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Chapter 2.1 Observation ofMarangoni fluidflow on a soap bubble 21

thickness obtained by applying the above equations 1 and 2 to the experimentally observed

absorption maxima and minima would be the thickness of one such film. We have shown at

the end of this part of the chapter (2.1.5 Appendix) that the same equation of thickness

measurement can be used for a curved bubble surface film as in our case. In addition, we

have assumed the refractive index of the bubble film to be wavelength-independent, which

in rigorous sense is not true, but is within the experimental error of our observations.

Our UV-visible spectroscopic observation of a single soap bubble indicated the

possibility of simultaneous measurement of ME driven flowing fluid layer thickness along

with the time dependent changes of the thickness of the soap films as the spectra consisted

of a set of narrowly spaced, weaker absorption maxima and minima superimposed on widely

spaced and stronger absorption maxima and minima. The above equation was used to

calculate thickness of the film from the widely spaced stronger absorption maxima and

minima, while that of ME driven layer thickness was calculated from the narrowly spaced

weaker maxima and minima.

We found that the thickness of the upwardly flowing fluid layer was much larger

than the film thickness and was independent of the film thickness. The estimated thickness

of the layer was about 6.94 ±0.15 pm for a vertical bubble and 4.75 ± 0.09 pm for a

horizontal bubble. Also, the thickness of the layer remained nearly constant throughout the

observation period whereas the thickness of the bubble film changed continuously during

that time. However, the flow was not observed after some time, although the film thickness

was considerably higher than the final low thickness. Further, no such upward fluid

movement was observed in a vertical soap film suggesting that liquid from the reservoir

flows upward due to surface tension gradient created by stretching of a film to form soap

bubble. Finally, the intensity of the interference maxima and minima of absorbance due to

moving liquid layer diminished gradually with the thinning of the bubble film indicating

change in the refractive index.
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Chapter 2.1 Observation of Marangoni fluidflow on a soap bubble 24

■^1

thickness of the film started appearing in about 7 min from the time of formation as shown

in Figure 2.1.3D. The thickness changed from 472 nm at 7-8 min to about 228 nm at about

88 min from the time of the formation of the film. The film then became very thin, and
interference fringes no longer could be observed. At this thickness, the film remained stable

for hours. It is important to note here that in the case of vertical foam films, there were no

observable interference peaks due to Marangoni effect driven fluid flow throughout the
period of observation.

A Vertical Bubble

The results obtained with a vertical bubble were observed to be different from the

film. Figure 2.1.4 shows a collection of typical time-dependent UV-visible absorption
spectra of a vertical bubble. The light beam passed through two films of the bubble. In case
of vertical bubbles the interference fringes started appearing from the time of the formation
of the bubble. We believe that these fringes occurred due to the ME driven fluid flow as they
were observable for a long time with nearly constant thickness of the fluid layer and such
fringes did not appear in the case of the vertical fi lm (Figure 2.1.3). For the initial 18
minutes of the bubble fomiation, interference fringes only due to the ME driven fluid flow
was observed. From the 19th minute, the interference fringes due to ME fluid flow could be
seen appearing superimposed on the interference fringes occurring due to thickness changes
of the fi lm (Figure 2.1.4 D-I). The thickness of the ME fluid layer remained nearly constant
with a value varying between 7.16 and 6.81 pm. The fluid flow could also be observed when
an ordinary diode laser pointer beam (red) was passed through the bubble and then
defocused with a 10 cm focal length lens and projected onto a wall. A fountain of fluid
could be seen moving up in the beginning, and with time, drops of fluid were observed
moving up along -the bubble. The fluid flow was not observed when the bubble film had
become thinner and colorless. The spectroscopic observation shown in Figure 2.1.4 D-I was
of particular significance as'ME fluid layer thickness remained nearly constant with values
between 6.90 and 6.81 pm throughout the time interval of 19-50 minutes even though the
thickness of the film had decreased from 1781 to 482 nm. This might be due to two parallel
processes occurring simultaneously in the bubble film. While the thickness of the film
decreased due to drainage of the components, the restoring fluid moved upwards. This could
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Chapter 2.1 Observation of Marangoni fluid flow on a soap bubble 27

results indicate the soap bubbles were stable for hours© needed for the,investigation by
spectroscopic methods. We also found that the time evolution of gravitational drainage of
vertical soap films was similar to commonly observed film drainage. On the other hand for

the case of bubbles (both vertical and horizontal) the time evolution had two components.
One was the slow gravitational drainage while the other was Marangoni effect driven

upward fluid flow. The thickness of this layer was 6.94 ±0.15 pm for the vertical bubbles
and 4.75 ± 0.09 pm for the horizontal bubbles. Also, the upwardly mobile layer occurred
with time independent constant thickness while the thickness of the film gradually
decreased. After a certain time of evolution the ME driven fluid flow could not be observed

while the gravitational drainage continued for a significantly longer time. Among other
factors, like the film thickness, the decrease in refractive index^° of the fluid layer may
contribute to the decrease in the transmitted light intensity.
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Figure 2.1.3. Top: Schematic representation of the experimental set up containing a vertical soap
film. Below: Time — dependent UV - visible spectra of the vertical film: (A) 0-2 min; (B) 5-6 min; d^
= 624 nm; (C) 7-8 min; d, = 472 nm; (D) 9-10 min; di = 396 nm, (E) 11-12 min; di = 270 nm, (F)
13-14 min; d2 = 254 nm, (G) 17-18 min; 82 = 242 nm, (H) 29-30 min; d2 = 240 nm, (1) 88-89 min; d:
= 228 nm, (J) 90 - 91 min, (K) 92-93 min and (L) = background spectrum after bursting the film
after 95 min from the time offormation. 82 = estimated thickness of the vertical film.
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bubble probed axially. Beiow. 'we ^ 2.90pm, (C) 5-6 min; d, = 2.84 pn,
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Figure 2.1.6. Top: Schematic representation of the experimental set up containing horizontal bubble
probed sideway. Below: Time dependent UV-visible absorption spectra of the above or izontal
bubble (A) 0-2 min; d, = 4.82 pm. (B) 3-4 min; d, = 4.89 pm. (C) 5-6 min; d, = 4^80 pm (D) 7-8
min; dj = 4.76 pm, (E) 9-10 min; di = 4.65 pm; d2 = 270 nm, (F) 11-12 min; dj - 4.68 pm, d2 -
364 nm, (G) 13-14 min; di = 4.65 pn; d2 = 386 pm; (H) 15-16 pm; d2 = 524 nm, (I) 17-18 pm, d2 -
341 nm, (J) 19 -20 min; d2 = 244 nm, (K) 21 -22 min, (L) 23-24 min. background spectrum after
bursting the bubble. di= estimated thickness of the fluid layer occurring due to Marangoni Effect, d2
= estimated thickness of the bubble film.
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2.1.5 Appendix

When a light beam of parallel rays impinge on a spherical soap bubble where

0 = Angle of incidence

R = Radius of curvature of the sphere

D = Thickness of the spherical film

n(X,) = Refractive index of the film at wavelength A.

H = Height of the incident light beam from the center

N = Number of cycles in the interference fringes

Then e= 90° - cos-'(H/R) ^1

For constructive interference, using the equation of thin parallel films,

A22n(^A2^d COS0 _

m + \

and
2n{/ll)dcos0 3

— j/t\

m + N + \

A3

Therefore, d =
N

2 cos <9[
n(2i)

2. A2

A4

32
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Chapter 2.1 Observation ofMarangoni fluid flow on a soap bubble 33

In our experimental apparatus, maximum height of the light beam was about 4 mm

(the width of the beam was about 1 mm) and the radius of eurvature of the film was about

9.5 mm and hence maximum deviation from normal incidence would be about 24.9°

corresponding to an error in measurement of about 10% (if the equation corresponding to

normal incidence is used instead i.e. equation 2 instead of A4). Considering the variation of

angle of incidence at different height of the beam, if we take an average value of H to be 2

mm (angle of incidence 12.2°), then the average deviation turns out to be 2.3%. This is

nearly equal to the error limit of the calculated results of the experiment data.

For example, let us consider the graphs in Figures 2.1.4D and 2.1.4E separated by an

average measurement time of 2 minutes. If equation 2 is used the average thickness of film

is calculated to be 1767 nm and that of fluid layer is 6.76 pm for graph 2.1.4D while those

values are found to be 1808 nm and 6.92 pm if equation A4 is used instead. While the

corresponding calculations for 2.1.4E results in a film thickness value of 996 nm and fluid

layer thickness value of 6.76 pm if equation 2 is used and 1016 nm and 6.91 pm if equation

A4 is used. Also, for the graph 2.1.4D, calculations using equation A4 at various

wavelength ranges result in the following film thickness and fluid Layer thickness values for

the angle of incidence 12.2°.

Wavelength

Range (nm)

Film Thickness (nm) Wavelength Range

(nm)

Fluid Layer

Thickness (pm)

277-332 1760 —

....

467 - 585 1790 686-773 6.99

776 - 926 1846 974- 1090 6.92

Thus while using equation 2 or A4 we obtain values close to each other for each

graph, the thickness value changes dramatically in 2 minutes of measurement time. Also,

the variation of thickness during a single complete scan of wavelength ranges is significant

(calculations from Figure 2.1.4D). Hence the use of equation 2 may be sufficient for the
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Chapter 2.2 Controlled fluid flow up along a soap bubble film 37

Marangoni effect driven fluid flow at interfaces under various conditions including

movement of fluid particles has been extensively studied.17

We were encouraged by our ability to stabilize a single soap bubble along with the

spectroscopic observation of Marangoni effect in the bubbles. We were further interested in

finding ways to have controlled surface tension gradient driven fluid movement up along the

bubble film and we were successful in achieving our objective. The method is based on

creating initial surfactant concentration difference between the bubble film and that in a pool

of solution where the bubble floats. This was done by having two different solutions, one to

make a soap bubble and another one on top of which the bubble would float after transfer.

In this a controllable initial surfactant gradient was created between the bubble film and that

in the solution. The fluid flow was monitored by time-dependent changes in the visible

absorption spectra of a laser dye as it moved in to the bubble film from the solution below.

Our results indicate that the rate of flow of fluid from a solution up along the bubble film is

govemed by small differences in initial surfactant concentration between them. In order for

the liquid from solution to move up, the bubble film must have lower surfacrant

concentration than the solution below. The higher the concentration gradient, the faster is the

fluid flow rate. The minimum initial surfactant concentration gradient needed for an upward

fluid flow was 2%.

2.2.2 Experimental Section

In order to perform the experiments two different solutions of mixture of surfactants and dye
(when appropriate) were necessary. They were prepared from a stock solution containing
0.4 g (69.4 mM) sodium dodecyl sulfate (SDS) (Sigma) and 0.04 g (10.8 mM) of 1-
dodecanol (Aldrich) in 20 ml of milliQ water. From the stock solutions 2 ml portions were

withdrawn to make solution A and B. Appropriate amount of the laser dye Rhodamine B

(RhB) or Rhodamine 6G (RI16G) was added to these 2 ml portion for dye incorporation.

Difference of concentration between solutions A and B was created by addition of water to

either of them. For example to obtain required concentrations in Figure 2.2.4a and 2.2.4b, 40

pi and 1 GO pi of water respectively were added to 2 ml of above solution in A. Solution A
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Chapter 3.2 Synthesis of Au Nanoparticles-Conducting Polyaniline Composite 61

The time dependent progress of the reaction leading to the formation of the
composite was monitored by UV-visible spectroscopy the results of which are shown in
Figure 3.2.2.
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Figure 3.2.2 (A) Time-dependent UV-Vis spectra of the formation PANI in presence of
Au nanoparticle at about 25^C and recorded at several tirne int^a s uring the first 250
min. The first scan (bottom) was recorded 20 after t e compeUon of aniline
addition. The PANT peaks can be seen appearing at 50 tnin ajter a ition of aniline.
Dashed line is the UV — Vis absorption spectrum ofAu NPs piepare y using H2O2 and
was recorded before addition of aniline. Inset is the exp an e view of the same. (B)
Time dependent growth of FANI in absence of Au — NPs 1 ecorded at several time
intervals during first 220 min of scan. The polyaniline peaks can be seen appearing 40
min after addition of aniline.
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The Au-NP synthesized in aqueous medium by the reduction of HAuCU showed a
characteristic plasmon resonance band with maxima at 530 nm. With the addition of the

anilinium ions to the Au NP, the plasmon resonance band disappeared and then the

characteristic absorption peaks for the conductive form of PANI appeared at 730 nm, 520
nm and 440nm. As cleared from the figure (3.2.2 A) strong peaks due to conductive PANI

started appearing in about 50 min of addition of anilinium chloride. The intensity of the

peaks continued to grow with time. We stopped monitoring the reaction once green
precipitation started to appear in about 4 hrs. We also monitored the time-dependent

progress of PANI formation in absence of Au NPs by UV-visible spectroscopy. It was

observed that the characteristic peaks indicating the formation of PANI started to appear in

about 40 min a little sooner compared to the polymerization in presence of Au NP. The
results are shown in Figure 3.2.2 B indicating the growth of PANI with characteristic peaks.
It is worth noting that the exact shape of the peaks corresponding to PANI and PANI-Au-NP

composite varied a little indicating the possible formation of polymers of slightly different
molecular weight. In addition, it is important to note the disappearance of Au NP peaks

upon addition of anilinium chloride and before the peaks due to PANI started appearing.
This is probably due to surface passivation of Au NPs by the anilinium ions reducing the
intensity of the plasmon resonance peak.

The molecular weight distributions and dispersity of the conductive polyaniline
materials were detennined by dissolving them in THF followed by gel pemieation
chromatography measurement. Polystyrene was used as the standard. However we have
measured the molecular weight of the polymer only for the PANI synthesized in absence of
the Au NPs. Figure 3.2.3 depicts the chromatograph and molecular weight distribution graph
obtained for the PANI formed. The result of the molecular distributions is given in the table

below. The molecular weight of the polymer synthesized was foimd to be 2561 with a
polydispersity of 1.0045 with respect to polystyrene as a standard. The unimodal
chromatogram of the PANI suggested the formation of polymer species having similar chain
length with molecular size distributions within a narrow range as indicated by the
polydispersity being close to unity.
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2557 2569 2561 2581 2593 1.004504

Figure 3.2.3. Gel-permeation chromatogram (left) and molecular weight distribution graph
(right) for the PANI formed in absence of Au NPs by the present method. The result of the
fnolecular weight distribution is shown in the table.

Further confirmation of the nature of polymer came from FTIR spectroscopic
investigation of the composite. Figure 3.2.4 shows the FTIR spectra of the Au-NP-PANi
composite. The spectrum exhibits the presence of benzoid and quinoid ring vibrations at
1490 and 1570 cm ' respectively^^. The spectrum of PANI only was similar to this. As
commonly observed for the emeraldine salt form of polyaniline, the quinoid band at 1570
cm'^ is less intense than that of the benzoid band at 1490 cm"'. The weak and broad band
near 3400 cm ' is assigned to the N-H stretching mode. The strong band at 1150 cm was
described by MacDiarmid^^ as the "electronic like band" and is considered to be a measure
of degree of delocalization of electrons and thus a characteristic peak of conductive PANl.
The absorbance band at 688 cm ' is due to N-H bending vibrations of the emeraldine salt, Ij^
brief the FTIR spectrum indicated the formation of emeraldine salt form of PANI.

■
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Figure 3.2.4. FTIR spectra of the Au-NP-PANI composite recorded in a KBr pellet.

The 'H NMR spectrum of the composite, as shown in Fig. 3.2.5, contained multiplets
in the range 5 7.25-7.5. This indicates formation of a stmcture with the combination of

benzenoid and quinoid fonns of the 'emeraldine salt', the primary doped form of PANI, in
which two structures coexist; the polaronic form and the bipolaronic stmcture'^.
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Figure 3.2.5. 'h NMR ofAu NP-PANI composite in DMSO.
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Chapter 5.1 Polyanilinc containingfilter paper 117

This chapter consists of the report of a new idea that constitutes synthesis of PANI in

an ordinary commercially available filter paper and then use the filter paper (a) as a sensor

for ammonia vapor and solution, (b) as an acid-base and end-point indicator and (c) to filter
an acid and a base from solution. The primary aim is to use PANI embedded in a filter paper

for any of the above functions. The emeraldine salt form of PANI is known as organic metal

because of its high electrical conductivity. The salt appears green in color and has
characteristic absorbance with peaks at around 800 nm and 430 nm. Upon treatment widi a
base the color changes to blue with characteristic absorbance at around 600 nm and 300 nm.

This form of PANI is called emeraldine base, which has lower electrical conductivity.

Interestingly, the same base could again be converted back to salt upon treatment with acid.
The structures of two forms and their reversible convertibility are schematically shown in

Figure 5.1.1.

Base (-HA)

Acid (+HA)

Emeraldine Salt Emeraldine Base

Figure 5. /. 1, The basic chemical skeletons ofEmeraldine Salt (green form) and Emeraldine
base (blue form) PANI and their reversible conversion by treatment mth base and acid.

It is natural that the change of color as well as electrical conductivity could be a good
premise for developing acid base sensors using PANI as the sensing material. The additional
advantage of the fast response time of color and electrical conductivity change makes all the
more sense to use PANI as a sensing material. However, the primary challenge is in
fabricating suitable device containing thin film of PANI for sensor application. The
conventional methods of film deposition mentioned above may not be suitable for specific
application such as fabricating filtration devices. What we have introduced is a very
different, easy and versatile approach of growing the polymer in an ordinary filter paper
with the potential for having virtually any poljmier with room wide open for stereochemical,
electrical charge, acid, base and other form of specificity. In addition, once an active

?

A
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material is embedded in the filter paper the paper itself can act as a filter to specific

separation of materials present in a solution.

Fibrous cellulose containing filter papers are useful in single use and efficient

filtration device for separation of solid precipitates from a solution. They are inexpensive,
easy to produce in different shapes and sizes and they come with different pore sizes

required for different filtration application. Also, they could be folded into virtually any
form of geometrical shape that many applications would demand. Therefore an ordinary
filter paper could potentially be used as the base substrate for fabrication of indicators,

sensors and membranes for filtration of acids and bases and separation of chiral molecules

with appropriate active materials embedded in it. Efforts have to be made in meeting these

demands through finding newer ways of incorporating active materials into the filter paper.
As a first step in this direction we find the idea of growing polymers in the filter paper

appealing and appropriate. In comparison to commercially available membranes, the fibrous
nature of the paper could be an additional advantage in terms of growing polymer in them.

One could possibly grow polymers in these filter papers in such a way that the fibers of filter
paper get intertwined with the growing polymer and at the same time not clogging the bulk

pores needed for filtration. In addition, if the polymer itself acts as sensors, indicators and

filters of specific species, the basic criterion of stability of the material in the paper would
easily be met. Further, if stable polymers could be incorporated in the paper, the possibilities

of applications would be immense as the properties of the polymer could easily be modified
with the incorporation of appropriate changes in the monomer. Based on this premise we
have ventured to start by synthesizing PANI in ordinary commercially available filter
papers. A well-known technique of synthesis of PANI involves simple mixing of water-
soluble anilinium ions and H2O2 without the need of rigorous experimental conditions. Thus,
if synthesized and remain stable, PANI containing filter paper as such would act as acid base
sensor, indicator and would filter acid and base with the PANI as the sensing element.

In our method, aqueous acidic aniline solution in several drops was poured on to a

filter paper placed on a glass plate. H2O2 solution was then added in several drops to the
filter paper before it had become dry. Green coloration of the paper, that is characteristic of
PANI formation, could be observed in a few minutes after the addition of the second

solution. PANI formation in the filter paper was also possible if the sequence of addition of
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the above solutions was just the opposite. Once PANI was fonned in the filter paper it did

not come out in acid and base solution or in acetone and toluene solvents. However, there

was no significant PANI formation if the filter paper was first soaked with acidic aniline

solution and then placed in a solution containing HaOa- On the other hand coloration in the

solution could be observed indicating the transfer of anilinium ions from the filter paper to

the solution followed by formation of PANI in the solution. The same was also tme for the

procedure worked in the reverse order of addition of solutions. We also show that the PANI

containing filter paper could be used for ammonia vapor and liquid sensing as well as acid

and base filtration.

5.1.2 Experimental Section

Preparation of conducting polyaniline embedded filter paper: Commercially available
Whatman 40 filter papers were cut into about 5 cm diameter circular pieces. A stock

solution of anilinium chloride was prepared by mixing 300 pi of distilled aniline in 5 ml 2M
HCl solution in Milli Q water. 300 pi of the stock anilinium chloride solution was poured in
several drops over the a filter paper using a pipette and the paper was allowed to remain
soaked for 2-3 min. To the filter paper 200 pi of 30% H2O2 was then added drop by drop and
the paper was allowed to dry. The filter paper turned light green in about 15 min and then to
dark green in about 30 min. The filter paper was dried followed by washed thoroughly with
water and ethanol for several times before it was kept for drying again.

The green form of polyaniline (emeraldine salt) in the filter paper could be converted
to the blue form (emeraldine base) upon treatment with 2 ml of 0.1 M NaOH solution needed
for each of the filter papers. Treatment of either of emeraldine salt and base with 0.01 M
NaBH4 solution converted the paper into a colorless (a little brownish) form

(Leucoemeraldine), which could again be converted back to emeraldine form upon treatment
with the addition of 200 pi of 30% H2O2. Pieces of the green filter paper individually were
kept immersed in vials containing dimethyl formamide (DMF), dimethyl sulfoxide (DMSO),

acetone and toluene to test whether PANI came out in any solvent. It was found that PANI

from the filter paper did not come out in acetone and toluene whereas the color of solutions
of DMSO and DMF tumed blue in presence of the paper, while the color of the paper did

A
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not change. On the other hand when these papers were again treated with DMSO and DMF

for the second time there was no coloration in the solvents and the filter papers did not

exhibit any observable change in color or texture. In addition, treatment of the paper with

3x10 ̂ M aqueous sodium dodecyl sulfate had no observable effect on the paper.

Conducting polyaniline embedded fdter paper as acid-base indicator: To demonstrate the
use of the polyaniline embedded filter paper as an acid-base indicator we kept the green

paper (2 cm x 1 cm) in 0.1 M HCl solution and the solution was titrated against 0.1 M

NaOH solution. In another identical set 0.1 M HCl was titrated by 0.1 M NaOH solution

where phenolphthalein indicator was added instead of the filter paper. We found that the

paper turned blue exactly at the same point in titration when the other solution containing

phenolphthalein tumed pink. In other words both the titration gave equal end-point value.
The same filter paper could be used several times as an acid-base indicator, as treatment of

the blue form of PANI with acid regenerated the green form of PANI.

Conducting polyaniline embedded filter paper as vapor and solution sensor. The green
filter paper was cut into a rectangular piece (1 cm x 0.5 cm) and was kept hanging in a
stoppered vial that contained ammonia solution in aqueous medium. The filter paper tumed
blue immediately after keeping in the vial with minimum ammonia concentration in the
solution at a value of 45 ppm. On the other hand when the same paper was dipped into a
solution containing a minimum of 14 ppm of ammonia the paper tumed blue that could be
detected by naked eye.

Change in pH of an aqueous solution upon filtration through the PANI embedded filter
paper'. The aim of the present experiment was to find out the changes in pH of a solution
after passing through the paper. First a basic solution of NaOH was passed through a green
paper (emeraldine salt). For each run, a circular piece (3 cm diameter) of green filter paper
was folded and placed inside a funnel that was kept above a 5 ml sample vial. 3ml of NaOH

solution was passed through a single filter paper with drop-by-drop addition. Thus for a
sequence of three filtration steps we started with a 12 ml of NaOH solution of which 3 ml
was kept for measuring pH (measured value of 10.56) and the rest 9 ml was passed through
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Chapter 4.1
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Figure 4.1.5: UV-visible spectra representing the hydrolysis of starch by enzyme Diastage
(fungal) leading to the precipitation of PANl from starch-PANI composite, recorded (a)
immediately after addition of enzyme and (b) after 30 min. On the top are photographs of vials
containing the complex at the beginning (left) and 30 min after addition of enzyme (right). {Page
98)

Chapter 4.2
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Figure 4.2.4. UV-vis spectra and photographs of Au-NP containing starch solution (diluted)
recorded right after addition of enzyme (1 and a respectively) and 8 hrs after addition (2 and b
respectively). The experiment was performed at 40"C. (page 111)
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