevant on the current at the microelectrode.

By comparing the data obtained in the plots in Figure 6.20 and Figure 6.21 we
can describe a possible model for the ionic and solvent transport during the redox
switching of the poly(aniline)-poly(styrenesulfonate) film in 0.04 M HCIO4. At the
beginning of the oxidation scan (between a and b) there is water moving out of the film
and no movement of protons and the normalised current at the microelectrode can be
considered constant. During the transition between the leucoemeraldine and emeraldine
(between b and c¢) water is still leaving the film and in addition protons start to leave the
film in order to maintain the electroneutrality causing the current at the microelectrode
to increase considerably. After the oxidation peak (between ¢ and d) water molecules
change direction and move into the polymer film while some protons are still leaving

the film. The current at the microelectrode decreases. The alteration in the direction of
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the flux of water might disturb the mass transfer of protons in the solution between the
polymer and the microelectrode decreasing the detection of the protons by the tip.
Between d and e the current at the microelectrode increases slightly. The protons are
still leaving the film and the amount of water being incorporated into the film
decreases. With the stability of the flux of water into the film the microelectrode
regains the measurement of the protons leaving the film. With the reversal of the scan
(between e and f) the protons move into the film and the water movement slowly starts
to change direction. The current at the microelectrode decreases detecting the proton
incorporation into the film. When the film is temporarily in the emeraldine state
(between f and g) there is water moving out of the film and protons are moving into the
film and the current at the microelectrode increases. This increase in the microelectrode
current when protons move into the film may again be caused by the change in the
direction of the water. During the reduction peak (between g and h) protons move
considerably into the film and water molecules leave the film leading to a decrease in
the current at the microelectrode. When the polymer is at the reduced state (between h
and a) the protons do not move much and water molecules leave the film. The
microelectrode current increases.

The normalised current at the microelectrode is related to the concentration of
protons in the electrolyte solution some micrometres away from the polymer film. The
decrease in the normalised current between points ¢ and d when an increase would be
expected due to the ejection of protons from the polymer film; and the equally
surprising increase in the normalised current between f and g and between h and a,
could be explained by the change in the direction of the flux of water. This could
disturb the mass transport of the protons in the solution between the tip and the polymer
creating a misinterpretation about the flow of protons into and out of the polymer film
during the redox switch. However this explanation seems unlikely because the gap
between the polymer film and the microelectrode is large (about 20to 50 um)
compared to the amount of water that moves (equivalént to a thickness of 0.03 pum).

Another hypothesis for the unexpected change in the direction of the
microelectrode current between the points ¢ and d, f and g and also h and a is based on
the idea that the effects on the polymer beneath the tip where the microelectrode
measurements are made are different from the rest of the polymer because of the

blocking effects caused by the microelectrode. This localised alteration of the ionic flux
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would not be sensed by the EQCM measurements and the current substrate because the
total mass of polymer film is much greater than the amount of polymer which would
suffer the effect of the microelectrode. Although it is not probable that the conically
shaped microelectrode would alter the concentration of the electrolyte solution under
the tip.

At this stage we do not have a plausible explanation for the unexpected current
measured at the microelectrode between the points ¢ and d, f and g and also h and a and

more experiments are necessary to sort them out.

6.4. Conclusion about ion movement

The poly(aniline)-poly(styrenesulfonate) film is considered rigid during the redox
cycles, so the Sauerbrey equation can be applied to the calculations of changes in
polymer mass during redox cycling. This change in mass is caused by the movement of
ions in order to maintain the polymer neutrally charged during the redox switching.
Solvent also moves into and out of the film during the potential cycling.

The anions of the electrolyte do not take part in the process of charge neutrality
of the film because large anions, poly(styrenesulfonate), are already incorporated into
the polymeric structure. The protons are responsible for the electroneutrality of the
poly(aniline)-poly(styrenesulfonate) film in acid solutions. During the oxidation of the
poly(aniline)-poly(styrenesulfonate) film, protons move out of the film and water
molecules move into the film. We speculate that the structure of the polymer film
straightens out when in the oxidised stated creating free space for the inclusion of water
molecules into the film. The reverse happens during the reduction. The proportion of
the protons and water flux changes depend on the direction of the scan because the
configurational conformation of the polymer film is related to the potential of the film.
That is reason of the difference on the curves of mass per charge during reduction and
oxidation.

The analysis of the amperometric response of protons at a microelectrode close to

the surface of a polymer film, which is being reduced and oxidised, does not seem to be
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converted exclusively to the flux of protons. Because of the difficulties in interpreting
the results of the microelectrode current, the SECM is not the best technique to be
coupled to the EQCM experiments in the analysis of ions and water flux during the
redox switching of conducting polymers. Some reasons considered for the unlikeness
of the results are that the change in the direction of the solvent in the polymer film
during potential sweep could have an effect on the mass transport of the ion detected by
the microelectrode. The change in the direction of the flux of water disturbs the mass
transport of protons generating errors on the interpretation of the current at the
microelectrode. Or even the physical impediment of the microelectrode might interfere
locally the ion motion between the polymer and the microeletrode making it different
than in the rest of the polymer film. So the response of the microelectrode current is not

representative of the flux of ions and water that occurs in the great part of the polymer

film.
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7. Conclusion

There are two limiting cases for the EQCM measurements: when a thin, rigid and
smooth layer is deposited on the quartz crystal its mass can be calculated by applying
the Sauerbrey equation; when a Newtonian liquid is in contact with a quartz crystal, the
product of its density and the viscosity can be calculated by using the Kanazawa
equation. If the material analysed is neither a thin layer of a smooth and rigid material
nor a perfectly viscous liquid, the Sauerbrey equation and the Kanazawa equation are
both invalid and mathematical simulations are required. If the mass of the material
analysed is the main quantity of interest in an EQCM measurement, it is essencial to
prove that you have a thin, rigid and smooth layer to take advantage of the simplicity of
the Sauerbrey equation. The validity of the Sauerbrey equation for a particular film can
be readily checked by the observation of the parametric plot (AR vs. AXy) since if
Sauerbrey applies AR must stay close to zero while AX; will represent the mass. The
parameters R and X; are obtained from EQCM experiments by representing the
resonating quartz crystal in terms of a BVD equivalent electrical circuit. In our
measurements we have used the transfer function method to operate the EQCM, this
provides a fast and efficient way to perform and analyse the EQCM response. One of
the major advantages of the transfer function method is the speed of the measurement -
the technique is fast enough to follow rapid electrochemical reactions.

The aim in this thesis was to use the EQCM to study the electrodeposition, and
the flux of ions and solvent during the redox switching, of poly(aniline) composite
films. The poly(aniline) composite films show similar electrochemical and
morphological  properties  when  deposited either  potentiostatically  or
potentiodynamically. On the other hand the choice of counterion used during
electrodeposition influences the morphology of the film. Poly(aniline) films deposited
with  sulfate/bisulfate counterion have a fibrous structure, poly(aniline)-
poly(vinylsulfonate) composite films have a globular structure, and poly(aniline)-
poly(styrenesulfonate) composite films have a more compact structure. Starting from
the model proposed by Urbakh for porous materials’’ we developed a relationship
between the EQCM response, in terms of the parametric plot and the porosity of the

material analysed. However we could not establish a quantitative fit between
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experiment and theory because of the incertainties in the physical parameters for the
polymer films (such as permeability and density).

We chose to study the flow of ions and solvent during redox cycles for the
poly(aniline)-poly(styrenesulfonate) film because this was the only film which was
smooth and behaved rigidly during the growth of a thin film. Consequently the
Sauerbrey equation could be applied to calculate the change in mass of this polymer
during redox cycling. This variation in mass is caused by the movement of ions, in
order to maintain electroneutrality within the polymer during redox switching. The
electrolytes used were strong inorganic acids composed exclusively of fully dissociated
protons and anions. From the experimental results we conclude that the anions of the
electrolyte do not take part in the process of oxidation or reduction of the poly(aniline)-
poly(styrenesulfonate) film. Large anions, from the poly(styrenesulfonate), are already
incorporated into the polymeric structure of the composite film. As the anions are not
exchanged between the electrolyte and the polymer film, the movement of protons is
believed to be responsible for maintaining electroneutrality of the poly(aniline)-
poly(styrenesulfonate) film in acid solutions. The mass of protons is very small
compared to the masses of polymer, anions and water, therefore it is not detected by the
EQCM measurements. In order to observe the movement of protons between the
polymer film and the electrolyte solution during the redox switching, SECM was
coupled with the EQCM. A microelectrode was placed very close to the polymer film
held at a potential at which protons were reduced to hydrogen molecules at a mass
transport limited rate. The current at the microelectrode is proportional to the
concentration of protons at the vicinity of the microelectrode, which is expected to
increase if protons are expelled from the polymer film. We experienced unexpected
difficulties in interpreting the current at the microelectrode during redox cycling of the
polymer. More experiments such as potentiostatic measurements or potentiodynamic
measurements using other scan rates and with the electrodes at different distances from
the polymer film would help in the interpretation of the flux of protons between the
polymer film and the electrolyte solution during potential cycling.

During the oxidation of the poly(aniline)-poly(styrenesulfonate) film there is an
increase in mass in the polymer film caused by water molecules moving into the film.
Due to orbital rearrangement, the backbone of the polymer film must straightened out
when in the oxidised state and we suggest that this creates free space within the film

which is taken up by the insertion of water molecules into the film so that it swells.
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8. Appendices

8.1. Parameters of the BVD Equivalent Electrical Circuit

The components of the BVD equivalent circuit are converted to the physical properties

of the resonant quartz and the materials attached on it by the following mathematical

equations: 3243
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The mass sensitive area, 4m, and thickness of the quartz crystal, /;, have an influence on

the four parameters of the quartz crystal. The dielectric constant of the quartz, D,, and

the permittivity of free space, &), appears only in C,. The piezoelectric constant, ey, is
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present only on the motional branch. The acoustic viscosity of the quartz, 7, is related
to the dissipation of energy to the medium and hence to R, The density of the quartz,
Pq, 18 associated to Lq and the elastic constant, 4, is associated with Cgy. These last two
physical properties of the quartz are present in the electric parameters of the non-

piezoelectric materials deposited on the quartz.

8.2. Complex Numbers

Figure 8.1 shows a plot with input and output voltages with the same frequency but
with a time delay between them that creates difference in phase.'*' The output voltage
can be divided in two vectors: the in-phase (real) and the out-of-phase (imaginary)

components with respect to the input voltage.

a , ; m
10 \SZat ¥
I t
| v
L
% %X\ V_out of phase
b
L t V.

1

Figure 8.1: Sketch simplifying the differences in phases of a vector. a) Input and output
voltages with the same frequency but different phases. b) Output voltage split in two: the
in-phase and out-of-phase components with respect to the input voltage.

Numbers which are quantified by both a magnitude and a phase are called complex
numbers. Complex numbers can be represented by a phasor and an angular rotation, 6,
which indicates the phase difference.'* Figure 8.2 shows the impedance Z represented
in two forms: a magnitude and phase angle, |Z]£6, or as the real and imaginary co-

ordinates, R and X;..
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R=|Z] cos |Z|=\R* + X]

X, =1|Z| sin@ tan™ 0 = Z%—

Figure 8.2; The impedance Z represented as a cartesian form Z = R + iX;, and in polar
form Z=|Z|e".

In complex notation, Z can be represented as R + iX;.'* Numbers prefixed by i are
known as imaginary numbers. The complex quantity Z is formed by the real part R and
the imaginary part Xi. The real part R is the projection of Z on the horizontal axes
(cosine) or the in-phase part and the imaginary part X; is the projection of Z on the
vertical axes (sine) or the out-of-phase part. The complex numbers are represented in

bold type in this thesis.
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8.3. Quick Basic Program

8.3.1. QCMFIT.BAS

The real and the imaginary components of the quartz crystal’s electroacoustic
impedance, R and X1 (=w,L), are obtained from the non-linear least squares fitting
program for equation (1.29) written in Quick Basic 4.5 by Etchenique®®. This program
calculates the values of R, L and C, for each transfer function. The values of C; is set at
3.36x 10" F and Cy, is equal 5.5 x10'' F.

DECLARE SUB buscaframe ()
' programa hecho en so'ton
" fitberni

' graba el primer set de datos en archivo NOMBRE.PRI

'0jo , 5 parametros , el 5to es admitancia de entrada del ampli !
'miq?2 fitea la primera vez con 3 parametros , la segunda con 5 y
" despues vuelve a 3 clavando los otros 2

' agarra muchos .DAT y los transforma en .FIT
COMMON SHARED nomecru$, resmin%, resmax%, nummax%, kkk%

COMMON SHARED res%(), vtg!, cserie

'ON ERROR GOTO byerr

OPTION BASE 1

DIM res%(500)
DEFDBL A-H, O-Z
miny# = 1

maxy# =0

ON KEY(10) GOSUB chao
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KEY(10) ON

cm = 5.5E-11
cserie = 3.36E-14 'valor impedancimetro = 3.192e-14
'este valor da correcta R=360 ohms !

conv:
CLS

LOCATE 1, 1: PRINT "ESTE PROGRAMA OPERA SOBRE EL SUBDIRECTORIO
DONDE ESTE PARADO !"

nvar% = 1: np% = 5: nobs% = 1000'(ES EL DEFAULT Y MAXIMO DE nobs%)

DIM fobs(nobs%), fcalc(nobs%), ftemp(nobs%)

DIM vobs(nobs%, nvar%), v(nobs%, nvar%), dfdv(nobs%, nvar%)
DIM p(np%), pname$(np%), dfdp(nobs%, np%)

DIM iflag%(nobs%), dlambda(nobs%)

kkk% =1

iuserwt% =0
internalwt% =0
fract =1

LOCATE 5, 11: PRINT "Si quiere modificar valores de Cmedida y Cserie pulse
C"
LOCATE 6, 11: PRINT "Si no , pulse ENTER"

modic: 1$ =INKEY$
IF 1$ = CHR$(13) THEN GOTO pidata
IF UCASES$(1$) <> "C" THEN GOTO modic

LOCATE 9, 11: PRINT USING "Valor de cserie en fentofarad (default = ##.# )";
cserie * 1E+15;

INPUT cserie$
IF cserie$ <> "" THEN cserie = VAL(cserie$) * 1E-15

LOCATE 11, 11: PRINT USING "Valor de cmedida en picofarad (default = ###.#
"sem * 1E+12;

INPUT cm$

IF cm$ <> "" THEN cm = VAL(cm$) * 1E-12
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pidata:
CLS

LOCATE 1, 1: PRINT "ESTE PROGRAMA OPERA SOBRE EL SUBDIRECTORIO
DONDE ESTE PARADO !"

i

LOCATE 5, 1: INPUT "Numero maximo de iteraciones (default = 30) ,

numit%
IF numit% = 0 THEN numit% = 30

LOCATE 7, 1: INPUT "dERR/dFIT max p/ terminar regresion (Def = 1e-8) ",

erreg
IF erreg = 0 THEN erreg = 1E-08

LOCATE 9, 1: INPUT "One fit every ... how many points ? (Def=1) ", kkk$
IF kkk$ <> "" THEN kkk% = VAL(kkk$)

autofram$ = "N"

IF autofram$ = "N" THEN
LOCATE 11, 1: INPUT "Numero de puntos iniciales que deja afuera "

xnpun%
LOCATE 13, 1: INPUT "Numero de puntos FINALES que deja afuera

", xnpunf%
END IF

LOCATE 15, 1: INPUT "Resistencia , valor inicial en ohms (default = 100) ",

p(1)

IF p(1) =0 THEN p(1) =100

LOCATE 17, 1: INPUT "Capacidad Co , valor inicial en F  (default = 2e-11) ",
p(3)

IF p(3) = 0 THEN p(3) = 2E-11

LOCATE 19, 1: INPUT "Inductancia , valor inicial en Hy (default = reson) ",
p(2)

LOCATE 21, 1: INPUT "Fitea 3-5-4-3 o solo 3 FIJOS ?  (default = 3543) ",
fittype%

IF fittype% <> 3 THEN fittype% = 3543

np% =3

LOCATE 23, 1: INPUT "Factor #D (inicial o fijo) (default =2) ", factor
IF factor = 0 THEN factor = 2

p(4) = factor

admitin = .0001

p(5) =.0001
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CLS

LOCATE 3, 1: PRINT "Nombres de los archivo a convertir SIN EL PATH y SIN

DAT!"
LOCATE 5, 1: PRINT "Ponga solo ENTER para el terminar ..."

DIM nom$(50)

numfile% = 1
loopfile:
INPUT nom$(numfile%)

IF nom$(numfile%) <>"" THEN numfile% = numfile% + 1: GOTO loopfile

num% =0

FOR numero% =1 TO numfile% - 1

IF nom$(numero%) = "nuevo" THEN num% = 0: p(2) = 0: GOTO nesnumero

p(2)=0
num% = num% + 1

nom$ = nom$(numero%)

SCREEN 12
CLS

nomeru$ = nom$ + ".DAT"
nomfit$ = nom$ + ".FIT"
numfit% = 1
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IF autofram$ ="Y" THEN CALL buscaframe

OPEN nomcru$ FOR INPUT AS #1
OPEN nomfit§ FOR OUTPUT AS #2

INPUT #1, titulo$ 'dummy
INPUT #1, datfreq$

minfreq = 1000000! * VAL(MIDS$(datfreq$, 7, 10))
maxfreq = 1000000! * VAL(MIDS(datfreq$, 27, 10))

INPUT #1, dummyl1$
INPUT #1, dummy?2$
INPUT #1, dummy3$

maxda% =0

minda% = 0

stepda% = 20

cuentada: 'aca cuenta cuantos puntos hay
INPUT #1, transf$

maxda% = maxda% + stepda%

IF VAL(transf$) <> 0 THEN GOTO cuentada
maxda% = maxda% - stepda%

da% = maxda%

punto% =0
prim% = -2
minmodulo# = 1E+20
1% =1
otroset:

1$ = INKEYS

IF UCASES(I$) = "P" THEN np% = 5

" IF numfit% > 5 THEN
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' IF solouna% =1 THEN
' factor = p(4)

admitin = p(5)

np% =3

GOTO juira

END IF

'IF devsq > .001 THEN np% = 5: solouna% = 1
'END IF
juira:

IF autofram$ ="Y" THEN

npun% = res%(numfit%) - resmin%
npunf% = resmax% - res%(numfit%)

ELSE
npun% = xnpun%

npunf% = xnpunf%

END IF

otro:

IF EOF(1) THEN GOTO byebye

LINE INPUT #1, dat$

IF dat$ ="" THEN GOTO otro

IF (LEFT$(dat$, 1) = "E" OR LEFT$(dat$, 1) = "t" OR LEFT$(dat$, 1) = "q") AND
punto% = 0 THEN punto% = 1: prim% = -2: viejdat$ = dat$: GOTO otro

IF (LEFT$(dat$, 1) = "E" OR LEFT$(dat$, 1) = "t" OR LEFT$(dat$, 1) = "q") AND
punto% = 1 THEN prim% = -2: viejdat$ = dat$: da% = maxda%: GOTO otrocacho

IF prim% = -1 THEN prim% = 0: GOTO otro 'para comerse el ler dato
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IF prim% = -2 THEN prim% = -1: GOTO otro 'para comerse el 2do dato tambien

'F UCASE$(INKEY$) = "Q" THEN END

antdat$ = viejdat$

x = maxda% - da%
fr = minfreq + x * (maxfreq - minfreq) / (maxda% - minda%)
wH# =2 *3.1415927# * fr
modulober = VAL(MIDS$(dat$, 1, 5))

' modulo# = .003871 * modulober " 2 - 23.2205 * modulober + 42555.25
modulo# = modulober
modulo# = modulo# / 10000
esta es la ecuacion para pasar de los datos de bernhard a los
mios, debido a la distinta forma de agarrarlos
" LOCATE 9, 1: PRINT da%, chl!, ch2!, vo#, vi#

" LOCATE 11, 1: PRINT w#, modulo#

da% = da% - stepda%

IF modulo# = 0 THEN GOTO otro
IF modulo# < minmodulo# THEN minmodulo# = modulo#:; wres# = w#

IF j% <npun% THEN GOTO dummypunt
IF modulo# > 2 THEN GOTO dummypunt
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vobs(i%, 1) = w#
fobs(i%) = modulo#

IF fobs(i1%) > maxy# THEN maxy# = fobs(i%)
IF fobs(i%) < miny# THEN miny# = fobs(i%)

1% =1% + 1
dummypunt:
% =j%+1

GOTO otro

byebye:

CLOSE 1
CLOSE 2

nesnumero: NEXT numero%

END

otrocacho:

'si no tiene valor inicial para p(2) lo busca del minimo de modulo
'hallado

IF numfit% > 5 THEN

% =Jjj% + 1

IF jjj% < kkk% THEN GOTO otroarch
jij% =0

END IF

LOCATE 27, 1: PRINT "F10 to quit";

IF p(2) =0 THEN
p(2) =1/ (wres# " 2 * cserie)

Appendices
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END IF

'GOTO casifin

1

aca esta el nolin6
' programa fiteador , es el nonlin sin comments

10050

nobs% =1% - 1 - npunf%

miny# = miny#

maxy# = maxy#

wmax = vobs(nobs%, 1)
wmin = vobs(1, 1)

iF vezz% = 0 THEN vezz% = 1:
WINDOW (wmin, miny#)-(wmax, maxy#)

pname$(1) ="R"
pname$(2) ="Co"
pname$(3) ="L"

devsql = 1D+20: devsq2 = 1D+20

'IF UCASES(INKEY$) = "Q" THEN END

FOR it% =1 TO numit%

GOSUB 12000
GOSUB 13000
IF nonconvergence% = 1 THEN PRINT "nonconvergence !!": END

GOSUB 13500
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IF internalwt% = 1 THEN GOSUB 14500
GOSUB 15000
GOSUB 16000
GOSUB 17000
NEXT it%

GOSUB 19000
GOSUB 20000

casifin: |
IF LEFT$(antdat$, 1) = "t" THEN

eot! = VAL(MIDS$(antdat$, 3, 5))

ioq! = VAL(MIDS$(antdat$, 25, 14))
'vtg! = VAL(MIDS$(antdat$, 45, 14))
ELSE

'eot! = VAL(MID$(antdat$, 5, 11))
'ioq! = VAL(MIDS$(antdat$, 25, 24))

END IF

'si son los 3 primeros datos chotos , no escribe !

IF num% > 1 OR numfit% >= 5 THEN
IF np% =2 THEN

PRINT #2, USING "###{H #H# | # HHH BTN R, A,
##.##"; eot!; ioq!; vig!; p(1); p(2) * 1000!; capa * 1E+12

ELSE

PRINT #2, USING "###iH# | #HHHO BN (A, 31
#i.##"; eot!; ioq!; vig!s p(1); p(2) * 1000!; p(3) * 1E+12

END IF

END IF

GOTO otroarch

170



Appendices

11000
FOR 1% =1 TO nobs%

x = vobs(i%, 1)

IF np% =2 THEN

fecalc(i%) = factor * SQR(p(1) * 2 + (x * p(2) - 1 / (x * (cserie))) » 2) / SQR((x *
p(2) - 1/ (x * cserie) + x * p(2) * capa/ cm - capa / (x * cserie * cm) - 1 / (x * cm) -
p(1) * admitin/ (x * cm)) * 2 + (p(1) + p(1) * capa/cm + _
admitin * p(2) / cm - admitin / (x * x * cserie * cm)) " 2)

END IF

IF np% =3 THEN

fecalc(i%) = factor * SQR(p(1) * 2 + (x * p(2) - 1 / (x * (cserie))) ~ 2) / SQR((x *
p(2)-1/(x * cserie) + x * p(2) * p(3) / cm - p(3) / (x * cserie * cm) - 1 / (x * cm) - p(1)
*admitin/ (x *em)) 2+ (p(1) +p(1) *p(3) /cm +
admitin * p(2) / cm - admitin / (x * X * cserie * cm)) * 2)

END IF

IF np% = 4 THEN

feale(i%) = p(4) * SQR(p(1) » 2 + (x * p(2) - 1 / (x * (cserie))) ~ 2) / SQR((x *
p(2) -1/ (x * cserie) + x * p(2) * p(3) / cm - p(3) / (x * cserie * cm) - 1 / (x * cm) - p(1)
*admitin / (x * cm)) * 2 + (p(1) + p(1) * p(3) / cm + admitin _
*p(2) / cm - admitin / (x * X * cserie * cm))  2)

END IF

IF np% = 5 THEN

fecalc(i%) = p(4) * SQR(p(1) * 2 + (x * p(2) - 1 / (x * (cserie))) ~ 2) / SQR((x *
p(2) -1/ (x *cserie) +x * p(2) * p(3)/cm - p(3) / (x * cserie * cm) - 1/ (x * cm) - p(1)
*p(5)/ (x *em)) 2+ (p(1) + p(1) * p(3) /em + p(5) * p(2) _
/em - p(5)/ (x * x * cserie * cm)) * 2)

END IF

NEXT 1%
RETURN

12000
GOSUB 12200
GOSUB 11000
GOSUB 12500
RETURN

12200
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CLS
LOCATE 2, 4: PRINT nomcru$; " >>> "; nomfit$

LOCATE 4, 4
PRINT "Parameters , iteration "; it%: PRINT ; " time ="; TIME$

LOCATE 7,2
PRINT "Name Value Change"; : PRINT

IF ABS(p(1)) > 100000 OR ABS(p(2)) > 1 OR ABS(p(3)) > .000001 OR
ABS(p(4)) > 10 OR ABS(p(5)) > 1E+12 THEN

CLS

PRINT "overflow"

END
END IF

LOCATE 9, 2: PRINT USING "R ### st  ##4#": p(1); -1 * ths(1)

IF np% >2 THEN
LOCATE 10, 2: PRINT USING " Co ####.## HHHE A" p(3) * 1E+12; -1E+12 *

rhs(3)
ELSE
LOCATE 10, 2: PRINT USING " Co ######  no change"; capa * 1E+12;

END IF

LOCATE 11, 2: PRINT USING " L ##.####H#  #.####", p(2) * 1000; -1000 *
rhs(2)

IF np% >3 THEN
LOCATE 13,2: PRINTUSING " D #.### # A" p(4); ths(4)
LOCATE 14, 2: PRINT USING "Rin ##### Kohm ";.001/p(5)

ELSE
LOCATE 13,2: PRINTUSING " D  ####"; factor
IF admitin > .00001 THEN LOCATE 14, 2: PRINT USING " Rin HHH R

Kohm ";.001 /admitin

END IF

PRINT
RETURN
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12500
irow% = 1: icol% = 40: ioffset% = 20: iroom% = 40: numrows% = 20
devsq=0

VIEW (350, 1)-(610, 400), , 14
CLS

IF numfit% = 5 THEN
nompri$ = nom$ + ".PRI"

OPEN nompri$ FOR OUTPUT AS #3
END IF

FOR i% =1 TO nobs%

IF numfit% = 5 THEN PRINT #3, USING "######## |, #.4##"; vobs(i%, 1);
fobs(i%) / factor

PSET (vobs(i%, 1), fobs(i%)), 14
PSET (vobs(i%, 1), fcalc(i%)), 7

12630 dev = fobs(1%) - fcalc(1%)
devsq = devsq + dev * dev
NEXT i%
CLOSE #3

LOCATE 20, 5: PRINT USING "Error = #.##"\"; devsq

IF it% =1 THEN GOTO 12690

LOCATE 21, 5: PRINT USING "Cambio= #.## """, devsq - devsql;
IF ABS(devsq - devsql) <erreg THEN it% = numit%

'IF (devsq - devsql) > 1000 * erreg THEN nonconvergence% = 1

12690 RETURN

13000
'TF (devsq > devsql AND devsql > devsq2) THEN nonconvergence% = 1

devsq2 = devsql
devsql =devsq
RETURN

13500
FOR i% =1 TO nobs%

173



Appendices

dlambda(i%) = (fcalc(1%) - fobs(i%))

NEXT 1%
RETURN

14000
GOSUB 11000

FOR iw% =1 TO nobs%

ftemp(iw%) = fcalc(iw%o)
NEXT iw%

FOR iw% =1 TO nvar%
FOR jw% =1 TO nobs%
iflagho(jw%) =0
IF ABS(vobs(jw%, iw%)) < 9.999999999999999D-21 THEN
vobs(jw%, iw%) = .0005#: iflag%(jw%) = 1
ELSE

vobs(jw%, iw%) = vobs(jw%, iw%) * 1.0005#
END IF

PRINT "modified var:"; vobs(jw%, iw%)
NEXT jw%
GOSUB 11000
FOR jw% =1 TO nobs%
IF iflag%(jw%) = 1 THEN
dfdv(jw%, iw%) = (fcalc(jw%) - ftemp(jw%)) / .0005#
vobs(jw%, iw%) = vobs(jw%, iw%) - .0005#
END IF
IF iflag%(jw%) <> 1 THEN
dfdv(jw%, iw%) = (fcalc(jw%) - ftemp(jw%)) / (.0005# *
vobs(jw%, iw%))
vobs(jw%, iw%) = vobs(jw%, iw%) / 1.0005#
END IF

PRINT "dfdv("; jw%; iw%; ");dfdv(jw%,iw%)"
NEXT jw%

NEXT iw%
RETURN

174



Appendices

14500
IF it% = 1 THEN RETURN
GOSUB 14000

FOR iw% =1 TO nobs%
sum = 0#

FOR jw% =1 TO nvar%

sum = sum + dfdv(iw%, jw%) * dfdv(iw%, jw%)
NEXT jw%

NEXT iw%
PRINT "new function weights:"

FOR iw% =1 TO nobs%
PRINT
NEXT iw%

RETURN

15000
GOSUB 17500

FOR i% =1 TO np%
rhs(i%) = O#
FOR % = 1 TO nobs%

rhs(i%) = rhs(i%) + dfdp(i%, i%) * dlambda(j%)
NEXT j%

FOR j% =1 TO np%
b(i%, j%) = 0#
FOR k% =1 TO nobs%
b(i%, j%) = b(1%, j%) + dfdp(k%, 1%) * dfdp(k%, j%)
NEXT k%
NEXT j%
NEXT i%
RETURN

16000
DETERM = 1#
FOR i% =1 TO np%
INDEX(i%, 3) = 0
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NEXT i%

FOR i% =1 TO np%

16250
16260

16380

MAX# = 0#

FOR j% =1TO np%

IF INDEX(j%, 3) =1 THEN GOTO 16260

FOR k% =1 TO np%
IF INDEX(k%, 3) > 1 THEN GOTO 16700
IF INDEX(k%, 3) = 1 THEN GOTO 16250
IF MAX# > ABS(b(j%, k%)) THEN GOTO 16250
irow% =%
icol% = k%
MAX# = ABS(b(j%, k%))

NEXT k%
NEXT j%

INDEX(icol%, 3) = INDEX(icol%, 3) + 1
INDEX(1%, 1) = irow%
INDEX(i%, 2) = icol%

IF irow% = icol% THEN GOTO 16380
DETERM =-1# * DETERM

FOR j% =1 TO np%
SWAP b(irow%, j%), b(icol%, j%)
NEXT j%

SWAP rhs(irow%), rhs(icol%)
PIVOT = b(icol%, icol%)
DETERM = DETERM * PIVOT

b(icol%, icol%) = 1#

FOR j% =1 TO np%
b(icol%, j%) = b(icol%, j%) / PIVOT
NEXT j%
rhs(icol%) = rhs(icol%) / PIVOT
FOR j% =1 TO np%
IF j% =icol% THEN GOTO 16540
T =b(G%, icol%)
b(j%, icol%) = 0#
FOR k% =1 TO np%
b(j%, k%) = b(G%, k%) - b(icol%, k%) * T
NEXT k%

rhs(j%) = rhs(j%) - rhs(icol%) * T
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16540 NEXT %
NEXT i%

FOR 1% =np% TO 1 STEP -1
IF INDEX(i%, 1) = INDEX(i%, 2) THEN GOTO 16640
irow% = INDEX(i%, 1)
icol% = INDEX(i%, 2)

FOR j% =1 TO np%
SWAP b(j%, irow%o), b(j%, 1col%)
NEXT j%
16640 NEXT i%

FOR 1% =1 TO np%

IF INDEX(i%, 3) <> 1 THEN GOTO 16700
NEXT 1%
RETURN

16700 PRINT "singular matrix error"

17000

FOR 1% =1 TO np%

p(i%) = p(1%) - rhs(i%) * fract
NEXT i%
RETURN

17500
GOSUB 11000

FOR iss% =1 TO nobs%
ftemp(iss%) = fealc(iss%)
NEXT iss%

FOR iss% =1 TO np%
tp = p(iss%)
IF tp < 9.999999999999999D-21 THEN
p(iss%) = tp + .0005#
ELSE
p(iss%) = tp * 1.0005#
END IF

GOSUB 11000

FOR js% =1 TO nobs%
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IF tp < 9.999999999999999D-21 THEN
dfdp(js%, iss%) = (fcalc(js%) - ftemp(js%)) / .0005#
ELSE
dfdp(js%, iss%) = (fcalc(js%) - ftemp(js%)) / (.0005# * tp)
END IF
NEXT js%

p(iss%) = tp
NEXT 185%
RETURN

19000
GOSUB 11000

RETURN

19500
IF nobs% <= np% THEN var = 0# ELSE var = devsq / (nobs% - np%)

FOR i%=1TO np%
FOR j% =1 TO np%
b(1%, j%) = b(1%, j%) * var
NEXT j%
NEXT i%

RETURN

20000
20080 RETURN

65000
PRINT "nopt in ascci”
END

"aca termina el nolin 6

otroarch:
1% =1

%=1
LOCATE 23, 70: PRINT numfit%
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numfit% = numfit% + 1
IF num% =1 THEN
IF fittype% = 3543 THEN
IF num{it% = 2 THEN np% =5
IF numfit% = 3 THEN admitin = p(5): np% = 4
IF numfit% =4 THEN
np% =3
factor = p(4)
IF p(1) > 0 THEN
admitin = p(5)
ELSE

admitin = -p(5)
p(1)=-p(1)

END IF
END IF

END IF

END IF

GOTO otroset

chao: END

byerr: CLS
PRINT "error"
END

SUB buscaframe

OPEN nomcru$ FOR INPUT AS #1
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punto% =0
prim% = -2
%=1

dataset% =1

resmax% =0
resmin% = 10000

otro2:
minmodulo# = 1E+20

otro3:

IF EOF(1) THEN GOTO byebye3

INPUT #1, dat$

IF dat$ ="" THEN GOTO otro3

IF (LEFT$(dat$, 1) = "E" OR LEFTS$(dat$, 1) = "t" OR LEFT$(dat$, 1) = "q") AND
punto% = 0 THEN punto% = 1: prim% = -2: viejdat$ = dat$: GOTO otro3

IF (LEFT$(dat$, 1) = "E" OR LEFT$(dat$, 1) = "t" OR LEFTS$(dat$, 1) = "q") AND
punto% = 1 THEN prim% = -2: viejdat$ = dat$: GOTO otrocacho3

[F prim% = -1 THEN prim% = 0: GOTO otro3 ‘'para comerse el ler dato
IF prim% = -2 THEN prim% = -1: GOTO otro3 ‘para comerse el 2do dato tambien

antdat$ = viejdat$
numdat% = numdat% + 1

freq#t = VAL(MIDS$(dat$, 1, 8))

vocru# = VAL(MIDS$(dat$, 10, 7))

vicru# = VAL(MID$(dat$, 17, 8))

IF vocru# = 0 AND vicru# = 0 THEN GOTO otro3

' convierte en modulo verdadelo de Vo/Vi con la ecuacion corresp
' yen fase verdadera el intervalo leido con el frecuencimetro
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vo# =-.79298457# + .0014679212# * vocru#
vi#t = -.32209714# + .0014204474# * vicru#

modulo# = vo# / vi#

w# = freq# * 3.1415927# * 2

IF modulo# < minmodulo# THEN minmodulo# = modulo#: numres% = numdat%

GOTO otro3

otrocacho3;
IF nummax% = 0 THEN nummax% = numdat%

numdat% = 1

IF numres% > resmax% THEN resmax% = numres%
IF numres% < resmin% THEN resmin% = numres%
res%(dataset%) = numres%

dataset% = dataset% + 1

GOTO otro2

byebye3:

CLOSE 1

CLS
PRINT "Auto frame decition 1s:"
PRINT

PRINT "from wres -"; resmin% + 1
PRINT "to wres +"; nummax% - resmax%

END SUB
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8.3.2. BASEQCM.BAS

This program corrects any shift in frequency occured on the VCO during the
measurements of the transfer functions. It combines the data fitted by the previous
program (.fit) with the data obtained by the baseline measurements (.bsl).

DIM basedl(5000)
DIM basetime(5000)
CLS

tiempovie =0
ivie=0

q=0

INPUT "Raw data file to be linebased ", raw$
rawdata$ = raw$ + ".FIT"
finaldata$ = raw$ + ".FIN"

baseline$ = raw$ + ".BSL"

OPEN baseline$ FOR INPUT AS #1
n% =1

WHILE NOT EOF(1)
INPUT #1, basetime(n%), basefr

IF n% = 1 THEN basebase = basefr
basedl(n%) = .0000015835# * (basefr - basebase) 'conversion between henry

and hertz

n% =n%+1

WEND
CLOSE 1

basetime(n%) = 1E+10 'tiempo gigante para terminar
indibas% =n% - 1 'maximum of baseline array

182



Appendices

OPEN rawdata§ FOR INPUT AS #1
OPEN finaldata$§ FOR OUTPUT AS #2

CLS
LINE INPUT #1, dummy$

WHILE NOT EOF(1)

INPUT #1, tiempo, 1, e, 1, 1, co
n% =1

more:
IF basetime(n%) > 1E+09 THEN GOTO final

IF basetime(n%) < tiempo THEN
n% =n% + 1
GOTO more

END IF

" here basetime(n%-1) < tiempo but basetime(n%) >= tiempo

IF tiempo = basetime(n%) THEN deltal = basedl(n%): GOTO ex
'here tiempo is between the two (n%-1) and n% base points

grad = (basedl(n%) - basedl(n% - 1)) / (basetime(n%) - basetime(n% - 1))
¢ = basedl(n%) - grad * basetime(n%)

deltal = grad * tiempo + ¢

GOTO ex

CX:

LOCATE 8, 1: PRINT USING "## ######"; deltal

LOCATE 10, 1

dg=.5* (i +ivie) * (tiempo - tiempovie)
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q=q+dg

IF ABS(e) > 9.9999 THEN e =0

LOCATE 18, 1

PRINT "time/sec ~ 1/A q/C E/V  R/ohm L/mH  Co/pF"

PRINT

PRINT USING "###t#H it | #.5HEN H BN | |
Hi BRI | #HHEAHE T tiempos 1; q; e; 1; | - deltal; co

PRINT #2, USING "#i#t####t ##H |, #4HHNNN | #HHHN ) HEHHE
HHHH | BRI | IR tiempo; i; g; €; 1; 1 - deltal; co

tiempovie = tiempo
ivie =1

WEND

final:
CLOSE 2
CILOSE 1

END
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8.4. Mathematica Program

This program was used on the analysis of the viscoelastic polymer. Initial and final
values should be set up for the thickness and shear viscosity of the polymer. The file

with the values of the fitted R and X is named filel.txt’ and the output file with the

values of d and G is callled filelout.txt

dini = 1.9 x107;

dfin=3x 107;

di= 1.7 x 10%

df = 2.56 x 10%

w=628x10;

rl =10%

2 =10%

G2=64x 104

equ = 0.0339 x (r1 G alpha Tanh w alpha (rf / Galpha) + r2 G2 alpha)/((:2 G2/r1G) Tanh w alpha d
(rl/G) +1);

Relequ];

Im[equ];

m = ComplexExpandRe[equ], TargetFunctions [Re,Im];

n = ComplexExpandlm[equ], TargetFunctions [Re,Im];

z = ReadList "filetextl.txt”, NumberRecordList True;

| = TableFindRoot m = =zi 1, n= =zi 2 , d,dini,dfin,G,gi,gf, Maxlterations 50, AccuracyGoal 3, I, Length
z;

MatrixForml;

s=[d,G].1;

TableForm;

Matoutd=OpenWrite”filelout.txt”;

DoWriteStringmatoutd, ToStringFortranFormsi, 1,”,”, ToStringFortranForms,2 ,”"\n” , i,1,Lengthz
Closematout;

!filelout.txt
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8.5. Permeability

Permeability is more correlated to the size of flow channels inside a porous material
than by its quantity. The permeability of a porous material formed by a network of

straight cylindrical capillaries with radius R and porosity ¢ is:!!8

: R
& =0 (8.8)

The model proposed by Daikhin and Urbakh for acoustic measurements of

porous materials is based on Brinkman’s equation, which describes the flow of a liquid

through an interfacial layer. 59,143

2 ; 2 8.9)
iwpv, (z,m)= ren (z,w)+V, —}2— 1+ lwff —v, (zw 3

where 1 is the liquid viscosity, p is the liquid density, @ is the quartz oscillating
frequency, vx«(z,) is the liquid flow through the interfacial layer, x is the axis parallel to
the quartz and z is the distance on the normal direction from the quartz, 52 is the
permeability, ¥, is the amplitude of the velocity oscillation of the constrained quartz
surface.

The first term on the right-hand side represents the viscous coupling of the
liquid. The second and third terms describe the resistive force and it has Darcy-like
form, which quantifies the energy dissipation caused by the non-laminar liquid motion
due to effect of the solid phase on the liquid flow.

The concept of permeability was first studied by Darcy, who derived Darcy’s
law for a fluid at non-turbulent flow with non-slip boundary condition at the interface
between the solid and the liquid. The description of the flow of an incompressible,

. . .. . 144
viscous fluid through porous media is described as

g2 :-&-U:% (8.10)
where U is the average velocity, @ is the volumetric flow rate in a direction through a
slab of the medium of thickness A/ and area 4 with a pressure difference Ap at the ends
of the slab and 7 is the viscosity of the fluid. The SI unit of permeability is m? but for

practicality the most used unit is millidarcy mD, which is 9.869 x107'% m?.
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8.6. Resonant Frequency - Fundamental and Overtones

Any solid material can vibrate at different frequencies. The thickness of the quartz
crystal is adjusted so that the structure resonates at the required frequency. As a
consequence of the vibration on the quartz crystal, an acoustic wave propagates from
the quartz crystal. The disk of quartz crystal is considered as one-dimensional system
regarding the vibration propagated in the thickness direction because its height and
length are much longer than its thickness.*> The equation which describes the vibration
is:¥

0’4 ,0°4

o> =Y oz’

where A is the displacement of a point of a body during vibration at time ¢ in the z

(8.11)

direction, v is the propagation velocity of flexural waves along the body in the z

(thickness) direction. The parameter A can be written as:

Alz,t)=alt)b(z) (8.12)

Substituting equation (8.12) in (8.11):

1¢a_v @b @13
ad® bdZ’
The terms in equation (8.13) depend on different variables a and b. In order to find the

value of the variables, the two terms are set equal to a constant, which is called -*.

1d% vdb
P 814

For harmonic motion:

a(t)= Asin(wt )+ B cos(wt)

b(z)= Csin(fi—zj+ Dcos{%?-)

For the calculation of the parameters 4, B, C and D, it is necessary to satisfy the

(8.15)

boundary conditions:
1) The oscillating disk with thickness /; is free on the edges and the largest

displacement takes place on the extremities of the disk.
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aA§§’1)=0, L20

2) The half thickness of the disk is a nodal plane, see Figure 8.3.
Alz,t)=0, z kb
2

3) At t=0 the disk has no movement.
Alz,)=0, t=0

The first condition requires that C = 0;
The second condition requires that:

colq

= n7, n=1,3,5,..
v

The third condition requires that B=0.

And as consequence, the displacement of the disk is represented as:

A(z,t)= Esin PV 4 leos| 25 2
Z‘I l‘]
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(8.16)

(8.17)

(8.18)

(8.19)

(8.20)

It is important to emphasise that the frequencies characteristic of this system are :

%131
w=—, n=1,3,5,..

q

where 7 has to be an odd number because it needs to fulfil with the second condition,

equation (8.19). The fundamental resonance occurs when » = 1. Figure 8.3 shows the

harmonic frequencies on a solid material with thickness /;. Note that the only if » is an

odd number is the half thickness of the disk a node.

Figure 8.3: Modes of natural oscillation. Observe that the oscillation occurs across the

thickness of the disk, /;.
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8.7. Manual of the LabVIEW program used for the Quartz

Crystal Microbalance

This manual consists of an overview description of how to use the LabVIEW program
QCM251u2.vi to control and acquire data from the Quartz Crystal Microbalance. The
words in bold type are part of the "Panel" of the LabVIEW program, and the words in

italic type are found on the case of the Quartz Crystal Microbalance.

Panel:

The Control Voltage input on the back of the Quartz Crystal Microbalance connects to
the output voltage ramp from the computer D/A card. The range of the voltage ramp is
determined by x axis: from and to set on the panel of the LabVIEW program
QCM251u2. This digital voltage ramp is transformed into a frequency ramp on the
Voltage Control Oscillator, VCO. The VCO is part of the Quartz Crystal Microbalance.
The input signal going to the Quartz Crystal Microbalance is an ac voltage with
constant amplitude and increasing frequency. The quartz crystal is connected to the
Xtal. The central frequency is manually adjustable at the VCO adjust accessible through
the lid of the Quartz Crystal Microbalance. See the Quartz Crystal Block Diagram in

Figure 2.2.

The RF V; and RF V, terminals are amplified signals from the VCO and the
crystal respectively. The amplitude of the amplified and rectified sinusoidal wave that
excites the quartz crystal, ADC V}, and the correspondent to the response of the quartz
crystal, ADC V,, are measured. The ADC V; and ADC V, outputs are the dc levels
representing the peak values of the RF outputs. The ratio ADC V, / ADC V; plotted
against the applied frequency is the transfer function graphed in the panel of the
LabVIEW program. The number of transfer functions registered during a measurement
is registered on the transfer function. The transfer function is the output of the Quartz

Crystal Microbalance and it is recorded in a file with termination .dat.
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The transfer function is formed by a number of points determined by the no of
steps and the no of points/step. As an example is shown in Figure 8.4 where x axis:

from = 0.0, to = 5.0, no. steps = 11, no of points / step = 3.

35 1 ¥ 1 T 1 T | 4 1 ’ i
30 F —
25 F -
. I ]
= 20 F _
= _ _
S st -
5) I
153
e 10 o -
E L
g 5k i
of | ]
1 1 ] 1 i i
0 1 2 3 4 5
X axis

Figure 8.4: The output voltage ramp with x axis: from = 0.0, to = 5.0, no. steps = 11,
no of points / step = 3.

In the example in Figure 8.4, between the range of 0 V and 5 V there will be 11
separate values of frequency. At each frequency, 3 measurements of ADC V,,/ ADC V;
will be taken and averaged. The higher the no of steps, the better resolution the data
will have. In the experiments described in this theses, 100 steps were used, between —5
V and + 5 V. And the no of points/step used is between 20 and 100 depending on the
speed of measurements required.

The time interval for the points measured is determined by point rate /s
Complete transfer functions are measured according to the value set on integration and
averaged.

The record of data is started, when SAVE is pressed. At the initial time the
minimum (min freq) and maximum frequency (max freq) are calculated for the
extreme voltages defined by x axis: from and to respectively. This conversion of

voltage to frequency is done by a subVI part of the program QCM25lu2.vi. When a
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multiple of the time determined by the value of the baseline /s coincides with the
elapsed time /s, the maximum frequency is measured and recorded on a file with
termination .bsl. The maximum frequency will then be used for correcting the relation
voltage to frequency that can be altered during the measurements. This correction is

2y for the quartz crystal

important for the determination of the parameter L (L = (w,C)
equivalent electrical circuit. The measurements are taken for the duration defined on
final time/ s or until STOP is pressed.

Scan Backlog is the amount of data that cannot be processed by the LabVIEW
program because it cannot run fast enough. If the value registered in scan backlog is
larger than zero, fewer points should be taken. The parameters that might be adjusted

for decreasing the amount of data are integration and point rate /s
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8.8. Calibration of the voltage amplitude of the Quartz

Crystal Microbalance

The amplitude of the voltage input, V;, and voltage output, V,, need to be calibrated and
corrected on the diagram of the LabVIEW program that controls the QCM. For this
calibration, it is necessary an oscilloscope that measures frequencies close to 10 MHz.

The calibration is performed following the steps:

1. Connect a quartz crystal on the Xzal.

2. Applying the usual voltage ramp (-5 V to +5 V) on the Panel of the LabVIEW
program, centre the transfer function within the graph of the panel of the LabVIEW
program, using the trimming tool.

3. Connect the RF V; and RF V, to an oscilloscope. Set up the oscilloscope for a
frequency close to 10 MHz (25 ns). '

4. Go to the options tools palette on the diagram of the LabVIEW program and
activate the probe on the arrays that follow the Al Buffer Read.vi. There are three
arrays: one provides the value of the axis x of the transfer function, the other two
arrays indicate the values of V] and V.

5. On the Panel of the LabVIEW program, apply the same value in the boxes x axis
from: and to:

6. Write a table with the values of x axis applied, ¥, and V; obtained from the probe
on the LabVIEW program and the amplitude of V, and V; measured at the
oscilloscope. Make at least ten different measurements varying from the minimum
to the maximum values usually used on the x axis range.

7. Plot V, obtained from the probe of LabVIEW versus the amplitude of the voltage
output registered at the oscilloscope. V; should be constant for different values
applied on x axis.

8. Use the linear equation obtained from the best fit of the plot of ¥} as the calibration
curve. The calibration equation is written on the Diagram of the LabVIEW program
after the array correspondent to V.

9. The calibration equation is divided by the value of the amplitude of ¥} obtained on

the oscilloscope and wired to the y axis of the transfer function.
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DAQ Boards
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The DAQ boards from National Instrument make the connection between the

LabVIEW software and the QCM and the potentiostat.

DAQ Board PC-MIO-16XE-10

() = Connector Pin Assignment

| ACHO (68) F———
|ACHS (earth) (34) ——
| ACH1 (33) b——
|ACHY (earth) (66) ———
| ACH2 (65) ———
|ACHI10 (earth) (31) ———
IDACOOUT ~ (22) |—
| AOGND (earth) (55) F——
|PFIO/TRIGI  (11) |—
| DIOO (52) b——
|PFII/TRIG2  (10) |

| DIOI (17) ———
| PFIS/UPDATE  (6) |——
|GPCTR1_OUT (40) |———

i

QCM

Device 1

V, ADC

Vi ADC

Control Voltage

Control Voltage

TTL I/O

(internal connection)
V; RF
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DAQ Board PC-MIO-16XE-10

() = Connector Pin Assignment

Potentiostat

Device 2

| ACHO (68) ——

—— Current Out WE 1
| ACHS (earth) (34) —
| ACHI (33) F—

—— Current Out WE2
|ACHY (earth) (66) ——
| ACH2 (65) —

—— Control Potential WEI
|ACHIO (earth) Gl —
| ACH3 (30)

—— Control Potential WE2
|ACHI! (earth) (63) —
|DACOOUT 22) }—

—— Control Potential WE1
| AOGND (earth) (55) —
|IDACIOUT 21 —

—— Control Potential WE2
| AOGND 4 —

Appendices

QCM

Device 1
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| DIOO (52) —
|DIO1 (17) +—
| DIO2 (49) ——
| DIO3 47 —
| DIO4 (19) —
| DIOS (51) —
| DIO6 (16) —
|DGND (15) —
SCANCLK 46) ——
| PFIO/TRIG1 (11) —
|PFI9/GPCTRO_GATE ~ (3) |—
|PFI3/GPCTR1_SOURCE (42) ——
|DGND (44) —
| PFI8/GPCTRO_SOURCE (37) |——
| PFI2/CONVERT (43) ——

[PFI4/GPCTRO_SOURCE (37) }—

I

[~ADATDNA ATTT /M

Appendices

DIO 0 (52)

TTL O/P
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8.10. Design and construction of the Quartz Crystal

Microbalance

The QCM consists of three main circuits. They are the 10 MHz tuneable oscillator, the

amplifier stage and the peak level detector.

Tuneable Oscillator

The oscillator frequency is controlled using a voltage of 0-10 V from an independent
voltage source. This voltage alters the capacitance of a varicap diode to alter the tuned
frequency of the oscillator. The circuit components were chosen to ensure that the
oscillator has good stability, so that the user can set the control voltage to correspond to
a particular frequency, with minimum fluctuation. The resistors were all surface
mounted devices that are accurate to 1%, and being surface mounted, they are ideally
suited to high frequency applications as they reduce stray inductance usually associated
with conventional resistors. Silver mica capacitors were used in the circuit for stability

as they are very accurate (+ 1%) and have low leakage compared to others such as

ceramic and polystyrene capacitors, which have a typical accuracy of + 10%.

Amplifier stage

The amplifiers chosen were MAX436 transconductance amplifiers that have wide
bandwidth capabilities to achieve substantial gain values at high frequency. The gain of
the amplifier is defined as A\=K(Z/Z;). Z. is 180 R for both amplifiers, but Z; is 44 R
for amplifier 1 and 22 R for amplifier 2. K is internally trimmed to be * 2.5%. This
makes the theoretical gains for the amplifiers:
Amplifier 1 (V}) =7.8x(180/44)=31.9 (min)

8.2 x (180/44) = 33.55 (max)

Amplifier 2 (V,) =7.8 x (180/22) = 63.8 (min)
8.2 x (180/22) = 67.1 (max)
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The measured gains for the amplifiers at 10 MHz are:
Amplifier 1 (V;) =32
Amplifier 2 (V,) = 64

Power supply bypass capacitors were used to reduce interference on the power supply

lines, and also to limit inductive effects caused by the amplifier.

Peak Detector

The peak detector circuit is used to measure the peak voltage values of both the
oscillator and the crystal amplifiers. It is constructed using two RF diodes, which

operate at speeds greater than that of normal diodes for a faster and more accurate

response.
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