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Abstract

Abstract

The undelying theme of the experimentd invedigations caried out in the present
thess has been to find newer physcd and chemicd methods of generating polymer films
with macroscopic, mesoscopic and nanoscopic petterns.  First of dl, a new method of
formetion of thin polyaniline film & the ar-water interface is reported. It was observed that
during polymerization of aniline coupled to iron (ferroin) catalyzed Beuosov-Zhabotinsky
(BZ) reaction had resulted in the formation of thin film of polyaniline a the ar-water
interface, in addition to polymerization in the bulk. Also, film formation could be observed
under non-BZ reaction conditions. The film condsted of macroscopic patterns that varied
from film to film. However, each of these films contained mesoscopic patterns, observable
under the microscope, which were characteristic of the reaction cataydt.

Further, a new photolithography based method of imprinting of macroscopic patterns
on these polymer films was deveoped by smultaneous chemicad and photochemica
polymerizetion of aniline a the ar-water inteface. The photochemica polymerization was
caried out by shining light from the top, while resgents present in the bulk catayzed
chemicd polymerization. A mechanism of film formation is aso discussed.

In addition, based on the above observations, a new method was developed for
incorporation of TiO, nanopaticles (NPs) in thin films of polypyrrole.  These films were
subsequently used in photocdayzing oxidetion of 1" to k™ as wel as degradation of dyes like
methyl orange and methylene blue.

The thess dso reports a smple, versatile and inexpensve soft-lithographic  based
method of generating submicron - scale colored patterns on various surfaces. The molds used
were the polycarbonate disk and duminum foil line patterns of an ordinary compact disc (CD)
and the ink was from commercidly available permanent marker pen. Results on single and bi-
color line patterns and cross patterns are reported.

A gmila drategy was used in sub-micron scde paterning of glass surfaces by
chemica reection etching. In this method chemical etching process was carried out by smply
wetting the mold (polycarbonate of compact disc) with the etching solution (agueous HF)
folloved by damping on glass subsrates. Micro arays of nonretched spots on glass
substrates were dso achieved by stamping twice at different angle to each other.
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Vii
Abstract

Two related phenomenologica investigations were aso carried out and the results are
reported in the thess. One of the invedigations was to sudy the wetting and dewetting
behavior of surfactant-laden aqueous drops on glass supported acohol films. The acohols
used were CH3OH, GHsOH and +PrOH. It was observed that the drop spread the fastest on
CH3OH followed by C,HsOH and the dowest on i-PrOH. On the other hand the recoail
behavior was just the opposite. In addition, concentration of surfactant in the drop played a
prominent role in the spreading and recoil time of the drop with higher surfactant
concentration making the drop spread and recoil faser. There was no sgnificant fingering
ingtability present in either spreading or recoil of the drops on the acohal films.

Findly, the other phenomenological study discussed in the thesis deds with measuring
smultaneoudy the pressure area isotherms, usng a Langmuir — Blodget film baance with a
Wilhdmy plate and the characteridic change in the extinction coefficient of light, over a
broad wavelength range in the UV-visble region, usng an optica fiber probe as a function of
surface pressure. It was observed that at the liquid to solid phase trangition and the collapse
of the monolayer an abrupt increase and then sudden fal in extinction of light had occurred.
Smilar extinction of light aso occured during gas to liqud phese trangtion in lipid
monolayers. This could be used as a smple easy to use method for information about the
nature of monolayer a any interface (liquid-gas, liquid-liquid), especidly formation of specid
structures leading to monolayer collapse.
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Chapter 1 Introduction 1

1.1 Introduction

Pettern formation is common to biologica systems. Nature is full of such patterns,
the patterns on the wings of butterfly, on the bodies of zebra, snake or deer. These
patterns, the cregtions of nature, not only ae aesheticaly beautiful, but dso serve
important roles in surviva such as in camouflaging. Not so gpparent to the naked eye, yet
under the microscope, patterns are also observed in tissues, such as in bones and muscles,
and govern cdl growth and cdl differentiation. All these patterned growth and formations
have important functiond roles in the mantenance and propagation of life.  Thus the
success of life itsdf can be attributed to Mother Nature utilizing patterns.  Technologicd
applications of pattern can be seen in black and white newspaper prints of pictures, where
the dot dendty and sze determines the shade and contrast. Pattern formation can be
generated spontaneoudy or norkspontaneously.  Spontaneous patterns can be formed
merdy by mixing of two or more reagents. There are a number of systems where spatia
patterns are  observed. Pettern formation in reaction-diffuson sysems has been
invesigated for some time and the underganding has important consequences in
technologicd  agpplications. lodate-arsenous  acid  systemt',  chlorite-thiourea- barium
chloride systen? and sodium hydroxide-copper chloride system ° are a few known systems
to exhibit spatid patterns. Even a photochemica reactions can generate patterns.  For
example, the photochemical reaction of photochromic and chromogenic compounds show
patens’.  Oscillatory reections can aso lead to patern formation. The Belousow
Zhabotinsky reection (BZ) ° is one such oscillatory reection where spatid patterns are
observed. Spontaneous pattern formation cannot be controlled in as far as the nature,
shape and size of the patterns are concerned. On the other hand non-spontaneous pattern
formation can be induced by chemica means as wdl as by physcd means, where the
growth conditions can directly influence the nature, Sze and shape of the patterns
concerned.  Sdf-assembled monolayers (SAM) of organic molecule on the selected parts
of surface of solids such as sdf-assembly of organic thiols and disufides on gold, Slver
and copper surfaces, and carboxylic acids on dumina surface can dso lead to large-scae
peattern formation.  Other methods include utilizing light to generate petterns.  For
example, a photosenstive materia is coated on the surface and by making use of
appropriate masks, selective photochemical reection is achieved a sdect areas resulting in
generdtion of patterns.  The physcd methods include soft-lithography, which is the
collective name given to techniques based on sdf-assembly and replica molding, as a low
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Chapter 1 Introduction 2

cost, non-photolithographic approach for generating micro and nano patterns.  In this
method the master containing the desired reief features is stamped onto the subdrate to
transfer its features on the substrates. The advantage of such patterns is that we can have
control over the nature, shape and Sze of the paterns generated and thus have immense
technologica applications. Patterns can be generated on different substrates such as glass,
slicon or even polymer surfaces.

As such polymer thin films ae of great technologica importance due to ther

1419 non-linear optical

goplications in microelectronics, displays, lithography &2, sensors
materids 22! ec. The requirements have jusifigbly given rise to the development of a
large number of chemicd and physical methods for the growth of polymer films on solid
surfaces and dso a the ar-water interface. In addition, various micro-molding techniques
have been developed for fabrication of nanoscopicaly patterned polymer films on solid
subsrates used manly for eecronics and microfluidic  device applications®® .
Usefulness of these devices would depend on the robustness of films deposted on a
subgtrate for gppropriate gpplications. This and other requirements have led to a plethora
of studies on wetting and dewetting behavior of a thin film on a solid subgrate.  The thin
film can be a polymer film or a liquid drop spreed on a surface.  Further, film growth at
the ar-waer inteface usng especidly the popular Langmuir-Blodgett (LB) technique
requires the study of the properties of monomers a the interface. A large number of
techniques such as LB-film baance, opticd microscopic method and surface second
harmonic generation are available to understand the molecular or collective properties a
the interface.

With these gpplications in mind, | have ventured in my Ph. D. work to find newer
and dmpler methods of fabrication of functiond thin films on substrates and study some
of the rdevant physica and chemicd properties. The methods developed include physica

aswdl as chemicd imprinting.
Objectives of theinvestigations reported in thisthesis are asfollows:
o Tofind newer methods of generation of thin polymer films especidly at the air-

water interface.
o Toimprint macroscopic patterns on these films using photolithography.
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Chapter 1 Introduction 3

o Tofabricate TiO2 nanoparticles incorporated films for applications where the
nanoparticles would be the functional moiety and the thin film would act asthe
support.

o Tointroduce the idea and to achieve sub-micron scae color lithography where a
colored polymer is used asthe ink.

o Tofabricate glass microreactor with sub-micron scale patterns using the principle
of soft lithography.

o To study the wetting and dewetting behavior of surfactant-laden agueous drops on
glass supported dcohal films.

o Toinvesigate the collapse of amonolayer of surfactant molecules & the air-water
interface using an optica fiber probe.

While pursuing polymerization of aniline coupled to iron (ferroin) cadyzed
Beluosov-Zhabotinsky (BZ) reaction we obsarved the formation of thin film of polyaniline
a the ar-waer interface, in addition to bulk polymerization. Upon closer examinaion we
found that those films formed with macroscopic patterns and generdly did not have any
specific mesoscopic patterns.  Aniline polymerization under non — BZ reaction conditions
with the use of FeSO4 or Mohr sat [(NH4)2S04, FeSO,4.6H,0] in place of ferroin was aso
pursued. In addition, a smple mixture of KBrOz and KBr in agueous acidic solution was
aso used for the polymerization. In dl of the above systems we observed the formation of
thin films a the ar-water interface in addition to bulk polymer formation. All of those
films dso had macroscopic petterns.  Interegtingly, the thin films formed under non-BZ
reaction condition consisted of distinct mesoscopic patterns, observable under the
microscope.  The mesoscopic patterns formed were found to be characteristics of the
reection catadyst being used. In addition, we aso observed that when sodium dodecyl
sulfate was present in the reaction medium within a particular range of concentration,
regular circular mesoscopic patterns were formed. Also, no patterns could be observed
when the reaction was carried out in the presence of ultrasonic waves. These observations
we fed are dgnificant because properties of materids a interface are expected to vary
with dendty and orientation profiles a this scde.  These dudies have wide ranging
technologicdl  applications in  surface  coatings™ 2%, synthess of nanomaterids 27,
molecular-scale adhesive, lithography and microfabrication 8.
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Chapter 1 Introduction 4

We went further in this direction and were successful in imprinting macroscopic
paterns on these polymer films by gmultaneous chemicd and photochemicd
polymerization of aniline in the presence of light a the ar-water interface and chemicd
resgents in the bulk. This is a new photolithography based method of obtaining imprinted
polymer film. Herein, we have made use of light as a tool for making imprint on a
growing polymer film a the ar-water interface. Imprinting petterns as the polymer film
grows a ar-waer inteface offers grester control in the synthess of functiona polymer
film. Moreover polymer film generaied in presence of light might have or might not have
the same properties as that generated smply by chemicd methods. As a result there may
be variations in the properties of the ‘photo-grown’ polymers, which can be tuned by
sdecting appropricte monomer, wavelength of incident light and chemicd resgents thet
cadyze the polymerization resction. Thus polymer film generated & interface could
possbly have petterned variations in optica, €éectronic, chemicd and even mechanicd
properties characterized by thickness variaions or otherwise across the film.  This has the
unique advantage over other methods as this could lead to better control over sze, shape
and nature of patterns formed onto the films by controlling parameters, from above the
surface for light catdyzed polymerization, and from the bulk bdow for the chemica
polymerizetion. We were successful in making imprint on polymer film a ar-water
interface in the presence of light congding of imprint in the shape and Sze of the light
beam. The method makes use of dgmultaneous chemicd and photochemicd
polymerization of aniline in the presence of light. The imprints could be obtained usng
light over awide-range: from UV to visble wavdengths.

Encouraged by the success of thin polymer film formation a the ar-water interface
from chemicd resgents present in the bulk and the sSmultaneous chemicd and
photochemical polymerization at the interface, we tried and successfully incorporated
TiO, nanopaticles (NPs) in thin films of polypyrrole.  We could not obtain thin film of
polyaniline under the experimenta condition used in the present case with the use of
H,O,. The TiO, NP containing polypyrrole thin films were further used to photocddyze
oxidation of I" to k* as well as reduction of dyes like methyl orange and methyline blue.
These results are reported in Chapter 4.

Although photolithography29 has been the most successful and popular method to

make paterns on various subdrates for technologica applications, it inherently suffers
from two limitations. Firgly due to practicd limitation the minimum fegiure Sze that is
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Chapter 1 Introduction 5

obtained is equd to the wavdength of the light used even though the theoretica limit set
by optica diffraction is | /2. Secondly the technology is very expensve especidly for

feature Szes bdow 200 nm. This has resulted in exploration of other dternative cheaper

methods, the prominent being soft lithography™ 2, micropen lithography, dip pen

nanolithography33 and nanosphere Iithography34. But none of the methods emphasized
the generation of color pattern that has enormous gpplication potentid in information
storage, sensors and so-cdled “ E-Peper” for display. |If information could be stored in
true color, the processing time for retrievd of information could be shortened
congderably. Based on soft-lithography, we have introduced a smple, versatile and
inexpensve method of generating submicron - scale colored patterns on various surfaces.
The molds used were the polycarbonate disk and aduminum foil line patterns of an
ordinary compact disc (CD). We had gsated making patterns on glass and plagtic
substrates using single color but then extended it and made bi-color patterns adso. We
were dso successful in making micro arays of ink postioned a angles determined by the
relative angle of sequentia postioning of molds.

Smilar drategy was used in paiterning glass surfaces following the same approach
of soft lithography in making color patterns.  These patterned glass surfaces have the
potential of being used as microfluidic devices with applications in biological analysis™
36, chemicd assays and environmenta andyss and as microreactors”’ that can mani pulate
and andyze materids on nano and subnano liter scaes. These technologicd applications
have gimulated us to device a new method to pattern glass. The method makes use of
chemicd etching process by smply wetting the mold (polycarbonate of compact disk)
with the etching solution (aqueous HF) followed by stamping on glass substrates. Micro
arays of nonetched spots on glass substrates were dso achieved by stamping twice a
right angle to each other.

A few rdated phenomelogicd investigations were dso carried out.  In this regard,
we pursued the controllable spreading and recoil of surfactant containing weater drops on
vaious acohal films supported on glass dides. The time evolution of spreading and recail
behavior was also monitored. It was observed that the drop spread the fastest on CH;OH
followed by C;HsOH and the dowest on FPrOH. On the other hand the recoil behavior
was just the opposte. In addition, concentration of surfactant in the drop played a
prominent role in the spreading and recoil time of the drop with higher surfactant
concentration making the drop spread and recoil faster. Interestingly, the drop spread and
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Chapter 1 Introduction 6

recoiled without the formation of any fingering ingability othewise observed in many
spreading and recoil phenomena.

Yet another phenomenologicadl dudy discussed in the theds deds  with
smultaneoudy measuring the pressure area isotherms, using a Langmuir — Blodgett film
baance with a Wilhdmy plate and the characteridic change in the extinction coefficient of
light over a broad wavelength range in the UV-visble usng an opticd fiber probe as a
function of surface pressure. It was observed that a the liquid to solid phase trangtion and
the collgpse of the monolayer an aorupt increase and then sudden fdl in extinction of light
had occurred. This could be due to formation of multilayer-like sructures followed by
collagpse and molecules going into the buk phase thereby reducing the population of
molecules per unit area for such a layer a the inteface. This may have important
gpplications for in Stu dudies on the formation of dructures of monolayers a the arr-

water or other interfaces.
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Chapter 2 Polyaniline thin film at air-water interface 9

21  Introduction

Understanding chemisry a the inteface offers rich dividends in terms of
technological  applications in areas such as polymer microdectronics, surface coatings®,
thin films?, nanomateriads®>, molecular-sce adhesive ©, lithography and microfabrication’
Interface tallored synthess of materids, egpecidly polymers, has attracted much attention
because of its ability to generate oriented molecular materids 8. Thin films with designed
molecular order can exhibit properties different from the collective bulk behavior of
molecules in a redricted geometry. In the padt, organic thin films were consdered to be
too fragile and not of sufficient purity to yied reliable and condstent properties and thus
were of not much use. The Stuation has however consderably changed with the advent of
polymer thin films Polymer thin films can have chemicd inertness, mechanica drength,
varying wettability and specific dectrica, opticd and magnetic propetties.  In addition,
these properties could be tuned by appropriate changes at the molecular level of the
monomer. The vast application potentia has led to enormous growth in the methods of
generation of thin polymer films and understanding of the growth processes as well as the
properties of thin films as a function of thelr Sructurd details a various length scdes.
Among the polymers sudied in this regard, conducting polymers such as polyaniline
(PANI), polypyrrole and polythiophene occupy a centrd podtion owing to ther
technologica relevance.

PANI is the preeminent eectricaly conducting polymer that has been extensvey
9-121 displaysl?‘,
electrodes'®1®, sensors and actuators'®, membranes for gas separations'’*®, solar cells™®,
fud cdls’® and dectro-magnetic interference (EMI) shidding®?%.  PANI is known to
undergo non-redox reversible doping / dedoping process™ based on smple acid base
chemistry, enabling control over properties like optical activity, dectricd conductivity and

investigated due to its gpplication potentid in  microdectronics

sensor activity, thus making it unique in the class of conjugated polymers. As a natura
consequence of its utility, severd synthetic protocols have been developed such as
functiondization of PANI backbone®*2°, enhancement of biocompatibility of the polymer
using enzymes as cadysts for synthesis?®2’, synthesis of PANI nanofibers, nanotubes?®2°,
metd nanoparticle-PANI composite®® and cabon nanotube doped PANI 3. An “insulated
molecular wire”*? induson complex of PANI in cyclodextrin has dso been synthesized.
Some of the important gpplications of PANI as sensor are its use as ammonia vapor

sensor®®, glucose biosensor®* and ascorhbic acid sensor®®. In generd, a sensor is made in the
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Chapter 2 Polyaniline thin film at air-water interface 10

form of a thin film of PANI on a subgrate. Typicaly, thin films are made by spin casting,
soraying, fiber spinning, dectrospinning, dectrochemica polymerization on the surface,
dip-coating and Langmuir-Blodgeit film trandfer technique.  Further, PANI thin films and
microtubules have been grown in porous membranes for application as sensors’.  PANI
has also been synthesized dectrochemically inside ordered macroporous carbor®.

Notwithstanding the huge growth with respect to synthess, processng and
goplication of PANI there remans plenty of opportunity for further invedigation
especidly with respect to thin film formation and its properties. For example, even though
enzymatic synthesis of thin film of PANI a the ar-water interface has been achieved®®?’,
a dmple chemicd means of such film formation has not been pursued so far. This has
important implications in tems of it chemicd, mechanicd, opticd, €ectronic and
magnetic properties, especially upon incorporation of appropriste dopants. We have
sought to investigete the formeation of thin films of PANI due to polymerization of aniline
a the ar-water interface in the presence of reactants in bulk water. We have studied the
growth in the presence of various chemicd reagents and aso probed the Sructurd
characteridics of the films grown under different conditions One of the important
observations was the macroscopic and mesoscopic pattern formation in the grown thin
films Therefore, a little bit of background with respect to pattern formation in different
chemical reactions would be gppropriate &t this point.

Spatio-tempora pettern formation in chemica reactions is wel known for a long
time. Patern formation has been obsarved in chemica reactions like chlorite-thioures
barium chloride reaction, NaOH and CuCl, resction. It has aso been observed in
oscillatory chemica reactions such as Beluosov-Zhabotinskii reaction.

Pettern formations in chemica reections are usudly governed by reaction-diffuson
proceses. A didly extended sysem will often undergo a trandtion from a uniform
date to a dtate with spatid variations due to non-equilibrium conditions.  Non-equilibrium
conditions adso lead to hydrodynamic ingtability a the interface and are caused by a
number of nonlinear phenomena such as Marangoni convection, Benard - Marangoni
convection, Raylegh - Benard convection, thermocepillary convection and thermd
convection. These indabilities exhibit a lage variety of convection patterns, such as
regular convection dructures in the forms of cdls and rolls, interfacid waves and chaotic
convective moations in the vicinity of an inteface. Pattern formation in general occurs due

to coexigence of more than one type of convection. The phenomenon of convection of
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flud motion induced by buoyancy when a fluid is hested from below is cdled Rayleigh-
Benard convection. Rayleigh-Benard convection is the ingability of a fluid layer which is
confined between two thermdly conducting plates and is heated from below to produce a
fixed temperature difference.  Marangoni convection on the other hand is surface tension
driven. It generdly coexigs with Rayleigh's buoyancy mechanism but dominaes in thin
layers.  Instability mechanism involving gradients in surface tendon coexiging with
Rayleigh’'s buoyancy mechanism is cdled Benard- Marangoni convection. In this case

37 " In the Benard-

solvent evaporation can adso induce Benard- Marangoni convection
Marangoni system, pattern formation is governed by the badance of the surface tenson
driven forces and disspation due to thermd diffuson and the frictiond action of viscosty.
The gradient in surface tendon can dso be induced by vaiaion in concentration of
components leading to Marangoni convection.  Other convections include thermd
convection, which occurs due to temperaiure gradient.  The paterns formed in
photochemica reection are generdly due to therma convection 339 dthough there may
be other convection operating Smultaneoudy. The driving force for therma convection in
such systems is the exisence of a temperature gradient and hence the density didtribution.
Temperature gradient can dso be caused by exothermic reection. The evolution of hesat
affects the surface tenson of the solutions, which, in turn may dso induce convection.
Therma convection induced by in-homogeneities in surface tenson aways occurs if there
is a free surface of the liquid agangt a gas or agang another liquid and if there are
inhomogeneities at the border surface. Since the surface tension is temperature depended
(Yls /9T 0), heat produced by the chemica reaction generates surface tenson gradient,
which can give rise to thermocapillary convection “°. Chemical reaction with autocataytic
or thermd feedback can combine with the diffusve trangport of molecules to create a
spatia or tempord pattern **3. An example of spatid or tempora pattern formed due to
chemica reaction is Belousov-Zhabotinskii (BZ) reaction 4“8, It is dso a classc example
of ‘far from equilibrium’ behavior that of long lived oscllaions The BZ reaction
comprises of the reduction of bromate ion (BrOs™) by bromide (Br ™) to bromine (Br») in
the presence of a metd redox catdyst (usudly Ce 3/ Ce** or Fe**/ Fe**). The system dso
contains an organic subdrate eg maonic or citric acid capable of reacting with the
intermediate product Br, and then being subsequently oxidized to return Br ~—.  The
oxtillations are characterized by a switching between the bromide ion concentration
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leading to ostillations in the color of the mixture. Photochemical reaction can aso induce

oscillation in areaction system -,

2.1.1 Our direction

Pojman and coworkers 2 have reported in detail polymerization coupled to BZ
reaction in a batch reactor. However, their sudy emphasized on the ®lution behavior of
periodic polymerization coupled to BZ reaction. On the other hand in this chapter we
report obsarvation of paterns in thin polymer films of PANI formed a the interface
coupled to reactions in the bulk medium. Although origindly this work was started with
the am of possble observation of specific pattern formation due to polymerization of
aniline coupled to the iron-cadyzed Beousov-Zhabotinskii (BZ) reection in the bulk
medium, our observations of dmilar pattern formation under non-oscillatory reaction
conditions suggests that the pattern formation was not exclusve to the nonliner BZ
resction. To test the idea, we aso pursued and obtained aniline polymerization under non
— BZ reaction conditions in which FeSO, or Mohr sat [(NH4)2S04.FeS0,4.6H,0] had been
used ingtead of ferroin. In addition, a Smple mixture of KBrOs; and KBr in agueous acidic
solution was used for polymerization. Two — dimensond macroscopic patterns formed
from dl reactions mentioned above and not exclusvely due to BZ reaction.

We found thet, if left undisurbed, anilinium sulfate in the presence of BZ reaction
mixture led to the formation of polyaniline in the bulk, which findly had settled a the
bottom of the solution. On the other hand there was dso the formation of a thin
polyaniline film a the ar — water inteface. While the bulk polymer was found to be
devoid of any petterns, the film a the interface had rich macroscopic as well as
mesoscopic patterns.  This is the first report of any patern formation in two-dimensond
growth of polymeric materids at intefaces. This is important as properties of materids
are expected to vary with dendty and orientation profiles of materids in thin films. The
patterns formed in films are characteridtic of the reaction conditions in the bulk and hence
have the prospect of acting as markers of the chemica reection events leading to product
formation a interfaces. UV-vigbhle and FTIR spectroscopic observations indicated the
formation of low molecular weight polyaniline which was further confirmed by gd
permegtion chromatography. It is important to mention here that when a typicad reaction
was caried out in the presence of 202 mM sodium dodecyl sulfate regular circular
mesoscopic patterns were formed in the film, while the patterns had vanished when the
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resction was carried out in the presence of ultrasonic waves. Our essentid concluson is
that the polymerization a the interface occurs Smultaneoudy a various nuclestionlike
centrers.  As the polymer grows in two-dimensons, the centers get connected by a
network, leading to the formation of mesoscopic patterns.  The catalysts and resgents
present at the interface generally control the nature of the patterns.

2.2  Experimental Section

Chemicals: Potassum bromate (KBrOs) (Aldrich), Madonic acid (Aldrich),
Potassum bromide (KBr) (Aldrich), 1,10 Phenanthroline (SD. Fine Chemicds), Sulfuric
acid (H2SO4) (E-Merk), Ferrous sulfate (FeSO4) (EMerk), Mohr's Sat [(NH,)2SO,.
FeS0,4.6H,0)] (E-Merk) and sodium dodecyl sulfate (SDS) (E-Merk) were purchased
from companies mentioned in the parentheses and were used as received.

Stock solutions of Potassum bromate (KBrOs), maonic acid, Potassum bromide
(KBr), Feroin, sulfuric acid (H.SO,4), Ferrous sulfate (FeSO,), Mohr's Sdt and sodium
dodecyl sulfate (SDS) were prepared in digtilled water. The concentration of stock
solution were as follows [KBrOs] = 0.3815 M, [KBr] = 0.014 M, [Maonic Acid] =
0.3005 M, [FeS04.7H,0] = 5.39 X 10 M, [1,10 Phen] = 0.0140 M, [H2SO4] = 0.783 M.
In generd, agueous solutions of KBrO3z, KBr, malonic acid, ferroin (or other cataysts and
SDS as required in the study) and aniline dissolved in SO, were mixed in a test tube and
poured over a watch glass kept in contact with water in a petridish. The sequence of
adding of the resgents was aso in that order. The waich glass was covered with an
inverted petridish to minimize the effect of ar breeze on the intefacid polymerization
pattern formation. The exact experimenta set-up is depicted in Figure 2.1

The system studied were as follows

System 1: KBrOs + KBr +H,SO,4 + Madonic Acid + Fe(Phen); + aniline.
System 2: KBrO3; + KBr +H,SO, + Maonic Acid + FeSO,4.7H,0O + aniline.
System 3: KBrOs + KBr +H,SO,4 + Mdonic Acid + Mohr’s sat + aniline.

System 4: KBrO3; + KBr +H,SO,4 + aniline.
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T Inverted petri dish

Reaction
Mixture

T Water Bath

Figure 2.1: A schemdic representation of the experimenta set up conssting of reagents
in a watch glass kept over a petridish water bath. The watch glass was further covered
with an inverted petridish.

System 5: KBrO3z + KBr +H,SO4 + Malonic acid + FeS0,4.7H20 + aniline (Vapor).

System 6: KBrO3 + KBr +H>S0O4 + Malonic acid + Mohr’s salt + aniline (Vapor).

In certain st of dudies aniline was dso introduced into the reaction mixture from the
vapor phase. In these cases the inverted petridish cover was replaced by an inverted
funnd from where a vid containing aniline had been kept hanging, above the water leve
as shown in Fgure 2.2. The opening of the inverted funnd was covered to minimize the
effect of any breeze. The temperature of the bah was generdly between 23° and 27°C
during the course of dl the reections.

Fim formaion a the ar — water inteface was generdly observed in about 15
minutes of mixing reectats.  Flms formed with aniline reactant in aqueous phase were
aufficiently thick for transfer to microscope dides after about 1% hour of reaction. On the
other hand the polymer films obtained via introduction of aniline from vepor phase were
ready for ransfer in about 3 hours. The films once deemed ready to trandfer were made to
float aove the watch glass by pouring water carefully into the petridish. After a few
cycles of waer draining and refilling, the films were carefully transferred to microscope
dides. The film thickness was measured with the help of an opticd microscope by
focusng a the top surface of the film and the top surface of the dide. The difference in
height was taken to represent the approximate film thickness.
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Water Vid

Bath
Reaction
Mixture

Figure 2.2. A schematic diagram of the experimenta set up for vapor phase introduction
of aniline to the reaction. All other reagents were in a waich glass kept over a petridish.
water bath.  Aniline was kept in a vid hanging from an inverted funnd that covered the
reagent watch glass.

To cary out reaction in presence of ultrasonic waves, the watch glass containing
reaction mixture of KBrOs, KBr and aniline in bSO, was kept in contact with water in an
ELMA (Modd Transonic 460 / H, 35 KHz) ultrasonicator bath for about 1% hour. The
film grown at the interface was transferred to a microscope dide as above.

The macroscopic patterns were recorded ether by taking photograph and then
scanning the photographs by a HP5200C scanner or by using the scanner only. The
optical micrographs were recorded by a Carl Zeiss (Axiotech) microscope.  The colors in
the micrographs are not due to any color of the film materia but due to interference of
light in the thin polymer layers  UV-vidble spectra of films transferred on to sgpphire
discs were recorded by a Hitachi 2001 UV-visble spectrophotometer. To record Fourier
Trandform Infrared spectra of polymers, a batch of films grown under identical reaction
condition were collected and washed with water and filtered. The solid was then collected
and dried in a Silica Gdl desicator for five hours before recording spectra in KBr pellet. A
Nicolet IMPACT 410 FTIR spectrophotometer was used for recording IR spectra
Samples prepared for FTIR anadyss were aso used for recording Gel Permedtion
Chromatography datain a Waters HPL C-GPC system.
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2.3  Resultsand Discussion
2.3.1 Film formation

When the reagents were mixed and poured in a waich glass and left undisturbed, a
film formation a the interface was observed dong with the product formation in the bulk.
The film formation was not observed in absence of aniline in the reaction mixture. The
film was tranderred to a microscopic dide when it was sufficiently thick to be transferred
and examined. For a typicd film 1% hr of reaction time was needed to dapse before the
film could be tranderred. Figure 2.3 shows photographs of four films that were
trandferred to microscopic dides. As evident from the photographs, macroscopic two -
dimensond patterns were preset in dl the films that were formed from aniline
introduced ether directly into the solution phase or from the vapor phase. The patterns
formed in the films did not have any specific symmetry. On the other hand they were
rather random in ther growth profilee In some cases, smdler regions of growth of
paticular shapes were separated by wide gaps condsting of smple growth with no
specific observable patterns. These could be seen in the case of BZ reaction mixture or
KBrOs / KBr reacting sysem. On the other hand, continuous long - range growth of
specific patterns with relatively narrower gaps were dso observed, as is the case with
FeSO, containing reaction mixture.

It is dso important to note that such patterns were dso seen in the case of films
grown from aniline introduced from the vapor phase (Mohr's sat containing mixture as in
Figure 23). In dl cases probably multiple layers of paiterned film growth took place
based on the formation of patterns at the initiad stages. In other words, if the pattern of a
film between two consecutive layers were different, the film patterns would have been
smoother than it appears. It is conceivable that patterns generated at the initid stages of
film formation act as templates for further growth and thus patterns remain constant once
it is formed even if further growth of polymer takes place. Further, there is no diffuson of
products across the surface once the films are formed, otherwise destruction of pattern
formed initidly would have occurred. In other words, the nature of pattern formed is
“frozen” a the interface in the initid stages of film formation. It is important to mention
here that we have not been able to reproduce exact macroscopic patterns even under
identicd experimentd condition  This non - uniformity in macroscopic pattern formation

suggests that no smple or single mechanism of patterned growth of polymers & the
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MOHR’S SALT
(VAPOR)

Figure 2.3: Photographs of a few films taken after transferring them to microscope dides
(1.0in). BZ: 1.0 mM [Fe(Phen)s]**, 0.12M KBrOs, 0.1 mM KBr, 0.3 M H,S04 0.01 M
Mdonic Acid and 4.07 mM aniline. KBrO3z / KBr: 0.12M KBrOsz, 0.1 mM KBr, 0.3 M
H,SO,4 and 4.07 mM aniline FeSO4: 1.0 MM FeSOq4, 0.12 M KBrOs, 0.1 mM KBr, 0.3 M
H,SO, 0.01 M Madonic Acid and 407 mM aniline.  Mohr’s Salt (vapor): 1.0 mM
(NH4)2S04. FeS0,4.6H,0, 0.12 M KBrOs, 0.1 mM KBr, 0.3 M HSO4 0.01 M Mdonic
Acid and aniline vapor
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interface is involved. However, right now we are not in a podtion to explan the exact

origin of macroscopic pattern formation from the above observations.

Although the reaction aso took place in the bulk, our experimenta observations
suggest that the polymer film formation was due to reection at the interface and not due to
products initidly formed in the bulk followed by migration to the surface by diffuson or
convection. This is supported by the observation that when a glass dide was kept in
contact with the water surface, the polymer film formation was not observed undernesth
the glass dide a the glasswater interface. When the glass dide was lifted after films were
formed at other parts of the interface, no film could be observed on the surface that was
benegth the glass dide. Also, there was no film on the glass surface. On the other hand
the polymer film formed a other pats of the ar — water inteface and in the bulk. In
addition, when the reaction was carried out in a 25@m cuvette, which was made by placing
a Teflon spacer in between two glass dides, there was no film formation a the glass -
water interface, whereas bulk reaction occurred to produce the polymer. In addition,
amilar paterns were obsarved in the film formed at the interface when the reection was
caried out in a chamber previoudy purged with gaseous nitrogen indicating that the
pattern formation could aso occur in presence of an inert atmosphere above the solution.

We dso report that when the polymerization reaction in the bulk in presence of BZ
reaction condition was followed by UV-vishle spectroscopy (in an ordinary optica
cuvette), continuous growth of polymers was observed. There was no oscillation in the
absorbance in the spectra  Hence the BZ reaction must have been in a non-oscillatory

domain for the polymerization of aniline.

2.3.2 UV —visble spectroscopic studies

UV — vighle absorption spectra of a few films formed under various reagent
conditions are shown in Figure 24. Absorption spectra were taken after transferring the
film onto a sapphire disk. Figure 2.4 E represents the UV — visble absorption spectrum of
polymeric film developed by vapor phase introduction of aniline. All other spectra are due
to films grown from aniline introduced directly into the solution phase. It is noteworthy
that the mgor absorption pesks of dl films fal bedow 400 nm. There is though a little
variation in the peak positions depending on the nature of the reagents used. For example,
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Figure 2.4: UV-visble absorption spectra of polyaniline films produced from different
reagent mixtures as given below. Absorption spectra were teken after transferring the film
onto a sgpphire disk. [A] Mohr's Sdt: 1.0 mM (NHy)2SO4, FESO4.6H,0, 0.12 M KBrOs,
0.1 mM KBr, 0.3 M H:SO4, 0.01 M Maonic Acid and 0.011M aniline. [B] KBrO3 / KBr:
012 M KBrOsz 0.1 mM KBr, 0.3 M BSO, and 0.011M aniline. [C] FeSO4: 1.0 mM
FeSO4, 0.12 M KBrOs, 0.1 mM KBr, 0.3 M H,SO4, 0.01 M Maonic Acid and 0.011M
anline. [D] BZ: 1.0 mM [Fe(Phen)s]?*, 0.12 M KBrOs, 0.1 mM KBr, 0.3 M H,SOj, 0.01
M Maonic Acid and 0.011M aniline. [E] BZ (Vapor): 1.0 mM [Fe(Phen)s]**, 0.12 M
KBrOs, 0.1 mM KBr, 0.3 M HySO4, 0.01 M Madonic Acid and aniline introduced from
Vapor phase
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when Mohr’'s sdt was used the absorption maximum in the 200 — 400 nm region appeared
red - shifted compared to that of the film from FeSO;.

This variation may be due to difference in molecular weight and or branching of
the polymers formed. In some cases, peak between 400 and 600 nm could aso be
observed (Figure 2.4C through E), abet wesk, typicdly corresponding to branched, low
molecular weight form of polyaniline?’.

2.3.3 FTIR spectroscopic studies

A typicd FTIR spectrum of a polymer film grown in presence of acidic KBrOs /
KBr reagents is shown in Figure 25. A broad pesk due to quinoid and benzenoid ring
deformations in the region of 1570 - 1500 cm* could be observed. A band at 1160 cm,
characteristic of polyarniline emaradine base could adso be observed ®3. There is no
indication of Br incorporaion in the polymer as the characteristic pesks due to C-Br
stretch in the region 600 — 500 cm* is absent. FTIR spectra of films formed under other
reaction conditions gppeared smilar to that in Figure 2.5.

Transmittance
|

4000 2000

Wavenumber (cm™)

Figure 2.5: FTIR spectrum of thin polymer film grown in presence of acidic KBrO3z / KBr
and recorded in KBr pellet. The concentration of different reegentsare 0.12 M KBrOs,

0.1 mM KBr, 0.3 M H,SO4 and 0.011M aniline.

2.3.4 Gd Permeation Chromatography

Gd Permedtion Chromatographic (GPC) data of the polymer films generated from
al of the above reections congsted of a sngle pesk (for each polymer film) with typica
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molecular weight in the range of 2500 — 2800 Ddton. The molecular weight determined

by GPC of the system studied istabulated in Table 2.1.

Table 2.1: The molecular weight distribution of the various systems studied.

M (Daltons) M (Daltons) M p(Daltons)
System 1(BZ) 2597 2674 2504
System 2(Mohr salt) 2679 2932 2474
System 3(FeSO.) 2771 2977 2633
System 4(Br/BrOs) 2839 3134 2728

BZ = KBrO3; + KBr +H,SO,4 + Mdonic Acid + Fe(Phen); + aniline.
Mohr’ssalt = KBrOz + KBr +H,SO,4 + Maonic Acid + FeSO,4.7H,0 + aniline.

FeSO, = KBrOsz + KBr +H,SO,4 + Maonic Acid + Mohr’ s sat + aniline.

Br/BrOz = KBrOsz + KBr +H,SO,4 + aniline.
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Figure 2.6: (a) Gd Permestion of Chromatogram of the polymer produced at the interface

from the reection with KBrOsz / KBr. (b) Molecular weight distribution plot of the same .
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The cdibration was done using polymethyl methacrylate as the reference standard.

A typicd GPC chromatogram is shown in Figure 26. The duting solvent used in

the experiment is tetrahydrofuran (THF). The cdibration was done usng polymethyl

methacrylate as the reference standard.

TH-150_994503




Chapter 2 Polyaniline thin film at air-water interface 22

2.3.5 1H Nuclear Magnetic Resonance (NMR)

A typicd 'H NMR spectrum of a film (polymer) grown in the presence of KBrOs /
KBr, as shown in Figure 2.7, contained multiplets between d values of 7.25 and 7.5. This
may be due to the combination of benzenoid and quinoid forms of the “emerddine sdt”,
the primary doped form of PANI, in which two Structures coexist: the polaronic form and

the bipolaronic structure®.
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Figure 2.7: A typica proton NMR spectrum of a film grown in presence of KBrO3z / KBr
recorded in CD30D solvent.

2.3.6 Redistivity measurement

The resgivity measurements of the samples of different sysem (in the form of
films transferred to glass dides) were carried out a room temperature (298 K) using the
two-probe method and are tabulated in Table 2.2. It is evident from the values in the table
that resdivity of the sample is quite high with typicd vaue varying between 14 — 3 MW
cm.  The typica resgtivity vaue for a conducting form of PANI is about 10 W cm. From
the reddtivity data we conclude that non-conducting form of the polymer was formed as

thefilm a the ar-water interface.

Table 2.2: Resistivity values obtained using two-probe method at 298° K

System Resistivity(W cm)
BZ 414x10°
FeSO, 1.80 X 10’
Mohr’' s salt 1.41 X 10’
Br/BrOs 3.15 X 10°

2.3.7 Thickness measur ement

TH-150_994503




Chapter 2 Polyaniline thin film at air-water interface 23

Typicd film thickness varied between a few microns to more than 100 microns.
The film thickness was measured using opticd microscope.  The method employs
focusng a the top surface of the film and the top surface of the dide. The difference in
height was taken to represent the approximate film thickness. For example, in Figure 2.3,
the thickness of the film produced from BZ reaction was about 2 nm and that from Mohr's
sdt was 58 mm, while the thickness of the film generated by the reection with KBrOs /
KBr was about 120 nm. The thickness variation is probably due to various rates of
reection and concentration of reacting species a the inteface  This is expected
conddering the different mechaniams with different initiating and terminating species that
are likely to be involved in polymer formation from different reagents.

2.3.8 Mesoscopic investigation of polymer film

Further invedtigation of the polymer films by opticd microscopy reveded the
formation of various two-dimensona repested geometrical forms at the microscopic leve.
Some typica opticd micrographs obtained are shown in Figures 2.8 and 2.9. The films
obtained using FeSO, and KBrOs / KBr containing reagents have repested circular patterns
of growth spaced by gaps. These circular patterns were dso observed to have merged
with each other. When Mohr's sdt containing reagents were used the polymer growth
patterns had units of polygons of various shapes and Szes. In generd, films grown from
B-Z coupled reactions were devoid of any observable shapes of units, except a certain
positions where random growth patterns have been observed. This was observed for both
cas=s of aniline introduction, from solution phase and from vapor phase. When aniline
was introduced from vapor phase and Mohr's sat was used as catayst, spots of film where
circular forms merged to form lumps could be seen. Mesoscopic pattern formation at the
interface might occur due to nucleation-like process where polymerization takes place
smultaneoudy a different nuclegtion stes. With the growth of polymers the areas of dtes
grow bigger and finaly merge with each other. Once the network of grown pattern forms
a the inteface further growth of polymer tekes place underneath the surface, usng the
initid pattern as a template.  The nature of patterns formed depends on both the reactants
and cadyss used.  Thus for different reagent conditions we observed different
mesoscopic patterns. We would dso like to point out here that the reagent specific

mesoscopic patterns were quite reproducible in terms of their shapes and not sizes.
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BZ BZ (VAPOR)

FeSO, (VAPOR)- DIC

Figure 2.8: Opticd Micrographs of a few films on microscope dides. Bar is 10? m. BZ:
1.0 mM [Fe(Phen)s]?*, 0.12 M KBrOs, 0.1 mM KBr, 0.3 M H,SO4, 0.01 M Maonic Acid
and 0.011M aniline. BZ (VAPOR): 1.0 mM [Fe(Phen)3]?*, 0.12 M KBrOs, 0.1 mM KB,
0.3 M H;SO4, 0.01 M Mdonic Acid and aniline introduced from vapor phase. FeSO4: 1.0
mM FeSOs, 0.12 M KBrOs, 0.1 mM KBr, 0.3 M H,SO4, 0.01 M Maonic Acid and
0.011M aniline. FeSOs (VAPOR)-DIC: 1.0 mM FeSO4, 0.12 M KBrOsz, 0.1 mM KBr,
0.3 M H;SO4, 001 M Mdonic Acid and aniline introduced from vapor phase. DIC:
Differentia Interference Contrast.
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MOHR'SSALT (VAPOR) MOHR'SSALT

KBrOy/KBr

Figure 29: MOHR’'S SALT (VAPOR): 1.0 mM (NH4)2SO4, FeS0O,4.6H,0, 0.12 M
KBrOs, 0.1 mM KBr, 0.3 M HSO4, 0.01 M Mdonic Acid. Aniline was introduced from
the vapor phase. MOHR’S SALT: 1.0 mM (NH4)2SO4, FeSO,4.6H,0, 0.12 M KBrOs,
0.1 mM KBr, 0.3 M HSOg4, 0.01 M Madonic Acid and 0.011M aniline. KBrOs/KBr :
0.12M KBrOs, 0.1 mM KBr, 0.3 M H,SO4 and 0.011M aniline.
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For example, various identica runs of the film formation with FeSO, containing resction
condition produced films with circular mesoscopic dructures of various diameters while
the patterns obtained from Mohr sdt condition were of polygona shapes with varying
gzes In addition, Smilar variations were aso observed in the same films but at different

locations of the dide.

2.3.9 Effect of surfactant on the mesoscopic structures

One of the remarkable observetions in optical micrograph of the thin polymer film
was the growth of repeated filled circular units of various diameters when 202 mM
sodium dodecyl sulphate (SDS) was added to B-Z reaction mixture with aniline in the
solution.  The opticd micrograph of such a film is shown in Figure 210. At higher
concentration of SDS ether films were to fragile to be trandferred for observation or film
formation did not take place. Aniline is immiscible with water. However we have found
that it is soluble in water in presence of SDS (in our experiments we could dissolve 50
mM of aniline in waer in presence of 200 mM of SDS). This is possibly due to the
“solvation” of aniline in the hydrophobic core of SDS micdles At the ar-water interface
the aniline molecules might dso resde in between SDS molecules in a fashion dmilar to
that of micdlar disolution of aniline prior to polymerization. A two-dimensond andog
of the sphericd micdle would have crcular form due to minimum surface free energy
requirement. Thus the film would contain patterns of circular form of growth occurring a
various length scales. The merging of the surfaces of these circular patterns would make
the film continuous and hence might explain the drcular form of film growth. At higher
concentration of surfactants, when the surface is fully @overed with SDS only, there would
be no surface aniline and hence no surface nuclegtion ste and thus no surface
polymerization. It is dso possble that a minimum concentration of aniline a the interface
is needed to form a film. With high concentration of SDS molecules at the interface, the
minimum number of aniline molecules needed to form film might not have been present
and hence the film formation did not take place. This may be the reason for the longer
time required for film formation when aniline was introduced from the vapor phase. The
above result indicates that it may be possible to control the formation of thin film and the
contour of two — dimensiond patterns at the interface by surface — active reagents.
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Figure 2.10: Optica Micrographs of the film generated by BZ resction in the presence of
202mM SDS. Bar is 10um. The different concentration of reagents ae 1. OmM
[Fe(Phen)s]** ,0.12 M KBrOs, 0.1 mM KBr, 0.3 M H,SO4, 0.01 M Malonic Acid, 0.011M
aniline and 2.02 mM sodium dodecylsulfate.

2.3.10 Effect of sonication on macraoscopic and microscopic patternsof film

We ds0 invesigated the effect of ultrasonic waves on the macroscopic and
mesoscopic patterns of the film formed at the interface. For this purpose we carried out
the polymerization reection in an ultrasonicator bath. The procedure is discussed in the
experimental section. We found that the macroscopic and mesoscopic patterns present in
earlier figures were absence in the present case. A more uniform film growth took place
in the presence of ultrasonic waves. A typicd film growth profile both a the macroscopic
and mesoscopic scalesis shown in Figure 2.11.

The smoothness of the film may aise due to destruction of the norma patterned
template a the initial stages of the reaction. As the reactants are vigoroudy shaken,
pattern formation is inhibited and the reaction is no more diffuson limited. Also, specific
nuclestion centers might have been destroyed due to vigorous sheking by ultrasonic
waves. Occasond hole formation observed in the film is probably due to gas bubble
evolution from the bulk solution during sonication. The hole formation was dearly visble
when the ultrasonicator bath had been used and was not so evident when reections were
performed without the bath.
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Figure 2.11: Polyaniline film generated in an ultrasonicator bath. The reaction conditions
are KBrOs / KBr: 012 M KBrOz, 0.1 mM KBr, 0.3 M HSO4 and 0.011M aniline. A:
Photograph of the film recorded by a HP5200C scanner. B: Optid micrograph of the film.
Baris 10 um.

From the above observetions it is clear that pattern formation in the polymerization
of aniline a the interface is not exclusve to the BZ reection. In fact, any radica species
that can art initiation is enough to generate patterned polymer &t the interface;

Om et G ot D

where X is the initiator. We dso have observed smilar pattern formation when
polymerization was caried out in presence of Ce(lll) catdyzed BZ reaction. With
different reagents different nuclegtion dtes for pettern formation might be formed and
hence the observation of different mesoscoic patterns for different sysems. In presence of
ultrasonic waves these nuclegtion Stes are dtered and spatid uniformity in the digtribution
of reacting species leads to smoother film formation. This is dso consgent with our
observation of circular patterned growth in presence of SDS.

24 Conclusion

TH-150_994503



Chapter 2 Polyaniline thin film at air-water interface 29

In this chapter we have reported the formation of thin films during the
polymerization of aniline a the ar-water inteface We dso have reported the
gpontaneous formation of mesoscopic and macroscopic patterns in the films formed at the
interface.  On the other hand the polymers formed in the bulk were devoid of any patterns
and findly settled at the bottom of the reaction vessd. The macroscopic patterns formed
in the films were rather random and could not be reproduced in different runs. On the
other hand, the mesoscopic patterns formed were different for different reagent conditions.
The shgpes of polymer growth pattern condituting the films were reproducible under the
same reection (reagent) condition, but their szes varied from reaction to reection (run to
run).  Our observations suggest that both macroscopic and mesoscopic pattern formation
took place from the reagents in the bulk that had reacted in the non-oscillatory regime,
even though we had started with the am of observing patterns in the film formed at the
interface due to polymerization coupled to BZ reaction in the bulk. We did not observe
any patern in the growth of polymers in the bulk in any of the cases mentioned above.
There might be severd nucdlegtions - like stes a the interface from where polymer growth
begins. The growing polymers dtes a the interface findly merge to form a film. The
formation of patterns in the multiple - layered growth might be controlled by the pattern
formed initidly. The pattern formation in the growth of thin polymer films a the interface
may depend on various factors like diffuson of reactants to the interface from the bulk,
concentration and orientation of aniline a the interface, dynamic surface tenson during
the formation of products and mixing of reectants a the interface, templates formed at the
beginning of the film formation etc. An important point to note here is that the films must
be sufficiently porous to dlow growth of layers of films in the case of aniline coming from
the vapor phase.  Even though, the time taken of film formation is longer, there is enough
porogty in the film to dlow thick film formaion with time. Mogt of our obsarvations
suggest that the dynamics of film formation is irregular and exact macroscopic paitern in
the film formation may not be reproducible. Even then the result observed with polymer
grown in presence of SDS suggests that the ultimate pattern formation may be affected by
the nature of the species present a the interface. The pattern formation might ill be
influenced by controlling the nature and concentration of reectants present at the interface.
We dso observed that the macroscopic and mesoscopic patterns present in earlier cases

were absence in case when reaction was performed in the presence of ultrasonic waves.
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Convective patterns caused by gradient of interfacid tension may aso play a key
role in the pattern formation. This might have been well reflected in the pronounced role
of SDS and ultrasound waves in pattern formation.  Different mesoscopic pattern
formation under different experimental condition indicates the role of nucleationlike
process in the pattern formation in the microscopic scale.  The macroscopic pattern is
probably a reflection of film growth (thickness) process. Evaporation of water during the
growth process might dso influence the dructures of the films formed. Polydectrolyte
and micdlar template sysems are known to be useful in guided growth of polyaniline.
Also, controlled organization of nanopaticles has been achieved udng intefacid
properties of reverse micdles and microemulsons.  Spatid pettern formation is well
known in vaious non — ogtillatory reaction systems. In the present case, the initid
dructure of the thin film formed by mixing of resctants is affected by the presence of the
species a the interface followed by formetion of multiple layers of film usng the initid
layer as the template.
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3.1 Introduction

Photochemicd pattern generation plays a key role in various fidds of modern
technology such as lithography, microdectronics and microfluidics ™. Photo-patterning
of organic photoresst is a sandard method for dructure generation in microelectronics
industry.  Another important consequence of photolithography is soft lithography °°,
which has made condderable impact in the generation of sub-micron scde Sructures a a
lower cost. In this case, the magter is made by photolithography. Further, functiondized
paterned surfaces in conjunction with light can be used for controlled wetting®, devising
futurisic micro and nanogtructure technology affinity assays, cell assays and DNA devices
for on-chip rapid screening purposes . It has dso been demonstrated that fabrication
usng microlithographic petterning can be used in making DNA based devices where
electrodes are defined by the fird mask or layer and oligonucleotides are digned and
immobilized covaently in desired paterns during the second step 2. Even paterned
surfaces can acts as templates for DNA arrays. The key step here is to photopattern self-
assembled monolayers to form hydrophobic and hydrophilic regions on a metd surface 3.
Laser photopatterning of polymer monoliths ingde glass microchannds is used to
fabricate mobile fluid control dements, which are open and closed by dectrokinetic
pressure . These can be used for multiple chromatographic separations on a single
microchip. Moreover, tallored modification of polymeric surfaces has engendered wide
interest with respect to application of these materids °, for example, micropatterned
polymer lipid bilayers with potentially important biomedica applications °.

3.1.1 Some of the Existing methods of photo-chemical pattern generation
Photo-chemica pattern generation has been used for the last severd decades for
fabrication of semiconductor devices. With the increesng demand of obtaining structures
with higher resolution, deep ultraviolet (DUV) and X-ray light have been used for
fabrication'”?L. In this approach a polymer film is spin-cast on a surface, which is then
sdectivey exposed to light usng a mask. Another method that has been successfully used
is the Laser ablation (LAB) 222 which is a flexible microfabrication technique suiteble for
aurface dructuring of polymers with high UV  absorption and nontherma  ablation
behavior. Photo patterning of polymer Langmuir-Blodgett film?*® by cross-linking is a
useful technique where polymers are amphiphilic in nature.  On the other hand, photo
paterning of amphiphilic molecules has adso be been achieved usng sdf-assemble
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property, as it offers a superior pah for forming stable monolayer films?®3l,  Sdf-
assembly in amphiphilic molecular monolayer formation is thermodynamicdly favorable
and hence requires less specid atention or equipment than the preparation of a LB
monolayer. In brief, dl the methods mentioned above involve preparation of a film on a
subgrate followed by exposure to light of particular wavelength for pattern formation
required for a particular application.

3.1.2 Our approach

We discuss below a method of generating patterns on a polymer film using light as
the polymer grows a the ar-water interface catayzed by chemica reagents present in the
bulk. Our method alows greater control in the synthess of patterned polymers films as
the patterns are  “imprinted” onto a growing polymer film a an interface. One of the ways
of achieving this is to cary out the polymerization reaction & an inteface, Smultaneoudy
in presence of light from above and chemica reactions from below. There are severd
advantages of this method as it offers achieving greater control over the variation of
properties of the polymer across the film due to its growth profile. Polymer generated in
the presence of light might have or might not have the same properties as that generated
by chemicd methods. Further, there may be variations in the properties of the photo-
grown polymers across the film, which can be tuned by sdecting gppropriste monomer,
wavelength of incident light and chemicd resgents that caidyze the polymerization
reection. The polymer film thus generated could possbly have paterned vaiations in
optical, dectronic, chemicd and even mechanica properties characterized by thickness
vaiations or otherwise across the film. This has the unique advantage over other methods
as one could have a better control over size, shape and nature of patterns formed onto the
films by contralling parameters, from above the surface for light catayzed polymerization,
and from the bulk below for the chemicad polymerization. Potentid gpplications of such a
sysem include desgned polymer surfaces with controlled wettability or porosty,
incorporation of catdyds indde a polymer film, arays of sensors in polymer films,
lithographic pattern formation, generation of paiterned polymers for eectronic display
sysems, oriented film generation using gppropriately polarized light. There is one report
in literature in which thermdly induced convection petterns were frozen in the polymer

film generated by UV induced polymerization 32, but as far we know, this is the first report
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of generdting paterns on polymer film by smultaneous chemicad and photo-chemica
polymerization a the air-water interface.

With these objectives in mind we introduce a new method of generation of
petterned polymer thin films a the ar — water interface, that attempts to address a first
issue of the above idea. Our choice of synthesis of polyaniline films®*34, a the air-water
interface, was guided by application potentid owing to its dectricd conductivity. It is
wel known that the synthess of polyaniline can be cadyzed by oxidizing chemicd
reagents 35-39
KBrOs / KBr solution occurred with thin film formation a the ar — water interface, in

We have recently found that polymerizetion of aniline in agueous acidic

addition to bulk polymerization. The films condsted of mesoscopic nuclegtion petterns
that were characteristic of the catalysts used.  For example when the reaction was carried
out in presence of acidic KBrOs / KBr, the nuclegtion patterns were polygona, whereas
circular patterns were formed when FeSO, was used as catalysts in addition to the dove
reegents. The results of the detail study have dready been discussed in Chepter 2. Here
we report ar — water interface polymerization of aniline coupled to reaction with acidic
KBrOz / KBr in the bulk from below and in the presence of UV or visble light impinging
from above on a sdect pat of the inteface. The polymer film formed at the interface in
the presence of light conssted of a macroscopic imprint of the shape and size of the light
beam within the otherwise usud film formed in the remaining pat of the interface as
observed in aodsence of light. In other words a polymer film was formed with an imprint
in a pat of the film in the shape and sze of the light beam. Obsarvation under opticdl
microscope reveded that the characteristic nucleation pattern of growth was absent in that
pat of the film where light was impinged. The imprinted patterns could be observed over
a wide range of UV and vishble incident light wavdengths. We propose that in absence of
light, radicads like BrO,e, generated by chemicd reection in the bulk agueous phase,
catayze the polymerization reaction. On the other hand our observations of the absence of
patterns on illuminated part could be explaned to have hgppened due to Smultaneous
polymerization of aniline a the interface in the presence of Bre radicds generated by
photodissociation reections and BrO,e catdyzed polymerization as above. A detaled
mechanistic trestment is discussed in section 3.3.6
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3.2 Experimental

Chemicals. Potassum bromate (KBrOsz)(Aldrich), Potassum bromide (KBr) (Aldrich)
and sulfuric acid (H2SO4)(Merk) were purchased from the companies mentioned in the
parentheses and used as receved. The monomer used for polymerization was aniline
(MERK) and it was didtilled before use. HPLC grade Tetrahydrofuran (THF) (Merk) was
used asthe solvent in Gel Permestion Chromatography.

A< ................ Mirror

Figure 3.1: A schematic view of the experimenta set-up. The output beam from the
excitation monochromator was reflected from a plane mirror and impinged onto the
reaction mixture kept in awatch glass.

A schematic view of the experimental set up is shown in Figure 31  Stock
solutions of Potassum bromate (KBrOs), Potassum bromide (KBr) and sulfuric acid
(H2S0,4) were prepared in Milli-Q water. The concentration of stock solution were as
follows [KBrOs] = 0.3815 M, [KBr] =0.014 M and [H2SO4] = 0.783 M. Appropriate
amounts of reagents were taken from the stock solutions and then mixed in atest tube.

The fina concentrations of various resgents were as follows. 0.12 M KBrOs; 1 x
10* M KBr; 0.3 M HSO4 and 0.15 M of aniline. The mixture was then poured into a
watch glass that was kept indde the sample compatment of the Shimadzu RF-5301PC
spectrofluorometer, whose light beam was used as the light source. The exit beam of the
excitation source, with 20 nm dit width, was reflected by a plane mirror onto the surface

of the solution. The exit beam generdly has rectangular shape. For generating desired
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shape, the beam was masked with black paper. The film was alowed to grow for about 1
hour. For photo polymerization a vaious incident wavelengths, the excitation
monochromator was tuned to the desired wavelength.

Afterwards, the film was made to float above the watch glass by pouring water
carefully into a petridish where the watch glass was placed. After a few cycles of water
draining and refilling, the film was carefully trandfered to a microscope dide.  The film
thickness was measured with the help of an opticad microscope by focusing a the top
surface of the film and the top surface of the dide. The difference in height was taken to
represent the approximate film thickness. The macroscopic patterns were recorded by
using a HP5200C or HP5370 optica scanner. The optica micrographs were recorded by a
Cal Zeiss (Axiotech) microscope. The colors in the opticad micrographs are not due to
any color of the film materid but due to interference of light in the thin polymer layers.
Typica film thickness varied between 30 and 200 mm. Room temperature, during growth
of the film, was between 20-25°C.

UV-visble spectra of films on dides and polymer forming solution were recorded
by a Hitachi U — 2001 UV-visble spectrophotometer. To record FTIR spectra of the
polymers photo illuminated and non-illuminated parts of films were scraped off from the
dide and transferred separately for making KBr pellets. A Nicolet IMPACT 410 FTIR
spectrophotometer was used for recording IR spectra  The molecular weight of the film
was recorded using Gel Permeation Chromatography data in a Waters HPLC-GPC system.
The duting solvent used was tetrahydrofuran (THF). The cdibration was done using
polymethyl methacrylate (PMMA) as the reference standard.

3.3 Resultsand Discussion

We have discussed in Chapter 2 the film formation a the ar-water interface due to
polymerization of aniline. We have carried out the experiments reported here in much the
same way except that only KBrO3 / KBr reagents were used for polymerization and aso in
the presence of light of various wavelengths a some dedred regions of the film. The films
formed a the interface were transferred to microscope dides in 90 min after the reaction
mixture was poured into the watch glass. Photographs of three such films, generated at the
ar — water interface in presence of 320 nm light followed by transferring to microscope
dides are shown in Figure 32 A, B and C. The horizontd dimenson of each dide is
about 25 mm.
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The illuminated parts appeared as “I | T” of English aphebet (abbreviaion of the
name of our inditute “ Indian Inditute of Technology”) and were cdlealy discernible
agang the other pats, where the polymer had grown in abisence of light, as the
background film. The “ T “ letter was formed by masking the light appropriately so that it
had shone on the interface in the shape of the letter “ T. It is important to note here that
the films formed were sable enough to be able to trander to dides They were dso
continuous in their growth profile such that there were no gpparent discontinuity in film
formation between the parts that grew in presence and absence of light.

Figure 3.2: Photographs of polymer films taken after transferring to microscope dides.
The three pictures (I 1 T) on three separate 25 mm dides (A, B, C) were recorded by
HP5200C Scanner.  Here the rectangular impressions, referred to as the letter “1” and T
shaped impression referred to as the letter “T” are the 320 nm light illuminated parts of the
filmswith nontilluminated parts of the films as the background.

Our next am was to invedtigate the effect of various incident waveengths of light
on the nature of imprints on the films. A UV-visble absorption spectrum of a mixture of
KBrO3z, KBr and aniline in agueous H>SO, in the concentration ratio used for polymer thin
film formation and recorded 7 min after mixing showed a drong absorption with two
pesks in the region of 300 nm to 650 nm. This is shown in Figure 3.3. We have taken
advantage of this absorption range and could obtan imprints a severd incident light
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wavelengths ranging between 320 nm to 650 nm. We however did not observe any
sgnificant imprint when the incident light wave ength was beyond 650 nm.
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Figure 3.3: UV-vishle absorption spectrum of a mixture (diluted from the origind
mixture) of KBrO3z, KBr and aniline in agqueous H,SO, recorded about 7 min after mixing.

Figure 34 shows a collection of pictures of polymer films generated a the
interface in presence of incident light of different wavdengths The wavelengths of light
used were 320, 350, 400, 450, 500 and 650 nm. The illuminated pat in each film
gppeared as rectangular shgpe surrounded by the polymer film grown in absence of light.
As evident from the figure, the darity of the rectangular mark went down with increasng

wavelength with nearly vanishing mark & 650 nm. Even then, the imprints could easlly be
identified up until an incident wavdength of 500 nm.
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Figure 3.4. Pictures of polymer films generated under illuminaion of incident light &
various wavelengths.  The impressions gppear in the form of rectangles. FIms trandferred
to microscope dides were scanned using a HP5370C scanner.  The contrasts of the
pictures were changed (equaly for al) for more dear views. The number written on each
plae corresponds to the waveength of light (nm) used for imprints.  The horizontd
dimenson of each plate is 25 mm and the same scde length is gpplicable to vertical
dimenson.

331 Characterization of polymer film by Fourier Transorm Infra-Red
spectroscopic (FTIR) studies
We then pursued FTIR spectroscopic invedtigation of the polymer film for
characterization, especidly the difference between the nature of polymer formed in the
photo illuminated and nonilluminated regions. For this purpose FTIR spectra of
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illuminated and norrilluminated parts of a film grown in presence of 320 nm light were
recorded. The FTIR Spectra are shown in Figure 3.5. Both the spectra show a broad peak
due to quinoid and benzenoid ring deformations in the region of 1570 and 1500 cm,
respectively. A band a 1160 cm?, characteristic of polyaniline emaradine base®” could
aso be obsarved. Thus FTIR spectroscopic results of the polymer film grown in presence
and absence of light indicated that the polymers formed were identicd in naure. It is
possble that even though the mechanism of polymerization in presence and absence of
light are different, the polyaniline formed in both cases are of the same chemica form.

801

60 1

% Transmittance

90 1

801

701

4000 2000
Wavenumbers (cm-1)

Figure 3.5 FTIR spectra of 320nm illuminated (top) and nortilluminated (bottom) parts
of afilm recorded in KBr pellets.

3.3.2 UV-Visble spectroscopic studies

The UV-vis spectra of the polymer film grown at ar/water were aso recorded.
Figure 3.6 shows the UV-vis spectra of the photo illuminated and non-illuminated parts of
the film after trandferring it onto a sgpphire window. The noteworthy observation was thet
the ratio of opticd dendty between the illuminated part and the non — illuminated part was
about 2 measured a the absorption maximaof 320 nm.
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Figure 3.6; UV-visble absorption spectrum of polymer film after trandferring on sgpphire
window of ( ) norilluminated pat (-------- ) illuminated part (illuminated with 320

nm).

3.3.3 Geél Permeation Chromatography

Gd Permeation Chromatographic (GPC) data of the polymer films was taken of
the illuminated as well as nortilluminated pat. The molecular weights are tabulated in
Table 31. The average molecular weight of the polymer film was around 2400-2700
ddtons. The molecular weight didtribution plots of both illuminated (at 320nm) and nort
illuminated parts of the film are depicted in Figure 3.7 and 3.8 respectively. It is quite
evident from the table that there is not much difference n molecular weight of the polymer

in illuminated and non-illuminated parts of the film.

Table 3.1: Molecular weight digtribution of the polymer film.

Sample Mn (Daltons) Mw (Daltons) | Mp (Daltons)
illuminated part 2787 3039 2577
Non-illuminated part 2723 2996 2619
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Figure 3.7 (A) Gd Pemeation of Chromatogram of the polymer produced a the
interface from the reaction with KBrOs / KBr which was illuminated by 320nm light. (B)

Molecular weight didribution plot of the same. The cdibraion was done usng
polymethyl methacrylate as the reference stlandard.
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Figure 3.8 (A) Gd Pemeation of Chromatogram of the polymer produced a the
interface from the reaction with KBrOs/ KBr (non-illuminated part) (B) Molecular weight
digribution plot of the same. The cdibration was done usng polymethyl methacrylate as
the reference standard.
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3.3.4 Thickness measur ement

The thickness of a typicd film was measured using an optical microscope. It was
done by focusing a the top surface of the film and the top surface of the dide. The
difference in height was taken to represent the gpproximate film thickness. The thickness
of the film grown a various incident wavelength and determined by this method are
tabulated in Table 3.2

Table 3.2: Thickness of polyaniline films. non-illuminated parts and illuminated at
different wavelength. The numbers in the same column are from the same film
grown at air-water interface.

320nm 350nm 400nm 450nm 500nm 600nm
Non- 46.2 924 61.6 30.8 30.8 23.1
illuminated
(nm)
Illuminated 77.0 154.0 924 385 354 23.1
(nm)

As dear from the table, the pat of the polymer film grown in presence of light generdly
had a higher thickness than that grown in absence of light. However, the thickness
difference gradudly decreased with increase in the incident wavdength of light. At 320
and 350 nm the illuminated pat of the film was about 67% greater than the non-
illuminated part. At 600 nm there was no difference between the two parts of the film.
The increase in the reative thickness is probably due to higher rate of growth of film in
presence of light thet isformed in addition to chemically catayzed reection.

3.3.5 Investigation of mesoscopic structures of theilluminated and non-illuminated

partsof films

Investigation under optical microscope reveded that characterisic  polygond
nuclegtion stes of growth of polymer film were present in the film that formed in absence
of light. These are shown in Figure 3.9 A and B. The two opticd micrographs are of norn-
illuminated part with different resolution. The characteridic patterns could eesly be
identified from the occasond presence of spots of dried up films that appear to have been
formed a some pats of the films On the other hand these characteristic nucleation
patterns of growth of film were absent in the illuminated part of the film. A typicd opticad
micrograph is shown in Figure 3.9 C.
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Figure 3.9: A and B are micrographs of non — illuminated parts of with characterisic

polygond nudeation patern. C is the 320 nm light illuminated part of the firg “I” part of
Figure 3.6 A. The micrographs were recorded by Carl Zeiss (Axiotech) microscope. Bar

is10 mm.

This means when light of gppropriate wavelength is illuminated on a part of the interface
where the film is grown, the mesoscopic nuclegtion patterns are not formed in that part
where the light beam is present. A rdatively smoother film formation takes place in the
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presence of light. On the other hand, the res of the film grows with characteristic
nuclegtion pattern. A more clear picture of this difference in paterns as wdl as film
formation characteristics can be seen a the border of illuminated and non-illuminated
region of growth. Thisis shown in Figure 3.10 at two different magnifications.

Figure 3.10: The film growth characterigtics a the border region of illuminated and non
illuminated pats of a film. The wavdength of incident light for growth was kept at 320

mm.

A noteworthy feature is that the imprint of light beam on the film had the same sze
as the origind beam. This suggeds that the film dructure formed initidly was “frozen”
for the res of the growth of the film. There was no diffuson of film or parts of it dong
the interface dfter initid formation. Also, the initid film template formed at the interface
remained the same dl through the reection that leed to thicker film formation, as the
mesoscopic patterns would not have been otherwise observed. We aso note a negative
result.  When a film was grown in the absence of light and subsequently illuminated with
320 nm light, after transferring to a microscope dide for about 1% hr no imprint was
obsarved. This result indicates that the imprint on the film resulted due to polymerization
reaction in presence of light and not due to degradation of the polymer film upon UV
radiation. Also, when aniline dissolved in H,SO,4 was poured onto a glass dide and then
dried up, which was further followed by placing the dide under UV irradiation (320 nm)
for about 1% hr no observable film formation took place. This suggests that in order to
have imprints on a film dmultaneous photochemica (from the top) and chemicd
polymerization (from the reagents present in the bulk) was necessary.
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3.3.6 Mechanism

Based on our observation and previous related studies we propose the following as
a possble mechanism reaulting in the formation of patern in the film.  There are two
competing cataytic polymerization reactions that are responsble for the polymerization of
aniline in the present sysem. One is due to chemicd reaction in presence of light and the
other is dueto chemicd reaction only.

It isknown that KBrO3 and KBr in acidic medium produce BrO,e radical
BrO3 + Br  + 2H" > HBrO, + HOBr

HBrO, + Br + H" > 2HOBr

HOBr +Br +H" = Bry; + H,O

BrOs™ +5Br + 6H" = 3Br, + 3H,0
BrOs” +HBrO; + H" = 2BrOye + H,O

In absence of light, BrOz» may play the key role as the radical initiator necessary for
polymerization of aniline (ANI), so we have

ANI + BrOze + H" = PANIs + HBrO,
PANIe + PANI* &> PANI
PANIe isthe polyaniline polymer redica.

But, in presence of light, Br, dissociates into Bre aoms O that probably initiate the

polymerization in addition to BrO,e initiator.

Bro + hn® 2 Bre
Bre+ ANI = PANIe + HBr
PANIe + PANIe = PANI

This reaction would be wavelength dependent, depending on the dissociation cross
section of Bry upon absorption of light at various wavelengths. Radicas or other species
generated by the chemical eaction plays a key role in the product formation in presence of
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lightt That may be the reason for obtaining mark even beyond the waveength where
aniline typicaly absorbs.  In aisence of light, mesoscopic nuclegtion pettern in the
polymer formation a the interface formed is characteridtic of the polymerization initiator.
In presence of light Bre radicds act as initiators in addition to BrO,e radicd. This
probably destroys the nuclegtion peattern that occurs in absence of light. The polymer
growth is more in the photo-irradiated region of the interface and thus thickness is more as
compared to non-illuminated part.

We have dready mentioned that the clarity of the rectangular mark went down
with increesng wavelength and was a nearly venishing mark a 650 nm. At lower
wavdengths of incdent light, the photochemicd reaction dominates over chemicd
resction where light is impinged and the imprint is clearer as the nuclegtion patterns are
not grown. On the other hand, with increesng wavelength of te incident light beam, the
photochemical reaction becomes less and less important while the chemicd catayzed
polymerization becomes predominant and as a result the imprint becomes increasngly
nebulous. This is evident from the continuous macroscopic patterns observed in both the
illuminated and nortilluminated pats of the film, when the wavdengths of light were
longer (Figure 3.4).

34  Concluson

In this chapter we have described a method for generating lithographic patterns on
thin polyaniline films grown a the ar-waer interface, smultaneoudy in the presence of
light over a wide incident wavelength range and chemicad reagents in the bulk. The
method takes advantage of the simultaneous chemicad and photochemicad reaction leading
to polymerization of aniline.  Our observation suggests that the polymer formed in the
illuminated and nortilluminated parts of the films are chemicdly same. Radicas or other
species generated by the chemica reaction plays a key role in the product formation in
presence of light. That may be the reason for obtaining mark even beyond the waveength
where aniline typicdly aosorbs. When light of gppropriate wavdength is illuminated on a
pat of the inteface where the film is grown, the mesoscopic nuclegtion patterns are not
formed in those parts where the light beam is present. On the other hand, the rest of the
film grows with characteridic nudlegtion patern. The growth of the polymer film is more
on photo-illuminated pat as compared to nortilluminated region thus having more
thickness. Thisresultsin light induced imprints with a darker gppearance in the film.
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The new technique of photolithography reported here in thin polymer films formed
a the ar — water interface may have certain advantage over other methods as the imprint
is embedded in the film of the same materid and a wide range of wavdengths of incident
light can be used. This method does not involve removing any pat of the formed film and
hence is non dedructive.  Even though the resolution of the imprints is low in our case, in
principle the resolution can be made much higher with gppropriate light source and optica
masks. In addition, the contrast in opticd densty of the films could be tuned with
appropriate choice of polymer forming meterids. Also, one can envison the generation of
polymer doped with chemical sensors whose chemicd nature could be dtered by light.
Thus an aray of molecules with different chemicd dructures can be imprinted in the

polymer thin film.
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4.1  Introduction

The promise of Nanotechnology with application potentid in sensng devices',
photonic materials, molecular dectronics and advanced oxidation techniques ? has propelled
intense research activity, among others, in finding methods of synthess and functiondization
of semiconductor *° and metal nanoparticles (NPs) ®*'. Moreover, size and shape depended
opticd and dectronic propeties of NPs make them atractive for exploitation in
photochemical reactions.  For example, photoasssted organic pollutant degradation using
semiconducting oxide materid is aitracting greet attention as an dternative technology to
waste water treatment 2. Generdly under photo-excitation semiconductors undergo charge
sepadion and initiate oxidation of the organic compound a the interface  Thus
nanogtructured semiconducting oxides with their size dependent band gep are practicdly
useful for photodegradation of organic compounds >4, Therefore, photocatalytic electron
and hole redox potentids of Sze quantized semiconductor nanocrystals can be tuned to
achieve increesed cadytic efficiency for sdective photochemica reaction.  Moreover as
photocatalytic reaction occurs a the surface, nanosized semiconductor's high surface to
volume raio will contribute to increase in the decompostion rate. In other words decreasing
the szes of nanopaticles will bring about increased rate of decompodtion of organic
contaminant. In this regard one of the useful and wel-studied materids is titanium dioxide.
Its choice is borne by the fact tha TiO» is a photocatdys, which among numerous
goplications ads in the decompostion of organic materids. TiO» has been used extensvely
in dye-sensitized solar cdls °%>  Als, TiO, is chemicdly stable and hiologicdly inert,
making it environment friendly. The advantages mentioned above cdl for finding ways of
generation and incorporation of TiO> NPs in appropriate host depending on the nature of
applications.

An ided scenario of device fabrication would be NPs wel dispersed in a matrix for
dructura integrity aong with accesshility of the NPs to the reacting molecules in a medium.
An aray of NPs made immobile on a solid subdrate surface would seem to fulfill the
promises of best of both worlds — the cataytic efficiency of NPs and the possbility of
repested use upon immobilization. The chdlenge, however, lies in the ability to incorporate
NPs on the surfaces of such a subdrate.  An intriguing option in this regard is the
incorporation of NPs such as ha of TiO, in a polymer thin film. The gpplication potentid
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would incresse manifold if the polymer in question would be a conducting one. Metd and
semiconductor NPs embedded conducting polymers have the advantage of flexibility and
conductivity of the film along with the optica, eectronic and catalytic property of the NPs.

The last three decades have witnessed an enormous growth in the literature on
“gynthetic metd” i.e. conducting polymers® as they represent best of two worlds, the
properties of meta and flexibility of organic maerids Enormous amount of dudies have
been devoted to develop methodologies for their synthesis®’?° sudy their properties and

goplicaions 3032,

Polymer thin films are of great technologica importance due to their
goplications in microdectronics, displays, lithography, sensors and as non-linear opticd
materids.  The idea that films of conducting polymers on eectrodes could be switched
electrochemicdly between the insulating and conductive states with a corresponding change
in the dectrical, opticd and chemica properties, while retaining the attractive mechanica
properties of the polymer, is quite remarkable. In generd, these polymers are doped to
enhance the dectricd conductivity over the full range from insulaor to metd.
Semiconductors have adso been incorporated in polymer matrix to achieve the desred
objectives.

We were interested in the possibility of incorporation of TiO2 NPs in thin films of the
well-sudied conducting polymer polyaniline (PANI). We have dready described in Chapter 2
a new method of thin PANI film formetion & the ar-water interface. We have however been
unsuccessful in incorporaing TiO2 NPs in the thin film of PANI usng a method damilar to
that described in Chapter 2. We tried in vain in making thin film with the incorporation of
TiO2 NPs, using HO, for the polymerization of aniline. On the other hand we were successful
in faricating thin film of TiO2, NPs incorporated polypyrrole (PPy). Polypyrrole can be
eedly synthesized by reaction with H,O,. We discovered that just like PANI, a thin PPy film
was formed a ar-waer inteface when A dmple UV-visble spectroscopic probe for
observing collgpse of Langmuir-Blodgett monolayers at ar-water interface had been treated
with HO5.

In this chapter we report a new method of PPy thin film generation a the ar-water
interface.  We dso report a method of incorporation of TiO, NPs in thee films  The TiO»
containing PPy films when trandferred onto glass subdrates were able to photocatdyticaly

oxidize iodide ions in potassum iodide solution to triiodide.  Further, the same films could
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photocatalyze the decompostion of methyl orange and methylene blue. UV-vighle
spectroscopic, eectron microscopic and X-ray diffraction methods were used to characterize
the TiO, incorpordtion into of the film. The photocatalyss was followed by UV-vis

Spectroscopy.

4.2  Experimental Section

Materials and Instrumentation: The maerids used in the experiment are as follows.
Titanium isopropoxide (Aldrich), iso- propanol (MERK), hydrogen peroxide (MERK),
hydrochloric acid (MERK), sulfuric acid (MERK), pyrrole (Aldrich), potassum iodide
(CDH), potassum dichromate (CDH), methylene blue (Qudigen). The subdrates used for
depositing thin polymer film are microdides procured from Blue Star, India Mili Q water
(resdtivity 18.2 MWem) was used for dl the experiments.

Reactions were monitored usng UV-visble spectrophotometer (Shimadzu U-2001).
Transmisson edectron microscope (TEM) sudies of the samples were carried out using
JEOL; JEM 100 CX Il where the accelerating voltage used was 80 KV. For this experiment a
drop of TiO, solution was placed on a carbon grid and then evaporated before recording the
micrograph. Scanning Electron Microscope studies were carried out in JEOL  instrument
(modd JSM-35CF). The accelerating voltage used was 20kV. The sample dide containing
TiO, embedded PPy film was coated with Au before recording the micrograph. A Sefert
powder X — Ray diffractometer (XRD 3003 TT) with Cu - a source with wavelength 1.54 A
was used for recording XRD data at room temperature.

4.2.1 Preparation of TiO2 nanoparticles

A gdock solution of 10% (v/iv) titanium isopropoxide in iso-propanol was prepared.
1000 nL of the isopropoxide stock solution was added, with continuous girring, to a round
bottom flask containing 10 mL of 0.5 M hydrochloric acid. The resultant solution was heeated
to 60 °C with continuous stirring was for 3 hours. The NPs formation was further confirmed
by UV-vis spectroscopic, TEM and XRD.

4.2.2 Preparation of thin polymer film containing TiO, NPs
The experimentd setup conssted of a watch glass placed on a petri dish containing
water, which served as the water bath. The setup was the same as that described in Chapter 2.
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The TiO, nanoparticles prepared separately, as described in the previous section, and 30%
hydrogen peroxide were mixed in a test tube. The resultant solution turned ydlow which is
known to be due to the formation of titanium peroxide. The solution was then poured onto
the watch glass. Pyrrole was introduced to the reaction mixture as vapor by hanging a small
besker containing pyrrole.  The besker was kept hanging from an inverted funne, smilar to
the experimenta setup aready described in chapter 2 (Figure 2.2). It took about 3 hr to form
a film a the ar-waer interface. The film thus formed was washed carefully by repeated
addition and draining of water from the sSdes of the watch glass and then transferred onto a

clean glassdide.

4.2.3 Photocatalysis of the polypyrrolefilm containing TiO» NPs

It is wdl known that TiO, photocatalyst is a srong oxidizing agent, having the ability
to oxidize waer to hydroxyl radicds, which in turn decomposes organic compounds. The
photo-oxidation reaction occurs on the surface of TiO2 and hence NPs form is expected to be
more efficient as catays. In the present case, NPs embedded PPy films were transferred onto
glass subdtrates and used as photocatalyst for the degradation of organic dye. In dl the
experiments conducted to study the photocataytic properties of NPs embedded thin PPy film,
the glass plate contaning the thin film was immesad in a smdl besker contaning the
reactant, before irradiating it with UV light. The generd experimentd st up is shown in
Figure 4.1.

uv

Polypyrrolefilm
with TiO,

Organic Dye

Figure 4.1: The generd drategy adopted in studying the photocatdyst properties of the
polypyrrole film embedded with TiO, NPs. (See color plates, page 136)
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4.3  Result and Discussions

When titanium isopropoxide was heated a 60°C for 3 hr a partiadly doudy solution
was obtained which had strong optica absorption below 250 nm typicd of that of colloida
TiO2, NPs. A typicd UV-vis spectrum of such a solution is shown in Figure 42. TEM
measurement (Figure 4.3) showed the evidence of formation of NPs with particle sze of
about 200-300 nm. The solution containing the same NPs turned ydlow upon trestment with
H.O,. The ydlow color is generdly dtributed to the formation of titanium peroxide. When
pyrrole was introduced from the vapor phase to this solution a dark brown colored thin film as
well as bulk precipitate were obtained. The thin film was formed a the ar-water interface and
after 3 hr of reaction time the film was aufficiently thick for transfer to microscope dides for
further andyss  Scanning dectron microgrgph (SEM) of the films showed formeation of
clugers of particles of smilar szes in the film. These clusters were separated from each other
but many particles appeared to have been merged with each other in the film. A typicd SEM
picture of a film is shown in Figure 4.4, which clearly demondrates the formation of clusters
of 200-300 nm particles.

Absorbance
= =
o ol
| |

o
o
1

o
o
|

[ [ | I | [
250 300 350 400 450 500
Wavelength (nm)

Figure 4.2 UV-visble of TiO, nanopatides formed by the hydrolyss of titanium
isopropoxide.
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L2100008

Figure 4.3 The transmisson dectron microgrgph image of the TiO, nanopartices formed in
aqueous solution by hydrolysis of titanium isopropoxide. The scae bar is 1.6pum.

7287 1.8U RSIC

Figure 4.4 Scaning dectron microgrgph of the polypyrrole film  contaning  TiO»
nanoparticles.

We further pursued powder Xray diffraction measurements to confirm the presence of
TiO2 in the film. Unfortunatdy the sgnd from a sngle such film with respect to XRD of
TiO, was too weak to be observed. To overcome this problem a set of 5 such films were
grown independently in different reaction batch under identicd condition. The films were
then lifted from their respective solutions, cleaned with water and ar-dried. Findly, these
films were ground into powders for recording XRD.
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Figure 45: X-ray diffraction petterns of (8) polypyrrole film containing TiO2 NPs (b) TiO>
particles deposited on glass dide(€) bulk polypyrrole TiO, composite precipitate.
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We could obtain clear Sgnal due to XRD diffraction pattern, which is shown in Figure 4.5a
The X-Ray diffraction pattern had peaks at 2q = 25.32° 37.86°, 48.06 ©, 53.97°, 55.09°,62.75°
and 68.87° (PDF 86-1157), which correspond to (101) (004), (200), (105), (211), (204) and
(116) respectively of anatase-syn form of TiO,. Also shown, as a reference in Figure 4.5b is
the XRD patens of TiO, particless These paticles were prepared by hydrolyss of a
concentrated solution of titanium isopropoxide.  For this the solution containing TiO, was
centrifuged followed by decantation of the solvent. The solid was trandferred to a dide and
dried in an oven before recording the XRD. Further, XRD pettern of the bulk polymer shown
in Fgure 45c shows dmilar charecterisic pesks  The only difference in XRD patterns
between the TiO, (Figure 4.5b) and the polymer TiO, composte (in film as wel as in the
bulk; Figure 4.5a and 4.5¢) is the absence of two weak pesks at 38 and 39°, which is probably
due to inherent weakness of the Signd itsdlf rather than any other effect.

Next, we were interested in finding the photocataytic properties of the thin
polypyrrole film containing TiO2, NPs. A sample study was performed with iodide ions in
potassum iodide solution to oxidize to triiodide using the film. Three beakers, each

04
2 +26 D1,

0.3 - i i
@ L +1 > 1,
c
@®
2 0.2
o
()]
o
< 0.1

a
0.0 = I I — |
250 300 350 400 450

Wavelength (nm)

Figure 4.6 UV-vis spectra of potassum iodide solution (a) at 0 hrs, (b) irradiated for 2 hrs, (c)
irradiated for 2 hours in the presence of a polypyrrole film, (d) irradiated for 2 hours in the
presence of thin polypyrrole film containing TiO,. The light source used was an ordinary
TLC plate UV lamp a 254 nm.
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containing 10 mM potassum iodide solution, were taken. In the first besker, polypyrrole film
containing TiO, NPs was immersed, in the second besker plain polypyrrole film was
immersed and the in the third besker there was no film. These three solutions were irradiated
with 254nm UV light smultaneoudy and kept for 2 hr. It is wdl known that photocataytic
oxidetion of iodide ions (I ) produces iodine molecules (I2), which combine with iodide ions
(I vyidding tri-iodide ions (I3") that absorbs light a& 352 nm. Therefore, upon photo
irradiation, the gppearance of the 352nm pesk in UV-vis spectrum is taken to be indicative of
the formation of the photo-oxidation product, k. Figure 4.6 shows the UV-vis spectra of the
results of the catalytic oxidation of iodide ionsto tri-iodide in the presence of UV light.

120

100 1 S
80 -
60 -

40 -

% Conversion

20 T

0 * ! ! ! ! ! !

0 20 40 60 80 100 120 140
Time (minutes)

| & With TiO2 B Without TiO2 |

Figure 4.7. Percentage converson of iodide ions (I °) tri-iodide ions (I3) versus different
irradiation time in the photocatdytic oxidation of potassum iodide in the presence of
polypyrrole film with or without TiO2 NPs.

As clear from Figure 4.6 (8) there is no pesk at 352 nm before irradiation, indicating
the absence of tri-iodide ion (I3). After two hours of irradiation tri-iodide ions (137) formed as
a result of photo-oxidation of iodide (I-) ions, resulting in an appearance of absorbance at 352
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nm. It is quite clear from the figure 4.6 (b), (c) and (d), that more tri-iodide ions (I3") were
formed when TiO, NPs embedded polypyrrole film had been used as compared to when only
polypyrrole film was used. Percentage converson of I ions to I3~ ions with irradiation time,
in the presence and absence of TiO2 NPs in polypyrrole film is plotted in Figure 4.7. Here the
converson of T to I3 in the presence of TiO, incorporated PPy film in 2 hr, measured at the
absorption maximum of 352 nm (Figure 4.5) was taken as 100%. The plot clearly shows that
while the percentage converson to tri-iodide is only 34.3 % in the presence of a plan
polypyrrole film after 30 minutes of irradiation, the vaue increases to 73.2 % in the presence
of TiO2, NPs embedded in the polypyrole film for the same duration of irradiation. The data
aso shows that after 2 hours of irradiation while there is about 100 % converson of I to I3” in
presence of TiO, NPs, the converson is only 66.7 % in the absence of TiO, NPs in the
polypyrrole film. The above experiment demondrates the ability of the TiO, NPs embedded
polymer film in photo- catalyzing the oxidation of potassum iodide.

We ds0 investigated the catdytic property of TiO2 NPs embedded thin polypyrrole

films on the photo degradation of some typica dyes, such as methyl orange and methylene
blue. Smilar to the photo caidyzed dudies involving iodide ions, for esch dye three
solutions of identica concentrations and amounts were taken. In the first besker polypyrrole
film with embedded TiO, NPs was immersed, in the second plan polyrrole films was
immersed and the third besker served as the blank.
Figure 4.8 shows the UV-vidble spectra of methyl orange irrediated with 365 nm for 90
minutes in absence of the film and n the presence and absence of TiO, NPsin the film. It is
evident from the figure that in the presence of polypyrrole film containing TiO, NPs there was
subgtantia decrease in the absorbance of methyl orange pesk a | max = 462 nm as compared to
a polypyrrale film without TiO> NPs. Percentage decay with irradiation time plot (Figure 4.9)
using absorption a the | nmax shows that in presence of TiO, NPs embedded polypyrrole film,
there was 29.5 % decay after 15 minutes of irradiation as compared only 4.8 % ckcay in the
presence of only polypyrrole film. The percentage decay increased to 46.1% after 90 minutes
of UV irradiaion for TiO, NPs embedded polypyrrole film whereas for the same duration of
irradiation the percentage decay in the presence of polypyrrole film was only 179 %. The
plot clearly shows the effectiveness of the degradation of methyl orange in the presence of
polypyrrole film containing TiO2 NPs as compared to only polypyrrole film.
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Figure 4.8: UV-vigble spectra of methyl orange with UV irradiation for (&) O min (b) 90 min
(©) 90 min in the presence of polypyrrole film (d) 90 min in the presence of polypyrrole film
containing TiO2 nanoparticles.
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Figure 4.9. Pecentage decay versus time with diffeeent hours of irradigion in the
photocatalytic degradetion of methyl orange in the presence and absence of TiO; in
polypyrralefilms.
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In a dgmilar fashion, the photodegradetion of methylene blue solution by the same
three sysems mentioned a@ove usng a UV light of 365 nm, was monitored by visble
spectroscopy and the results are presented in Figure 4.10, where the absorption peak at around
670 nm is due to methylene blue and irradiation time was 60 minutes. Agan there is
evidence that TiO, NPs containing polypyrrole film (Figure 4.10 d) was a more efficient
photocatalyst than a smple polypyrrole film (Figure 4.10 ¢) or by light in the abisence of any
film (Figure 4.10 b). The degradation of methylene blue is most pronounced in the presence
of polypyrrole film containing TiO> NPs.
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Figure 4.10: UV-visble spectra of methylene blue with UV irradiation for () O min (b) 60
min (c) 60 min in the presence of polypyrrole film (d) 60 min in the presence of polypyrrole
film containing TiO2 nanoparticles.

In this case too, the percentage decay of methylene blue with irradiaion time was
plotted (Figure 4.11) usng absorbance vaue a the | nax. For example after a 15 minute
irradiation, percentage decay in the presence of PPy film containing TiO> NPs is 50% as
compared to only 1.4 % in the asence of TiO, NPs in the polypyrrole film. The percentage
decomposition of methylene blue increased to 74.08% after one hour of UV irradiation
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Figure 4.11 Pecentage decay versus time with different hours of irradiation in the
photocatalytic degradation of methylene Blue

in the presence of polypyrrole film contaning TiO> NPs, while this was only 847 % for the
cae of polypyrrole film in the absence of TiO» NPs. This difference is quite remarkable. It
may be mentioned here that the same TiO» containing APy film could be used for severd such
runs without much change in the cadytic efficency. We have found that for three
consecutive runs the efficiency of degradation of methylene blue was the same.

It is well established 32 that TiO, acts as sensitizers for light induced redox process due
to its dectronic sructure, which is characterized by a filled vaence band (VB) and an empty
conduction band (CB). When a photon with energy of h? matches or exceeds the band gap
enagy of TiO, of 3.2 eV, an dectron, € ¢, is promoted from vaence band (VB) to
conduction band (CB) leaving a hole, ht+, behind. Excited state conduction band eectron
(€ p) and vaence band hole (h,yt) can ether combine and disspate the input energy as heet,
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go to a trapped state or react with suitable electron donor and acceptor on the semiconductor
surface.

The trapped state may subsequently be useful to catdyze redox reactions. The vaence
band holes are known to be powerful oxidants while conduction band €dectrons are good
reductants. Thus TiO, NPs present in the film may act as a redox catayst after absorption of
light of appropriate frequency. A general scheme of the primary process may be represented

as under.

TiIO, + h? % K> il €cb

hpy o+ >TiOH > {>TiOHe}*

{>TIOH}*  + Red = >TiOH + Red «*

ar A oX = o)

where Red is an eectron donor (i.e reductant), in our case it is iodide, methyl orange or
methylene blue. OX is an eectron acceptor (i.e oxidant), in the present system, it will be
oxygen. >TiOH represents primary hydrated surface functiondity of TiO».

Here &, represents an eectron in a trap dtate, which may react with any oxidizing species
present in the reaction media including the polypyrrole film itsdf or TiOH (which has to be a
dower process in order for the cataysis to be kineticaly effective).

44  Concluson

In this chepter we have shown tha TiO, NPs could be incorporated into thin
polypyrrole films by growing the film in the presence of TiO, NPs and H,O, dong with
pyrrole monomer (vapor) present in the reaction medium under acidic condition. The film
grew a the ar-water interface in addition to bulk polymer formation. We were able to show
eldence for the presence of TiO2 NPs in the film by TEM and XRD methods. In addition, we
were dso successful in using these films containing TiO2, NPs to photocatayticaly oxidize
iodide ions in potassum iodide solution to triiodide. It was further shown that TiO, NPs
containing thin polypyrrole film could aso photocatdyze the decompostion of methyl orange
and methylene blue.  These films were quite sable to withstand transfer to glass dides, hours

of exposure to radiation and the presence of species in the reaction media. A the same time
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the advantage of usng supported TiO, NPs such as ours is that the catdyst can be used

repeatedly without any workup that is usudly associated with the recovery of a catdyst from
the bulk after the reaction is over.
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51 Introduction

The present day gold rush in nanotechnology has witnessed enormous growth in
the field and has gone much beyond the origind grand vison presented way back in the
December of 1959 by Nobel prize laureate Richard Feynmant2. The need for a rapid and
concerted development of techniques for fabrication of materids and devices with
nanoscale building blocks has led to research activities in an unimagindble scde.  The
confluence of top-down approaches of engineering and bottom-up approaches usng
physcad, chemicd and biologica principles has generated hope of making functiond
nanosctructures a redity in near future. A large number of methods have been developed
for fabricaing sructures with  specific  gpplication  potentid  in  dectronics’,
electromechanica systems, information storage and displays, sensors, actuators etc.

5.1.1 Fabrication Techniques

In the efforts of generating Structures with nanometer dimension components two
principaly opposite approaches have come up over he years. One of them is the top-
down gpproach that involves generating patterns on large scale with reduction of its laterd
dimensons. The limit of this method depends on control over machinery having control
over @oms. The upper limit of resolution has been achieved a the atomic scale with the
advent of scanning probe microscopes (SPM). On the other hand, the bottom+up approach
darts with atoms and molecules as the building blocks with the help of, among others,
synthetic organic and inorganic chemistry, biochemigtry, protein and genetic engineering.

Photolithography*® has been playing the key role in fabricating structures using the
principle of top-down agpproach. The method involves the use of a light beam to write
with appropriate masking on a substrate coated with photo-resst. The exposed parts of the
photo-resst are sdectivdy removed, dlowing the replication of the pattern on the
subgtrate. The resolution, R, is subject to the limitations set by opticd diffraction
according to the Rayleigh equation, which is

R=kd INA )

where | is the wavdength of the illuminating light, NA is the numericd aperture of the
lens sysem, and ki is a congtant that depends on the photo-resst. The minimum feeture
Sze that is practicdly obtained is equd to the wavedength of the light used even though
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the theoreticd limit st by opticd diffraction is | /2. With the growing demand for higher
resolution dructures, it is becoming increesngly difficult to produce high-resolution
sructures a economicdly viable rate.  In addition, there are practicd limitations in
obtaining higher resolution gructures with shorter wavelengths of light.  These factors
have led to intense search for dternative methods of fabrication of Structures d low cost.
A prominent candidate in this regard is the method of soft lithography, which is the
collective name for a st of lithographic techniques in which replication of master is based
on physca contact with the subdgtrate. The principle is based on the traditiona “post
officg’ samping but with resolution attainable a the molecular level. Severd techniques
such as replica molding (REM), microcontact printing (UCP) ¢, embossng and solvent
asssted micromolding have been developed under the banner of oft lithogrephy.  All
these techniques are efficient methods for pattern transfer. A good contact between the
samp and the surface of the subdtrate is key to its success.  Soft lithographic techniques
have the advantage of smplicity and convenience. Also, in these methods the materid
wadeis minimized.

It is important to mention here that several other dternative methods of generation
of nanodructures have aso been developed usng the principle of molecular Hf-
assembly, dip pen lithography (DPN) %2, laser assisted direct imprint (LADI) = in which
sngle excimer laser pulse mdts a thin surface layer of slicon and a mold is embossed into
the resulting liquid layer for pattern transfer, dectron beam lithography ¢ and X — ray

lithography 1418

5.1.2 Our drategy

The fundamenta objective of al the techniques mentioned above has been to
manufacture  high-resolution  dructures that are guided by applicaions such as
microreactors, sensors, micro dectro mechanicd sysems (MEMS), nanodectro
mechanicd sysems (NEMS), microfluidic devices and eectronic devices a micro and
nano scae!®2®. None of the methods emphasized the generation of color patterns that has
enormous agpplication potential in information storage, sensors and so-cdled “ E-Paper”

for display
retrieval of information could be shortened consderably.  Although ink-jet printing has

2930 |f information can be stored in true color, the processing time for

been used to obtain organic light emitting devices of doped polymers™, but there have
been no reports of making patterns in color at the submicron scale before our work. We
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have for the firg time in 2001 introduced the concept of submicron scae lithography in
color. The present chapter focuses on the development of techniques for sub-micron scae
patterns in color and the results of one-color as well as two-color lithography are reported.
It is a dmple, versatile and inexpensve method of generating submicron - scale colored
patterns on various surfaces using the principle of soft lithography. The molds used were
the polycarbonate disk and duminum foil line patterns of an ordinay compact disc (CD)
32 For patterns of various colors we have used permanent marker pens of various colored
inks. The same procedure was used for patterning on glass dides and overhead project
(OHP) papers.  Smilarly, we were successful in making micro arrays of ink postioned at
angles determined by the rdative angles of pogtioning of molds twice in sequence
Smilar techniques were used for the two-color lithography. In addition, a technique usng
a combination of soft lithography and fluid flow through microscopic channes were

developed for obtaining two color lines a the submicron scae.

5.2  Experimental section
521 Makingsinglecolor pattern on different substrate

5.2.1.1 Preparation of Substrates and mold
A compact disk is made up of a polycarbonate disc of about 1.2 mm thick. Spira

tracks are etched on the disc using photolithography or embossng. In the mgority of the
compact discs a photoresist is spin cast onto the polycarbonate disc for writing data. A
thin duminum layer is then sputtered which acts as a highly reflecting surface.  This is
followed by spraying a thin acrylic over the duminum to protect it. A labd is then pasted
onto the acrylic layer. A cross section of compact disk isshown in Figure 5.1.

Label

Acrylic

Aluminum
|:I.25ﬂm,_L_"_ 1.2mm

POLYCARBONATE PLASTIC

Figure5.1: Cross section of the commercidly available compact disk
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Ordinary commercidly available compact discs were broken into smal pieces of
roughly 50 mm x 25 mm sSzes The polycarbonate and duminum foil (with the labd)
containing parts were separated with the help of an adhesive tape. The components were
washed with ethanol and air-dried. The polycarbonate as wel as duminum foil parts were
used as molds They were checked under opticd microscope for uniformity of the
microgtructures.  Typicaly, each polycarbonate mold consists of pardld lines of 800 nm
width separated by 1.6 mm appearing in the forms of “hills’ and “valeys’ *3. On the other
hand the duminum foil components dso have dructures of pardld lines in the form of
hills and valeys but of complementary widths. It is known that the depth of a valey from
the top of the hill is aout 125 nm. The diameter of a typicd CD is much larger than the
separation between two lines and hence under optica microscope the lines gppear pardld
with nearly infinite radii of curvaiures  This is true for both the polycarbonate and
auminum components. Optical micrographs of patterns found in polycarbonate disc and
duminum foil in a CD are shown in Figure 5.2. It is dear tha even after dismantling the
CD the origind lines remain intact and hence could be used as molds.

Polycar bonate Aluminum fail

; - micran
10,00

Figure 5.2: Opticd micrographs of the polycarbonate disc and aduminum foil of a CD
(make Hewlett Packard) that were used as molds in the present experiments. The
microscope was a Carl Zeiss Axiotech modd.
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Microscope glass dides (25 mm x 25 mm) and OHP paper of amilar sizes were cleaned
with ethanol and dried in the air or by usng a tissue pgper. They were used as substrates

onto which macroscopic lines were dravn using permanent marker pens (Luxor) of
different colors.

5.2.1.2 Method

For patterns in single color a macroscopic line mark was made on a glass dide or
OHP paper usng a permanent marker pen with colored ink. It normaly took a little more
than a minute for the ink to be dry. However, in order to obtain a pattern the mold was
placed on the mark between 10 s and 20 s after the mark was made. Immediately after

placing over the mark the mold was ather finger pressed or pressed with a home-built
screw-press. The setup was kept in pressed position for 30 s.

%_
MO0 1 F L M
Dye Hﬁ
y Overhead Projector Paper Or Glass

l

Overhead Projector Paper Or Glass

Figure 5.3: A scheme of the present method of imprinting pattern. (See color plates, page
136)
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We observed smearing of ink if the mold was placed before 60 s. On the other
hand no pattern could be observed if the mold was placed after 60 s. For patterns of
various colors we have used pen with various colored inks. The schematic diagram of the
present method of imprinting patterns is shown in Figure 5.3. The transfer of patterns to
the ink was confirmed by observation of the lines under a Carl Zeiss (Axiotech) optica
microscope.

In order to obtain cross patterns the following protocol was followed. A colored
macroscopic line mark was made on the dide as before. The mold was pressed on the line
after 10 s and was kept pressed for 10 s The mold was removed and immediatdy placed
on the mark but in an angle from the origind position and kept pressed for 10 s. We dso
found that the process worked equaly well with the use of a second mold for the second
imprint (after the firs mold was removed from the line). Typicd angle of postion of
placing the molds in sequence was 90° and 60°. Here aso the process worked equally
efficiently on both the glass dides and OHP paper.

5.2.2 Making two- colorssub-micron scale patternson different substrates
5.2.2.1 Substrate and mold

In this case too the substrates used were glass and overhead projector paper. They
were cleaned and dried as before. Here dso the molds used were polycarbonate and
auminum foil components of a CD. The molds were dismantled and cleaned as before.
Permanent marker pen ink of different colors was used as before for making the
macroscopic marks.  In addition, we have used a water-soluble fluorescent dye (rhodamine
B) to obtan lines of red color with the background of a different color. A Cal Zeiss
(Axiotech) opticd microscope was used in transmisson / reflection mode to record the

micrographs.

5.2.2.2 Methods

We have used three schemes to obtain two-color lithography at the submicron
scade. Two d the schemes use the principle of soft lithography and the third one uses the
principle of soft lithogrgphy with the ad of fluid flow through the microscopic channds
generated by imprinting patterns on the ink. The schemes are described below.
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5.2.2.2 A. Schemel

In this scheme the idea is to have a background color, on top of which lines and
gaps of a second color is to be imprinted such that dternate lines of top color and the
background color could be seen. In this process, first we have made a nacroscopic mark
in the form of a line on the subdtrate usng the pen of a particular chosen colour. We
dlowed the ink to dry for 10 min & room temperature (gbout 25°C). We then made
another mark on top of this line (fird line) with a pen of a differert color. In between 20 s
and 30 s the mold was pressed above the top mark and keep pressed for 5 min. The mold
was then removed. The dide was checked with the opticd microscope to observe the
qudlity of sructures. The scheme of imprinting by this method is shown in Figure 5.4.

Glass substrate
Mold

Glass substrate

L
R

Glass substrate

Glass substrate

Figure 5.4: Imprinting bi-color pattern using scheme 1. (See color plates, page 137)
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5.2.2.2 B. Scheme 2

In this scheme we made a macroscopic line of one color on the subdrate as in
schemel.  After 10 min when the line was dry we inked the mold with a second color.
After 20 s of inking the mold was pressed on the firg line and kept in that pogtion for 5
min. The mold was then removed following which the dide was checked under opticd
microscope for qudity of dternate pardld lines of different colorss  The scheme
representing this method is depicted in Figure 5.5.

d

Glass substrate

l

Glass substrate

Glass substrate

Figure 5.5: Imprinting bi-color pattern using scheme 2. (See color plates, page 137)
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P—

Stamped the mold on
l substrate which is blue

| njected red dye l

)

Figure 5.6: Imprinting bi-color pattern using scheme 3. (See color plates, page 138)
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5.2.2.2 C. Scheme 3

In this scheme we marked the dide with a macroscopic line of one color. After the
elgpse of 10 s the line was pressed with the mold and then kept in that postion for 5 min.
After removd of the mold the dide was checked under opticd microscope for parald
lines of one color as in single color lithography. We then poured diluted solution of ink of
another color (using a syringe) a one end of the dide such that the ink would flow through
the channds.  With time the ink solution percolated through the channds and filled them.
We waited for %2 hr. for the dide to be dry. It was then observed under optica
microscope. The diagram depicting this method is shown in Figure 34. In addition, we
have used a solution of 50mM rhodamine B dye to obtain the marks of the second color by
flowing the solution through the channels of the first color.

5.3 Reaultsand discussion
5.3.1 Singlecolor patterns

Figure 5.7, (1), (2) and (3) shows the ordinary lines (insets) drawvn using permanent
marker pens of blue, green and red colors and optica micrographs of each of them after
imprints of patterns from molds. Polycarbonate part of the CD was used to make the
imprints.  The colors in the micrographs are true colors of the imprints.  As clear from the
figures is that didinct pardld lines of submicron length scde could be drawn by just
pressng the disc onto the ink. The “hills’ and “vdleys’ in the imprints are negative
replicas of molds. It may be pointed out here that in the cases mentioned above we did not
normaly observe smearing out of the ink under pressure.  On the other hand if the mold
was pressed earlier than the reported time the smearing of ink could be observed and the
lines obsarved were gparse and indiginct.  Similar pictures of imprints of lines from Al
foil molds are shown in Figure 5.7- (4), (5) and (6). Here dso distinct lines characteristics
of mold could clearly be observed. In dl pictures in Figures 5.7 the depth of lines vary
from micrograph to micrograph as the exact pressure when finger pressed dso varied with
higher pressure generating more digtinct lines. There are aso defects due to kakage and
oveflow of inks from the subsrate, which could be seen in some of the opticd
micrograph. Thisisdueto alittle early timing (than necessary) of pressing the mold.
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Al Foil on glass
Polycarbonate %

onfilm

Polycarbonate on
glass

Al Foil onglass

Polycarbonate
On glass

Al Fail on HIm

Figure 5.7: Patterns using polycarbonate (1, 2, 3 as molds and Al foil @, 5, 6) asmold on
OHP film and microscope glass dides  Insets are the pictures of lines, of about 1 mm
width, that have the patterns imprinted on them by the molds. The macroscopic pictures
were recorded by an EPSON Perfection 610 scanner. (See color plates, page 139)
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Using smilar principle, cross paterns were dso generated at sub-micron leve on
different substrates. Shown in Figure 5.8 are cross - patterns generated on two separate set
of lines on glass subdrate by a polycarbonate mold. Macroscopic lines are shown in the
insets. In each case, a firgt a gngle line was drawn by the marker pen on a glass dide.
The polycarbonate mold was then pressed onto the line to make pardld microlines as
before.

A B

Figure 5.8. Cross patterns generated by pressing the molds a two different angles one

ater the other on previoudy drawn lines. Insets are the macroscopic lines onto which
patterns were imprinted.

The mold was then placed on the line a an angle different from the first pogtion and
then finger-pressed.  Result was the production of micro arrays of ink positioned at angles
determined by the relaive angles of pogtioning of molds. In Fgure 5.8, the two sets of
arrays were generated by postioning the mold a about 90° (Figure 5.8 A) and 75° (Figure
58 B) angles respectivdy with respect to initid imprints.  An goproximate area
representing the “hills’ of these arrays is about 064 mm?. The shortest distance between
two hills is 0.8 nm. The variaion of darity of impresson here too is a reflection of the
vaiation of pressure exerted while imprinting the desgn. Of course, there would be
effects of nonruniformity of lines as drawn by hand. Hence the exact microstructures
would vary from sample to sample and across a sample.
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5.3.2 Bi-color pattern

Our next step was the anticipated advancement in this direction in the form of
generdting bi-color patterns with submicron scade resolution.  As discussed in the
experimental  section the approach here is dso based on soft lithography. The opticd
microgrgph figure of bi-color pattern generated by using scheme 1 is shown in Figure 5.9.
Here the first color was red and the second mark was done using a green pen.

Figure5.9: Optica micrograph of the bi-color lines obtained usng scheme 1: green on
red recorded in reflection mode of the microscope. (See color plates, page 138)

It is cdear from the figure that dternate red and green coloured pardle lines, with widths
corresponding to those of the negative replica patterns of the mold, could be imprinted on
two-dimensond surfaces. It is dso important to mention here tha in this scheme the
timing of placing the mold after the mark of the second colour is crucid to obtaining he
paterns.  This is because the method badcaly involves removing the second colour
(green) by pushing it sdewise and then up dong the vacant space of the groove of the
mold. In addition, the thickness of the second mark is crucid to obtaining reproducible
lines.

In the method, involving scheme 2, the mold was inked and the pattern was
transferred on top of a mak (previoudy dried) having a different color. The result
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obtained by this method is shown in Figure 510. We have Figure 510 (A) showing
aternate color of blue and red and Figure 5.10 B showing dternate green and red color.

Figure 5.10: Opticd micrograph of the bi-colour line obtained usng scheme 2; (A) blue
on red taken in transmittance mode (B) Green on Red taken in reflection nmode. (See color
plates, page 140)

In order to obtain the line of Figure 5.10 A, the firs mark was red and then the mold was
inked blue. On the other hand, for Figure 5.10 B the first color was red and the mold was
inked green. Here again the lines are dearly indicating the reproducibility of lines using
the present method. A careful inking of the mold and timing of the trandfer is key to
obtaining the reproducibility of the features present in the mold.

Utilizing the method of scheme 3, we have generated line patterns with dternate “hills and
vdleys’ having one color and then filled up the vdleys with the second color. Figure 5.11
shows the microgrgph of dternate blue and red coloured lines with blue background onto
which red colour solution was poured to fill the channels. Here the qudity of the imprint
IS dependent on the appropriate filling of the channds. Overflow of fluid and improper
filling of the channds would reduce the darity of the paterns. The results we have
obtained clearly demondrate the ability to generate bi-colour patterns with submicron
resolution  Typicdly the width of a line is about 0.7 nm while the separation between two
such lines is aout 0.9 mm, which maiches with the mold used. Here the CD molds used

were different from the ones used before.
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Figure 5.11: Opticd micrograph of the bi-colour line obtained using scheme 3, blue line
with injected red ink. The micrograph was recorded in reflection mode. (See color plates,
page 140)

54  Concluson

In this chapter we have demondrated a method of imprinting lines and arrays of
various colors on glass dides and OHP films. Pardld lines with submicron dimensons
could be imprinted on such substrates by using polycarbonate and Al foil components of a
CD as molds. We have used the commercidly avalable permanent marker pen to write
macroscopic lines on the surfaces of OHPs and glass dides and transferred the patterns of
the mold onto the lines. Observation under opticad microscope exhibited various colored
patterns on the film as per the design of the mold. Also, microarays of ink spots
positioned a predetermined angles and spacing determined by the separation of lines in
the mold could be generated by pressng the mold on the same parent line in a set of
pressng twice in sequence perpendicular to each other. The resolution could further be
increased by usng mold with lines and paiterns of higher resolution. The same principle
could be usad for imprinting designed arays of various materids on plagic and glass
subgirates in accordance with the use. The use of flexible plastic materia like OHP paper
enhances the possihility of storing designsin foldable substrates.

Our next step was advancement in this direction in the form of generating bi-color
paterns with submicron scade resolution usng the principle of soft lithogrephy.  The
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lithography we have developed is printed in the form of pardld lines The idea is to have
features of high-resolution dternate lines in two colours. The same idea in principle can
be used to generate patterns of arbitrary shape decided by the nature of patterns on the
damps used to make the imprints  The base maerid is usudly in the form of thin
polymer film supported on glass or plagic subgrates. In making bi-color pattern, like our
ealier method we have typicdly used pats of the commercidly avaladle (CD) as the
mold for creating pardle dternate lines of two colors. In addition, we have used coloured
flud flow through the chands to obtan padld dtenae two-colored lines.
Conventional optical microscopy was used to observe the colored patterns formed in these
ways. One could envison gpplications with respect to the present development in
persona computer (PC) based data retrieva as an ordinary optica microscope could be
incorporated as a pat of the PC to “read” information of sub-micron scde resolution,

gtored in color, written on various substrates.
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6.1 Introduction

The indugtrid and laboratory demands for miniaturization of devices used
primaily for chemicd assays', biologica®* and environmentad analyses have accelerated
the pace of progress made in the fidd of microfluidics.  Technicdly, microfludics is
defined as controlling and manipulaing fluids in  microscopic  channds™™t.  The
advantages of these micro devices lie in the smdlness of active-volume with the
posshility of fadt, efficient and controlled movement of fluids through the chamnds, be it
for mixing, separation of components or carrying out chemica reactions that are otherwise
dangerous or expensive to carry out at a larger scale. There are of course other advantages
associagted with smdl volumes such as precise and fast resgents introduction, better
remova of intermediates and products and better control of factors such as temperature,
eectric and megnetic fidds. As a consequence subgtantial research in the fidd has
witnessed dgnificant development of newer methods of fabrication of fluidic systems,
fabrication of components required for assembling functiondly complex fluidic devices
and examination of fundamenta behavior of fluids in smdl channds. A specid case in
point is the fabrication of micro-reactors *°. In a micro-reactor nano-liter and sub-nano-
liter quantities of reacting species can be used for test andyss or for obtaining products of
chemica reactions. If designed appropriately, a microreactor can ensure localized control
over concentration, faster mixing of reactants, appropriate introduction of resctants in a
multi-step reaction, separation of reaction products and the posshbility of diminaing the
unwanted resction. On the other hand, the decrease in linear dimenson dlows hesat
transfer coefficients to exceed those of conventiond heat exchangers by an order of
magnitude thus favoring efficient control over temperature dependent chemica reactions.
The increase of surface to volume ratio, in micro-reactors, dso has implications in surface
catalyzed reactions.

Glass has been the favorite materid of choice for fabrication of miniaturized
fluidic devices due to its chemicd inetness, dectricd, therma and optical properties.
Glass can withgand dectric fidd drengths of severd thousands volts per cm.  Glass is
trangparent in some pat of UV, dl of visble and near infrared region of light facilitating
optical detection. For example commonly used Pyrex has therma conductivity of 1.13
WmiK? and is trangparent in the region 360-2350 nm. Because of al these advantages
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and ease of molding glass into different shapes it has proven to be a better subsirate for

microfluidic devices 222,

6.1.1 Existing methods

There ae quite a number of methods avalable for fabricating microreactors or
microchanndl structures such as nano imprint lithography (NIL) 2%, |aser assisted direct
imprint  (LADI) 2% soft lithography®>?® meking use of microcontact printing?’ 2.
However, the commonly used procedure for the fabrication of glass microreactor is as
folows?. A thin layer of a metd, like Cr, is vapor deposited on the glass plate. The
subgirate is then spin coated with a photoresist polymer. Appropriate channe structures
are then imprinted on the photoresst usng UV light (generdly) and appropriate mask.
The exposed part of the resst is then removed by solvent or other means. This is followed
by the removal of Cr wherever photoresst was removed. Now sdlected parts of the glass
surface are exposed. These parts of the surface are then etched by HF or other etchants,
such as potassum hydroxide (KOH)?%3°
fluoride. Findly, the photoresist is removed to obtain the desired channd Structure on the

, mixture of hydrogen fluoride and ammonium

glasssurface. A schematic representation of the whole processis shown in Figure 6.1.

6.1.2 Our approach

As discussed aove, the technique modtly used in the fabrication of glass
microreactors involves a large number of deps and hence are redively expensve to
produce in indudrid scae. In this chapter we report a new method of fabrication of glass
microreactors, which could be produced in a short time, with fewer steps and with little
invetment. The badc idea comes from soft lithography. We have employed the
polycarbonate part of a commercidly avalable compact disc (CD) as the mold. The
pardle lines in the form of “hills’ and “vdleys’ present in the polycarbonate part were
inked with HF. Glass surfaces were etched with the “inked” mold. Peardld lines as
negative replicas of the mold could be imprinted on the glass surface. We aso could make
arays of nonetched dots on the glass surface a a predetermined angle by stamping the
mold twice.  Opticdl microscopic and scanning electron microscopic  measurements
evidenced the trandfer of patterns. The features obtained in this way have submicron

dimendons as avallable in the mold.
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Figure 6.1 Sequence of steps of photolithography and wet chemica etching involved in
the popular technique to produce chemica channels on glass.
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6.2  Experimental section

6.2.1 Subdgrateand mold

Commercidly avalable glass dides were cut into 25mm x 25 mm szes, washed
and then dipped into piranha solution (7:3 HxSO4 : HyO, ) for an hour. After removd
from the solution, they were cleaned with plenty of water and ar-dried before use.
Commercidly avalable compact discs were broken into pieces of roughly 25 mm x 25
mm szes. The polycarbonate parts were carefully recovered and cleaned with EtOH.
Aqueous HF was used for etching the dides.

6.2.2 Method

Figure 6.2 shows schematically the present method of etching glass with festures at
the sub micron scdes. Aqueous HF solution (6% v/v) was used as “ink” to wet the top
surface of the polycarbonate disc (mold) using a cotton swab. The water used in making
the solution was of Millipore grade (resdtivity 18.2 M? cm). Padld lines in the form of
“hills’ and “valeys’ appear on this surface. The disc was then placed onto a previoudy
cleaned glass dide. The whole setup was kept pressed for 5 min using a home - made
screw press. The mold was then carefully and quickly lifted and removed. This was to
avoid further non-desred etching. The glass dide was cleaned with water and then wiped
dry with a tissue paper. The dide was ready for observation under microscope. The
pattern obtained was viewed under a Carl Zeiss (Axiotech) opticd microscope.  The
structures obtained were further confirmed by scanning ectron microscopy.

In order to obtain two-dimensond arays of non-etched spots, while the remaining
part of the glass surface get etched the following procedure was adopted. At firg the mold
was inked with the etching solution. The mold was then pressed onto the glass subdrate
as before. The mold was removed; the glass dide was cleaned with water as before and
then wiped dry with a tissue paper. This was followed by inking the same mold or another
mold of the same kind with HF solution. The wet mold was then placed on the glass
subdtrate at an angle different from the first pogtion. The whole setup was kept pressed as
before for 5 min. The glass dide was recovered and cleaned with water and dried before

observations under microscopes.
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Figure 6.2: Schematic representation of the process of imprinting parallel lines on glass
by chemical reaction etching.

6.3 Resultsand discussions
Glassis eadly etched by HF producing gaseous SH4 and H,O.

SO(9+ 4HF(a) —>  SHi@ T + 2H0() (1)

On the other hand polycarbonate does not react with HF. Thus HF ink dong with the
polycarbonate mold would be an ided case where the patterns in the polycarbonate mold
could be transferred to glass by etching with HF.  One could argue that other polymers that
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are non-reactive with HF could aso be used, which is probably true. We have however
stuck to polycarbonate mold because t is commercdly avalable and uniform sub-micron
scale parald line patterns are present in the molds.  Figure 6.3 represents a typica optical

micrograph of a polycarbonate disk that has been used as the mold in the present work.

As dear from the picture, the mold condsts of pardle lines (“hills’) of aout 0.7 mm thick
that are separated by about 0.8 mm gaps (“vdleys’).

Figure 6.3: Opticd micrograph of the polycarbonate piece that was used as a mold for the
present method (obtained from a.compact disc of SAMSUNG —make)

When the mold was inked with 6% (v/v) agueous HF solution and pressed onto the
glass subgtrate reproducible pardld line patterns could be transferred to the glass surface.
The pardld line patterns were smilar to those in the mold. In Figure 6.4 we show optical
micrographs of three such dides containing etched pardld lines on the glass surface as
imprinted by the present method. As evident from the figures continuous long range
pardlel dternate dark and light colored lines can be seen running from one end to the
other. This shows that the present method could transfer the patterns of the mold onto a
glass surface by etching with HF.
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Figure 6.4: Optica micrographs of typicaly etched glass dides. The dides were etched
by HF solution using polycarbonate disk of a CD asthemold. Bar is10um.
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The width of each light colored line is about 0.7 mm that is nearly equa to tha of CD

mold, while the width of each dark line is about 0.8 nm and that is nearly equd to the
separation of two pardld lines of the CD mold. The imprints of pardld lines via chemicd
etching usng the mold was further confirmed by scanning éectron microscopy (SEM).
In Figure 6.5 we show the SEM micrographs of two such dides. The dimensons of the

lines representing etched channels and non-etched crests match with those of the postive
of the mold.

Figure 6.5 Scanning Electron Microscopy (SEM) images of pardld lines obtained by

eiching glass employing the present method. The micrographs are from two different
samples.
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Production of micro arrays of spots on glass substrate was dso achieved by using
the same principle. In Figure 6.6, we show the opticd microgrgph of a cross pattern
generated on a glass surface as a result of stamping twice in sequence usng HF — inked
mold. In this case, a fird pardld line patterns were generated as in Figure 6.4 by
gamping the inked mold onto a microscope glass dide.  The dide was then washed with
water and dried.

Figure 6.6: Optical micrographs of cross patterns generated by etching the surface twice
in sequence at an angle using polycarbonate mold. Bar is 10um.

This was followed by stamping for a second time at an angle to the previous one. The rest
of the procedure was followed as before. Here dso digtinct features of the stamp—etched
surface can be seen in the micrographs. The dark areas represent the non-etched parts of

TH-150_994503



Chapter 6 Patterning Sub-micron Structures on Glass by Chemica Etching 96

the dide while the brighter areas are the channels formed due to eiching. A typica dark
spot here has an area of about 0.64 (mm)? as expected from the dimensions of the mold.

We dso wanted to learn how the etching takes place usng these nanoscopic
patterned polymer discs. But before that let us see how the mold will look like in two
dimengons. It will contain “hills’ and “valeys’ as shown in Figure 6.7. There are two
possble mechaniams by which the patterns could be generated. The firg is by only the
“hills’ of the mold upon inking generated these patterns by chemicd etching of glass. On
the other hand there is a posshility of agueous HF solution from the swab draining into
the channes thus filling them in addition to inking the “hills’. Thus the etching process
would take place both by the “hills’ of the mold and the filled channds. This might seem
to inhibit fulfilling our am of producing nanoscopic lines and insead would produce an
etched surface with no features. As this was not the case, the reason for obtaining the
channels and cross patters as we did is as follows. Both the “crests’ and the filled
channels etch the glass plae.  Since the channds have much more volume of etching
solution than the “crests’ could possbly have the regions of glass plates in contact with
the filled channels would be etched more than the regions in contact with the “crests’ thus
producing the patterned channels.

\_II_II_II_II_II_II_II_
Veleys +—— —  Hills

Figure 6.7. Diagran showing polycarbonate pat of the compact disk (CD) in two-
dimengond plane

To verify this we did the following experiment. We spin coated a glass plate with
a thin film of polystyrene. We then cut two widdly separated pardld channds on it using
a razor blade. We then rubbed a line of the HF “inked” swab agang the film in
perpendicular to both channds and on the plane of the film. A glass plate was then
pressed on this film. In case the HF solution went into the channds it would produce an
“H” letter shaped eiching on the glass covering the film; otherwise it would produce a
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gngle line with the dimendon of the origind ink-line.  As shown in Figure 6.8 we
observed the formation of an “H” shaped mark on the glass plate thus proving that indeed
etching of glass took place by HF present in the “crests’ and filled channels of the mold.

Figure 6.8: Photograph of the macrascopic “H” shaped mark on glass plate due to etching
of glass. Thebaris1cm.

In the experiments described above we have used polycarbonate mold and
commercidly avalable microscope glass dides as the subdrates for generation of
submicron scae patterns by chemica reaction etching. However, as can be seen from
Figures 64 and Figure 6.6 the pattern transfer has not been perfect for long-range
imprints.  These are probably due to problems with the mold and substrate rather than the
method itsdlf.  Polycarbonate is a relatively hard mold offering less flexibility a least with
regpect to making imprints on nontflat surfaces. On the other hand the glass dides that we
have used are not atomicdly flat. Hence they would be susceptible to defects especidly
when patterns are being transferred from hard molds. On the other hand previous reports
on lithography usng a soft mold like polydimethoxy sglane (PDMS) have indicated
defective pattern tansfer due to buckling and bending of the mold®l. We have shown that
under carefully performed pattern transfer defects in the structure could be minimized.
From our observations we noticed that best pattern transfer was possble when the pressure
applied was 85 Kg/en?. This condition resulted in good quality pattern transfer shown in
Figure 64 B, 6.4 C and 6.6 A. Hence it is possible to obtain good qudity patterns using
the present method.

The next question comes about the way pattern formation eke place in the present
method. As described above, during the process of inking HF goes insde the channel and
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the amount of HF indde the channes (“valeys’) would be much more than that on the
“hills’ of the mold. Thus there is the posshbility of the glass surface getting etched
evaywhere. The slver lining here is that even though the HF in the “hills’ of the mold
would compete with those in the “valeys’, because of the sheer volume in the “vdleys’,
the effective paitern would be due manly to the “valeys’ and hence would serve the

purpose of channel formation on the glass surface using the present method.

6.4  Conclusons

In this chapter we have been able to clearly demondrate the ability to make sub —
micron scde two—dimensond stamp—etching of glass surface by amply wetting the mold
(polycarbonate membrane of a CD) with the etching solution followed by stamping on the
glass subdtrate.  The etched channels appeared as parald lines as seen in optical and
scaning dectron microscopy.  The etched lines were a reproduction of the pogtive
replica of the mold. We aso could make arrays of etched dots of about 0.64 m? area on
the surface digned a a predetermined angle. The present method is advantageous
compared to other methods of generating sub-micron scde dructurd patterns on glass
sample. It is a draightforward method and aso cost effective. By usng the present
method one can reduce the number of steps involved thus reducing the cost of production
of sub-micron scae channed structures on glass substrates.
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7.1  Introduction

The phenomena of weting and dewetting have important technologica
implications in areas such as microdectronics, coating and panting, spraying of pesticides
and herbicides, biologicd transport, microfluidic devices and oil recovery. For example,
sufactants such as trisloxane dkoxylae! are generdly mixed with herbicides or
pesticides to improve spreading of the fluid in agricultural spray, so as to cover al parts of
the leaves quickly and to avoid the formation of drops. One could depost a monolayer of
molecules on a solid surface and change the wettability of the surface by photo-irradiation,
where light would idedly catayze isomerization of the molecules back and forth. In this
way, light driven directiondl mation of a liquid on a solid surface could be achieved 2. On
the other hand the ability to pattern surfaces on a microscope length scae is important in
technological agpplication such as fabrication of microdectronic devices, digitd dorage
media, fluidic devices and sensors. An emerging method of making patterned surfaces
involves taking advantage of wetting and dewetting properties of liquids on surfaces.
Wetting indabilities during the Langmuir-Blodgett film transfer can lead to dripes and
channes with dternating wettability 3.  Moreover surfaces with different wettability can
be used in fabricating microfluidic devices. These requirements have led to intense
phenomenological investigations of the wetting and dewetting properties of liquids on
different surfaces. It would be even more advantageous if one could achieve control over
wetting and dewetting such that chemica reactions between the reagents present in a thin
liquid film and the surface on which the film spreads could be effected in a (controlled)
desired manner. In other words by controlling the rate of spreading and recoil the reaction
time could be controlled and a gradient in the product formation as a function of resdence
time of the liquid film could be achieved. We have ventured to proceed in this direction
by firs studying the spreading and recoil of surfactant containing water drops on various
acohoal films supported on glassdides.  The findings are described in this chapter.

7.1.1 Previousinvestigations

WEetting occurs when a liquid drop placed on a surface spreads and the contact
angle (the tangentid angle that a liquid drop makes with the surface undernegth) between
the liquid drop and the surface tends to become zero. On the contrary a liquid does not
wet the surface when the contact angle is greater than 90° and the liquid tends to bal up
and run off the surface. These two behaviors are schematicaly shown in Figure 7.1.
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C o N

T>90 T<90

Not wetting Wetting

Figure 7.1 A schematic representation of wetting and non-wetting of a surface by a liquid
drop. T isthe contact angle between the drop and the surface.

There are numerous reports in literature on the wetting and dewetting properties of
vaious liquid films on different subgraies  The invedigations, however, have focused
primarily on sudying the wetting and dewetting properties of liquids on solid surfaces and
liquids on liquid surfaces.

When a liquid drop is placed on a solid supported surface, a gradient in surface
tenson leads to spreading, recoil and movement of the drop. There are three ways to
generate the gradient in surface tenson. They are temperature gradient ¢, surfactant
concentration gradient ° or compostion gradient. Also, the Marangoni flow known to
occur in classcd “tear” of wine is driven by surface tenson gradient. Chaudhury and
Whitesides ® have been able to move a drop of water uphill against gravity by creating
spatia gradient in surface free energy. Wettability gradient across a surface aso leads to
spreading or movement of liquid across a solid surface™®. On the other hand a liquid drop
when placed on an immiscible liquid may ether spread to an equilibrium thickness or
remain as a lens, as governed by surface tenson gradient between the two liquids™™. It
has been reported that when a drop of an agueous surfactant solution is placed on top of a
pre-moistened glass surface, the drop spreads with fingering ingtability whose velocity and
fingers depend on the thickness of the film and the concentration of surfectants in the
paent solution?.  Afsar-Sddiqui et al has investigated the spreading behavior of
spaingly soluble™ and highly soluble™ agueous surfactants solution on films of various
thickness of water placed on a glass subdtrate.  In the case with sparingly soluble
aufactant and a high waer film thickness they have obsarved fingering ingtability, the
onset time of which became shorter with increased surfactant concentration.  On the other
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hand, when highly soluble surfactant was used the instability had become apparent a a
lower surfactant concentration and more pronounced fingers were observed. In both the
cases Marangoni effect played a key role in the spreading behavior. In their study of the
convective ingtability of a volaile immiscible liquid placed on water film Dussaud et al'®
concluded that evgporative cooling might aso be responsble for observation of %2
exponent in the spreading behavior.

Dewetting of a thin liquid film placed on a solid surface is known to be initiated,
among others, by rim indability, “spinoda dewetting”, codescence, subdrate
contamination or by the growth of a directed dewetting front’**°.  Technologica
importance in eectronic and fluidic devices especidly in  nanotechnology?®, surface
patering? 2%, understanding of biologicd phenomema such as low rate of water
evaporation from tear film™, dewetting a soft interfaces™ has justifisbly led to intense
expaimentd and theoreticd invedtigations of wetting and dewelting of thin films on
various subgrates. It is important to note that an ultra thin film on a solid surface may
have dructures including preferentia orientation of molecules or defects in the form of
holes, agglomerations that may as well decide the course of spreading and recoil of a drop
when placed on it. This however may not be case for a reatively thicker film, which is
expected to be more homogeneous and devoid of the above defects. Further, controlled
surface / interface tensgon gradient could essly be generated by suitable choice of the
liquid making the film such that the rate and nature of spreading and or recoil of the drop
could be controlled. In this way a potentialy vast opportunity of combinations could
possbly be crested usng differentid surface tension, viscodty, boiling point, nature of
hydrophobic and hydrophilic groups congtituting the film molecules.

7.1.2 Our gudy

Although Dussaud et al'® have investigated the spreading of volatile and non
volaile liquids on water and Afsar-Siddiqui et al**!* have reported the figuring instability
accompanying the spreading of agueous surfactant solutions on varying thickness of liquid
film, as fa we know the spreading and recoiling behavior of a highly soluble agueous
aurfactant solution on a volatile acohol film Hill remains unexplored.  In this chapter we
report the experimental observations regarding the spreading and recoil of surfactant
containing water drops on various dcohol films supported on glass dides. A schematic
representation of the basc—experimentd sgtup is shown in Figure 7.2. In dl of the
experiments a drop of water containing a certain concentration of a surfactant is placed on
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an dcohal film supported by a glass dide.  The observations are made with respect to the
spreading and recoil of the drop and the fate of the dcohal film.

Web Camera <

Aqueous surfactant drop < h

Alcohd film < !

Figure 7.22 A schematic representation of the basic idea of the experiment. The
experimenta st up comprises of agueous surfactant drop placed on acohol film; both
supported by the glassdide. The Web camerawas placed verticaly above the drop.

The choices made in our experimenta conditions offer four unique advantages. They are
asfollows.

(& The molecular defects, in terms of Sze of clugters, holes etc. possbly present in an
ultrathin film of water or such species on a solid surface would be absent in a
relaively thick film of adcohol. Thus the soreading behavior would primarily be
governed by the film properties rather than defectsin the film.

(b) The surfactant concentration in the drop could eesily be varied by darting with
different initid concentrations. Thus a control could possbly be achieved with
respect to surface tenson of the drop and interfacia tenson between the drop and
the film. The surfactant is highly soluble both in water and the alcohol. Also,
water and dcohol mix well. Thus the surfactant concentration in the drop may
affect the interfacid mixing of the drop and the film.

(c) The dcohals chosen have different boiling point and thus rate of evaporation of the
film would be different. As the evaporation would lead to cooling, the rate of
cooling would dso be different depending upon the choice of dcohol. Thus a
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varied temperature gradient could possibly be creasted between the drop and the
film.  This would have important consequences on the spreading behavior of the
drop.

(d) There would be a surfactant concentration gradient between the center of the drop
and the periphery where it meas the film. Thus Marangoni effect driven flow
might also add to the behavior of spreading of the drop.

Herein we report the results of invedtigation of spreading and recoil of sodium
dodecyl aulfate (SDS) contaning agueous drops on glass supported liquid films of
methanol (CH3OH), ethanol (C2HsOH) and iso-propanol (i-PrOH). We found thet in dl
the cases the spreading and recoil occurred without fingering ingtability. We observed that
the drop spreads the fastest on CHzOH, followed by GHsOH and the dowest on +PrOH.
On the other hand the drop recoiled the dowest on CHsOH and the fastest on {PrOH
while it recolled with intermediste time on Cp;HsOH. In addition, concentration of
surfactant in the drop played a prominent role in the spreading and recoil time of the drop
with higher surfactant concentration making the drop spread and recoil faster. Moreover
the time dependent velocity profiles were Gaussan in naure, while the radius dependent
velocity profile showed ostillatory behavior. Findly, usng FTIR spectroscopic evidence
we show that the drop had mixed with acohol during spreading and recoil.

7.2  Experimental section

Methanol (HPLC grade, Merck), ethanol (Bengd Chemicd & Pharmaceuticals
Ltd) and iso-propanol (Anaytical Resgent Grade, Merck) were used as purchased. Sodium
dodecyl sulfate was purchased from Sigma-Aldrich Chemicd Company and was used as
received. Microscope dides were from Blue Star, India For better viewing of spread and
recoil of the surfactant-laden agueous drop on acohol film, rhodamine B dye (1.5mM,
Aldrich) was used. Millipore ultrgpure water (resistivity 18.2 MW cm) was used in dl of
thiswork.

The microscope glass dides were cut into smal pieces with dimenson of about 25
X 25mm. The glass dides were then cleaned in piranha solution (7:3 = H>SO4: H205).
45nL of ether of CHsOH, GHsOH or FPrOH was poured on glass micro dides to form a
film over it. For each study, 3 nlL of agueous solutions of sodium dodecyl sulfate (SDS)
of different concentration mixed with rhodamine B was dropped on the dcohol film usng
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a micropipette (Finnpipette from Labsystem, volume 20-200 nL and 2-20 ni). The
spreading and recoil of the agueous drop on acohal film was monitored usng a Credtive
Web Camera (mode PD1001).

A schematic view of the set up is shown in Figure 7.2. The camera was placed
verticaly above the drop (about 4 cm from the glass plate) and was connected to a
persona computer (PC). The recording was made a 30 frames per second. It was Sarted
right after the addition of acohol to the dide and before the addition of the drop on the
film so that the fate of the drop right from the moment it was placed could be monitored.
A graph paper was placed below the glass dide for measurements requiring quantitative
data such asrate of spreading and change of diameter.

7.3  Resultsand Discussion

We have investigated the spreading and recoil of agueous surfactant drops on glass
supported liquid films of CHsOH, GHsOH and +PrOH. The acohols we have used are
highly miscible in water and hence a liquid drop of water on a liquid film of dcohol could
not be stabilized for investigation without a support of a solid surface  We used glass
dides as the solid surface supporting both the liquids where the spreading of one againgt
the other could be easly studied. The dcohols differ in the number of akyl head goups
connected to the OH group and aso on ther boiling points. However, they have very
smilar surface tenson vaues (Table 7.1).

Table 7.1 The boiling points and surface tenson values of alcohols used in our study

S.NO ALCOHOLS BOILING POINT (°C) | SURFACE TENSION
01 Methanol 64.7 22.61
02 Ethanol 78 22.75
03 | so- propanol 82.4 26.0

Hence ggnificant differences tha might occur in spreading of the drop againg the films
will probably be due to differences in the rate of mixing of dcohol with water a the
interface, the differences due to the head groups and differences in the boiling points of
the dcohols. The last factor affects the rate of evaporation of the acohol film.

With the hdp of a micropipette, 45 ni ether of CH3OH, C,HsOH or ¢PrOH
individualy was poured onto a 25 mm X 25 mm microscope dide.  The acohol spread
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completely on the glass dide so as to make a 72 nmm thick film. A film with thickness
lower than 72mm, for +PrOH, evaporates before observation could be completed. So the
thickness of dl dcohal films was kept uniform a 72 nm, unless otherwise sated. As the
agueous surfactant solution is colorless, we have used a rhodamine B dye (1.5mM) in the
drop for enhanced viewing of spreading and recoil with the camera The extinction
coefficient of rhodamine B is high and as a result a smdl amount of dye was enough to
give good coloration of the solution without affecting surface tenson or other properties of
the surfactant laden agueous drop. The recording was started just before the addition of
the drop on the film so that we could record the fate of the drop right from the moment it
had been placed. However, here we show sdlected pictures of the drop from right after it
was placed. In addition to studying the $reading of a surfactant containing weater drop on
vaious adcohols, we have varied the concentration of SDS in the drop and Sudied its
effect on the rate of spreading and recoil on a specific film of acohol. From these studies
we have caculated the mean diameter a various points of time during Spreading and

recoil and report the same.

7.3.1 Spreading and recoiling phenomenon

The time dependent evolution of the surfactant-laden water drop on acohal films
exhibited interesting behavior. As an example, we show photographs of sdlected time
frames of a drop of agueous SDS on I-PrOH in Figure 7.3. As can be seen in the
photographs the diameter of the drop did not increase much in the beginning (first 25 9).
There was a sudden increese in the diameter gating & 45 s with a maximum vaue
occurring a 82 s, when the diameter reached to a value of about 20 mm. The recoil began
amogt immediatedy and the rate of decrease in the diameter, on return, was much faster
than the rate of increase as it spread. Findly, the drop had returned to nearly its origind
diameter. The exact nature of spreading varied from drop to drop depending on the initia
waves created on the dcohol film due to the impact of the drop. However, the generd
spreading as well as recoil behavior was smilar to the above. A remarkable festure that
we would like to point out here is that while the drop had spread againgt the dcohal film
there was no observable fingering ingtability as had been observed in the case of spreading

of aqueous surfactant drops againgt thin water film'*%2°

. However, towards the end when
the drop had spread to its near maximum diameter there were fingers observable a the

periphery of thefilm. This could be due to the abbsence of dcohal film, which probably
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Figure 7.3. WEB camera shots of time dependent spread and recoil of an agueous
surfactant drop over i-PrOH film. The concentration of SDS in the drop was 32 mM.
These are sdlected pictures representing the fate of the drop. The background squares are
from an ordinary graph paper placed underneath the glass plate. (See color plates, page
141)
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had dried (or mixed with the drop) by the time the drop expanded to its near maximum
diameter, and hence the drop goread with regular fingering indability.lt is worth
mentioning here that we found a surfactant drop on a virgin glass dide had spread with the
maximum find diameter of only one fourth of that atained by the surfactant drop placed

on glass supported on dcohal film.  Also, no observable recoil was found in the former

case.

7.3.2 Effect of the nature of alcohols on spreading and recoil

Studies with CH;OH, Cy;HsOH and i-PrOH films suggest that the profiles of
soreading and return of the drop were smilar whereas the time teken to reach its
maximum diameter as wel as recoil was different for different dcohol films. In a typicd
experiment the time taken to reach maximum diameter was 42 s for CH3;OH, 61s for
CoHsOH and 82 s for i-PrOH. The reaults typicaly obtaned ae plotted in a
dimensonless scale (D/Do — 1) versus time and are shown in Figure 7.4.

? Methanol
I Ethanol

? i-Propanol

D/Do -1

0 50 100 150 200 250
Time (seconds)

Figure 7.4: Time depended plot of D/Do -1 for different dcohol systems.
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As evident from the figure, the soreading behavior of the drops, such as dow initid rise in
the diameter and then sudden increase followed by fast return to nearly origind diameter
were characterigtics of al the acohol films sudied. On the other hand, its aso clear from
the figure that the time for reaching the maximum diameter on CH3;OH was much shorter
than that on GHsOH, which was less than that on +PrOH. It may further be noted that the
behavior of the return time was different for different acohol film. For example, the drop
on CH3OH took the longest time (88 s) to return which was a little longer than on G;HsOH
(84 s), while the drop on PrOH took the shortest time (74 s) of the three to return back to
thefina diameter.

7.3.3 Effect of surfactant concentration on spreading and recoil

An important part of these studies was the obsarvations of the effect of various
surfactant concentrations on the rate of change of diameter of a drop placed on an acohol
film.  In Fgure 7.5 we show the results obtained from a collection of shots when the
concentrations of SDS in the drop was kept a 4mM, 8mM, 16mM and 32mM and the film
was made of GHsOH. These concentrations correspond to about Y2, 1, 2 and 4 times the
critical micellar concentrations (CMC) respectively of SDSin pure weter.

6
?32mM
5 1 16mM
? 8mM
X 4 mM
4
—
Q3
la

0 50 100 150 200 250 300

Time (seconds)

Figure 7.5: Time depended plot of D/Do —1 with different surfactant concentration.

TH-150_994503



Chapter 7 Spreading and recoil of surfactant containing water drops 111

In these cases dso we have plotted the behavior in a dimensionless scde (D/Do —1) versus
time a different surfactant concentrations. As can be seen from the figure, the drop with
32mM SDS concentration took the shortest time to rise and return followed by 16mM
concentration drop and then 8 mM and then 4 mM. Thus our observations suggest that
increasing the concentration of the surfactant hastens the spreading and recoil of the drop.
The spreading rate on the dcohol films increases with surfactant concentration as usudly
observed in Smple systems??.

7.3.4 Effect of thickness of film on spreading

The effect of thickness of the dcohol film on the soreading was dso dudied. A
paticular vdue of thickness of the adcohol film was obtaned by pouring appropriate
amount of acohol on the glass dide.  The thickness was cdculaied by dividing the volume
of the dcohol by the area of the dide. The results obtained with films of CoHsOH are
tabulated in Table 7.2. The surfactant concentration used was kept a 32mM. As clear
from the table with increase in the thickness of the acohal film, the time taken for the
drop to spread to reach to its maximum diameter increased. It is interesting to note that
when the thickness varied between 48 and 72 mm, the time taken for maximum spreed
varied little. However, increase in the thickness up to 80 mm and beyond dowed down the
spreading of the drop significantly. For example, it took 120 s for the drop to spread to its
maximum diameter when the film thickness was 88 mm, wheress the time taken for the
drop to spread over a 80 nm thick film was 90 s Such large difference was not observed
at lower thickness of the film.

Table 7.2: Time of maximum spread with various thickness of alcohal film

S. No System Thickness Timetaken
(Mm) for spreading to maximum

diameter (s)
01 Ethanol 48 56
02 Ethanol 56 58
03 Ethanol 64 60
04 Ethanol 72 61
05 Ethanol 80 90
06 Ethanol 88 120
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7.3.5 Vedocity distribution

The time dependent veocity didribution of spreading and recoil of drops with
various surfactant concentrations is shown in Figure 7.6. Each plot was fitted to a single
Gaussan function. As evident from the graphs, the spreading of the drop, on each acohol
film, did not dat immediaey after placing the drop on the film. However, once the
sreading dated the veocity profiles were Gaussan with the maximum velocity on
CH3OH reached the earliet and then C,HsOH followed by i-PrOH.  For example, the
drop with 16 mM SDS reached maximum velocity on CH3OH at 35 s, a 49 s on G;HsOH
and at about 85 s while spreading on FPrOH.  On the other hand the recoil velocity pesks
occurred at 56 s, 86 s and 117 s respectively. The recoil of the drop on each acohal film
darted right after the complete spread. The vaue of the maximum velocity (spreading and
recoil) for dl the sysems was in the range of 0.3-1.5 mm/s. In generd, for each acohol
the time of reaching velocity maximum occurred earlier with increesng concentretion of
asurfactant in the drop.  For example, maximum of spread velocity of the drop on CHzOH
occurred at 43s, 36s and 33s when the concentration of SDS in the drop was 8mM, 16mM
and 32mM respectively.  Thus higher the concentration of the surfactant faster was the
atanment of the maximum spreading velocity. The recoil behaviors under the above
conditions were amilar. We aso caculated the velocity profiles with increesng radius of
the drop as it soread and decreasing radius as it recoiled on different acohol films. The
plots are given in Figure 7.7. The plots show ostillatory behavior of veocity with the
radius of the drop, which indicates the existence of an interface phenomenon. There are
three oscillation peeks for both spreading and recoil on CH3OH and two oscillatory peaks
for spreading on EtOH and +PrOH. These oscillations could be explained by possble
edablishment of an equilibrium surfactant concentration a the interface between the drop
and dcohal film. At the interface, surfactant molecules will desorb from the agueous
phase and adsorb into the dcohal film during the process of spreading. If the Spreading
veocity is higher than the rae of mixing of the surfactant in the bulk dcohol film, a
temporary equilibrium surfactant concentration will be crested at the acohal film interface
thus opposing the spreading i.e reducing the spreading velocity'®. Once the surfactant
molecules mix with the bulk film this locd equilibrium will be log and the drop again will
resume Sporeading with higher velocity.  Observations of oscillations in velocity during
recoil aso indicates the existence of interfacid phenomenon but of a different kind.  When
the drop recoils back from its maximum diameter the rate of reduction of diameter might

be faster than the rate of mixing and hence there would be time required for reaching
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Figure 7.6: Veocity versus Time plots of spreading as well as recoil of agueous surfactant

solution on different dcohal films. @) methanol, @) ethanol and (?) ipropanol. The data
points were fitted using a Gaussian function.
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Figure 7.7. Veocity versus Radius plots of spreading and recoil of agueous surfactant
drops on different acohoal films. The surfactant concentration was 32mM.
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equilibrium.  In addition, if there is a difference in the dhrinking velocity a the periphery
(faster) and that near the center of the film/drop (dower) there would be oppostion to
drinkage until equilibrium is reached and thus the obsarved oscillations in velocity
profile. In addition, the adcohol as well as water would preferentidly evaporate from the
periphery and thus would be responsble for difference in surfactant concentration between
the edge of the film/drop and near the center. Thus oscillations would be observed until
equilibrium is reached.

7.3.6  Composition of a dewetted drop

We wanted to probe whether there was mixing of acohol in the drop while it
soread. To study this we had used CDsOD as the acohol flm ingead of CHzOH, since
the C-D dretching vibrationd frequencies of the dcohol are clearly digtinguishable from
those of C-H dretching vibrations of the surfactant and O-D dretching frequency is
different from that of O-H of H,O. This is not possble if CH;OH is used instead. We
recorded FTIR spectra of the drop surfactant solution, of CDsOD and that of the drop after
it had spread againgt a 72 mm thick film of CDsOD and recoiled back. The spectra are
shown in Figure 7.8. As clear from the figure, the observation of GD dretch in the region
of 2160-2300 cm* and O-D stretch a 2500 cmi® in Figure 7.7 C (i.e. of the drop after
recoil) edtablishes that there was mixing of CDsOD with the surfactant drop during its
Spreading and recoil

We adso warted to investigate whether the drop of an agueous surfactant solution
mixed quickly with the dcohal film such tha the dcohol no longer remans pure and is
mixed with water and surfactant immediately after the drop was placed. To answer this
guestion we did the following experiment. On the dcohol film a drop contaning a
mixture of acohol and agueous surfactant solution taken from a sock solution with the
ratio of JrL of surfactant solution and 45 ni of dcohol was placed. In this case the drop
spread in 6 s compared to more than 60 s needed for complete spreading of a surfactant
only solution drop on dcohal film. This means that even though there is a posshility of
mixing between the drop and the film, rgpid mixing may not be the mgor factor a least a
theinitid stages of soreading of a surfactant-laden agqueous drop on an acohal film.
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Figure7.8. FTIR spectraof (A) CDs;OD, (B) 8.1mM SDS solution and (C) theliquid
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that was | eft after the drop had recoiled back.

7.3.7 What isreally happening?
There are four factors that probably control the spreading of an agueous surfactant

drop on the dcohal film as we have observed. The firg is the negative Spreading
parameter based on the difference in surface / interface tenson if we condder the
soreading of drop on adcohol film.  This means the surfactant in the drop reduces the
surface tenson of water to a lower vaue but Hill higher than that of dcohol. For example,
by usng Wilhedmy plate method, we have found that a 30°C the surface tension values of

dl aurfactant solutions (above crititd micelar concentration) used in our experiments
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differed little and were nearly equa to 30.0 mN/m. If we consder the surface tenson of
acohal to be about 22 mN/m, the spreading parameter, Sin equation 1,

S=0- GO M

where @, g, are the surface tenson of the drop solution and acohol

respectively and gy interfacia tension between the two liquids

even without taking interfacid tendon into condgderation becomes negaive.  Moreover,
the intefacid tenson parameter between the drop and acohol reduces the spreading
parameter even further. Thus the overdl spreading parameter is negative, which disfavors
goreading of the drop on the film. However, with increesing surfactant concentretion the
surface tenson of the drop goes down (abeit little) which means that spreading parameter
became less negative and progressively reduces the opposng parameter. It has been
observed earlier that an agueous surfactant drop with lower surface tension spreads on a
glass supported thin film of water having higher surface tenson'®. However, that situation
is exactly opposte to our sysem. The second factor controlling the spreading is
Marangoni effect due to the gradient in surfactant concentrations a the center of the drop
compared to that at its edge that induces widening of the drop. The third is the interfacid
mixing of water and acohol that heps in soreading of the drop. The fourth is the
evgpordive cooling of the acohol film that crestes a temperature gradient with the drop
having higher temperature than the film thereby credting a temperature gradient induced
widening of the drop. CH3;OH has lower boiling point (64.7°C) and higher latent heat of
vaporization (983 kJKg) than C,HsOH (boiling point 78°C and latent heat 854 kJkg)
while i-PrOH has the highest bailing point (82.4°C) and lowest latent heat vadue of 665
kJkg (Table 7.3). Thus cooling rate due to evaporation may be the highest with CH;OH
and the lowest with i-PrOH, which means tha the drop would spread the fastest on
CH30OH and dowest on iPrOH. This is what we have observed in our experiments. The
importance of third and the fourth factors in our observations is further corroborated by
the following observations. When we had put a drop of pure water on an acohal film the
drop dso soread againg the adcohol film even though the surface tenson of acohal (22
dynes/cm) is much less than that of water (72 dynes/ cm). Typicdly it took about 75 s for
the drop to spread againgt C;HsOH, which is longer than observed for the case of
surfactant-laden drop, and much longer than 6 s observed for dcohol pre-mixed surfactant

solution (section 7.3.6). We have not shown this behavior, as a figure, as the recoil
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behavior was different from those observed with surfactant-laden drop on acohol and aso
there is no smple way to control the spreading and recoil time of the drop, which was one
of the principal objectives of our work. In addition, when the reverse experiment was
performed, i.e. a drop of acohol on an agueous surfactant solution film, the drop did not
spread. In other words, the part of the glass dide containing alcohol drop would probably
have less temperature than the water film therefore making opposite temperature gradient
which disfavors spreading. On the other hand the dcohol drop and the film (of surfactant
solution) mixed dowly to findly obtain a thin film of the mixture, probably as a result of
interfacid mixing. The different rae of evgporaion that results in cooling of the glass
dide may adso be the reason for different time dependent velocity profiles of the drop on
three different adcohol with reaching the maximum veocity a the ealiet on CHsOH and
the latest on I-PrOH. However, the surfactant dependent difference in veocity profiles
indicate that different rate of mixing aso plays an important role with

Table 7.3: Latent Heat of vaporization of acohols used in the experiments

S. No Alcohol KJ/kg
01 Methanol 983.13
02 Ethanol 854.0
03 | so- Propanol 665.0

higher surfactant concentration favoring faster mixing resulting in atanment of earlier
maximum velocity. The broad nature of Gaussan didribution of radius dependent
velocity profiles indicates that as the drop spreads to larger radius the effect due to
evaporative cooling becomes increasngly smdler and dso as the mixing between acohol
and drop progressively increases the effect becomes less digtinct.

The next question comes is whether the dcohol mixes with the drop as the drop
spread or surfactant-laden drop pushes the dcohol film and a the same time induces
unidirectiona mixing of waer (with surfactant) to dcohol film. The answer to this
question came from the FTIR spectroscopic observation, which indicates that as the drop
progressvely expanded the dcohol from the film had mixed with the drop. That is what
we observed in the form of presence of C-D and O-D pesks in the spectrum of liquid
collected after the recoil (Figure 7.7). Also, we have not observed any liquid dropping out
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of the dide as the drop spread indicating that acohol film progressvely became more
contaminated with water and surfactant.

7.3.7 Why doesthedrop recoil?

The mixture of dcohol, water and surfactant does not wet the glass dide and hence
the liquid drop after soreading to its maximum diameter recoils back to nearly origind
diameter and the difference that we observe is due to gravitationa effect where the drop
greads by its own weght. The dewetting is probably controlled by the spreading
parameter between glass surface and agueous surfactant solution mixed with dcohol. The
vaiation that we observe is possbly due to the content of adcohol and surfactant
concentration in the recailing film, which results in different spreading parameter vaues
for different concentration of surfactant and acohoal in different films.
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8.1 Introduction

In recent years, with the progress made in the aea of materid science,
consderable amount of interests have been generated for the research and development in
the fidd of, what may be termed as, “materids engineering’. The primay am of such
ressarch has been the atanment of capability of assembling individua molecules into
highly ordered architectures.  Principles of molecular self-assembly'?, chemica vapor
deposition®™,  dectrochemica  depositior?, surface  modified chemicd  deposition’,
photochemically induced pattern formatior?™®, photolithography® and  soft-lithography™*
based pattern generation are some of the methods that have been developed for achieving
directed higher order molecular architecture.  On the other hand, an enormous amount of
work has been done in the development of techniques based on the Langmuir-Blodgett
(LB) films'2. The LB film transfer technique provides the capahility to construct devices
with ordered molecular assemblies having gpplications in molecular eectronics, biologica
and permesble membranes, mechanica filters, piezodectric devices and in biologica
Sensors.

Engineering materids with molecular level precison requires undersanding of the
properties of the building materids a various sages involved in the process of
manufacturing.  In LB films, amphiphilic molecules are the building block. A monolayer
of these molecules typicdly float & the ar-water interface with hydrophilic heed groups
immersed in water while the hydrophobic tails protrude out to the ar. This molecular film
a the ar-water interface is known as a Langmuir film. Usudly the collective property of
the molecules in a Langmuir film are studied by measuring the average surface pressure,
p:

P =S,-S

where s, is the surface tensgon of pure water and s is the surface tenson of water in the
presence of the amphiphilic moleculess A plot of surface pressure as a function of the
average area of water surface available to each molecule (A) a a constant temperature is
known as the surface pressure-area adsorption isotherm @ -A isothem)®™®. A knowledge
of pressure-area isotherm is important in understanding the average collective property,
such as the gability of the monolayer a ar-water interface, the reorientation of molecules
in the 2-D system, phase trangtions and conformationd transformations of the Langmuir
film. A sthemaic p -A isothem is shown in Figure 81. The experiment is usudly
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performed by moving a barrier, a a constant rate, to reduce the available surface area per
molecule.  The behavior of the molecules and the phase trandtions in 2dimension are akin
to those in the 3-dimenson. As the barrier is moved to reduce the surface area per
molecule the monolayer goes from ‘gas phase to ‘liquid phase through a wel-defined
trangtion, followed by phase trangtion to ‘solid’” phase. The reduction in area beyond the
equilibrium spreading pressure (ESP) drives the monolayer into a metastable dtate from
which it relaxes by the nucleation and growth of three-dimensond (3D) dructures. This
two-dimensond to three-dimensond relaxation phenomenon is referred to as collapse.
During collapse a decrease in pressure is observed. The surface pressure a which collgpse
of a monolayer occurs is characterigtic of the film but is aso influenced by the
temperature, the pH of the sub-phase, past history of the film and the speed of the barier
movement. It is believed that during collgpse, molecular layers ride and/or dide on top of
each other leading to disordered multilayers accompanied by sudden decrease in surface

pressure.
Surface Pressure

(dvnes/ cm)

Solid Phase

Liquid Phase

Gas Phase

Area per molecule (A)

Figure 8.1: A schematic of a typica Pressure-Area isotherm.  Also depicted are the
postion of the barier and the orientation of the amphiphilic molecules a the interface. In
gas phase the molecules are randomly oriented. In liquid phase molecules ae more

ordered than gaseous phase. In solid phase the molecules are closdy packed and
uniformly oriented.
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A large number of methods ranging from light scattering to Spectroscopy and microscopy
are currently available to study the properties of a monolayer. Instu surface X-ray
diffraction**®® and in-situ synchrotron X-ray diffraction'® studies of self-assembled
monolayer (SAM) have been peformed. The viscodadtic behavior of an amphiphilic
polymer was sudied by surface light scatering andysis 1. Resonance light scattering
(RLS) ¥29 s useful in this regard especidly with enhanced backscattering of light from
thin filn?*. In addition, liquid / liquid interface has been studied by the RLS method 22,
Brewster angle microscopy (BAM) # is a powerful tool in probing the detal of a
monolayer a ar-waer inteface A number of sysems have been sudied usng BAM
induding phospholipids 2%, mixed Langmuir monolayers®>?’ and growth of
mesostructured  slica thin - film &  ar-water interface®®.  Scanning  electrochemical

29-30 and scanning electron microscopy (SEM) 3! have also been used

microscopy (SECM)
observe reaction of amphiphilic molecules a the ar-water interface.  Other microscopic
techniques that have been used to study the properties of monolayer include fluorescence
microscopy 32 and fluoresoence near-field scanning optical microsoopy (FL-NSOM) 3.
Spectroscopic techniques have an advantage over microscopy, as SPectroscopic
probes are versdile, sendtive and specific. They are dso non-dedtructive and can eedly
fit to the experimenta geometry for in situ studies. Additiondly, both time dependent and
time independent phenomenon occurring a an interface can be dudied usng various
spectroscopic probes.  Two spectroscopic probes that are often used are fluorescence®3°
and UV-visble. The quenching of fluorescence is a mgor disadvantage in fluorescence
spectroscopy @t the interface. Simple in situ UV-vishble probe of interfacia phenomenon
can be potentidly useful and versdile in aress such as combinatoriad surface chemistry®®,
asembly of inorganic thin films®’, synthess and sdlf-assembly of nanoparticles a an
interface® and generation of two-dimensond colloidd crysds®™.  Knowledge of
monolayer collgpse condition is vital to obtaning tailor made ordered and defect free
monolayers or multilayers films.  Further a better and more convenient probe of
monolayer collapse would help understand the workings of complex naturad surfactant
sysems such as lung surfactants.  This method could in principle be extended to study
phenomena occurring a the liquid — liquid interface. We report here a new and smple
method of obsarving two-dimensond phase changes and collgpse of Langmuir films
usng the opticd fiber reflectionabsorption probe of an UV-visble diode array
spectrophotometer.  The principle is based on the contribution of scattering in the
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extinction coefficient of the medium. When light passes though a turbid and absorbing
medium, the sum of absorbance A(n) and scattering S(n) is equd to its extinction E(n) =
e(n)cl, where e(n) is the extinction coefficient, ¢ is the concentration of the species
absorbing and scattering and | isthe path length in the medium “©.

A(n) +(n) =E(n)

In this chapter we report the observetion of collgpse of monolayers of stearic acid
and 1,2 dipdmitoyl- sn-Glycero 3-[phospho-rac-(1-glycerol)] (DPPG), a the ar-water
interface.  In our approach we have smultaneoudy observed the conventiond pressure
area isotherm of a monolayer usng a LB film baance and the UV-visble light scattering
characterigics of LB films as a function of surface pressure. While the pressure area
isotherms indicated various phases and ther trangtion as the surface pressure of the
monolayer was incressed, the light scattering sStudies indicated the dtates of surface
molecular layer that had a Sructure characteristic of collapse. Our observations are that
when only stearic acid was used a sharp change in scattering amplitude could be observed
a the collapse, just beyond the solid phase. In the study with DPPG lipid, sgnificant
changes in the scattering amplitude could be observed a gas — liquid trangtion as wdl as
prior to the liquid — solid trangtion. These extinction spectra are typicaly sharp and they
indicate the dates of the molecular layer that are not otherwise observable in the
conventional pressure area isotherm.  Also, our method indicates the presence of collapse
like structure a the gas — liquid phase trangtion that is otherwise not observable in the

pressure — area isotherm.

8.2  Experimental Section

A schemdic of the experimentd setup is shown in Figure 82. An Apex -
Scettific LB-2000 (Kolkata, India) Langmuir FIm Badance equipped with a filter paper
Wilhdmy plate, a Teflon trough and a single movable Teflon barier was used to record
the pressure — area isotherm.  The output of a Sartorius balance connected to the Wilhemy
plate was taken as proportiond to surface pressure and the normalized barrier position was
taken to be the surface area in the measurement of a pressure - area isotherm at constant
temperature, while the fiber optic reflection - absorption probe of Ocean Optics diode
aray UV-visble spectrophotometer (model no. SAD-500), placed verticaly a the
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interface was used to measure the scattering amplitude as a function of surface area

occupied by amolecule.

To detector hn
- /

Balance Nl

“\\//
UV-visfibre

. <
optics probe || [0 Mirror

Figure 8.2: A schematic of the experimenta setup. The magnified sketch of the optica
fiber UV-vis probe used is shown in inset.

The key component of the optical fiber probe used in our experiment is expanded for a
better view in the insst of Figure 82. In a typica experiment the tip of the probe was
placed below the ar-water interface such that the mirror had completdy immersed in
water and was within 1 mm of the interface. Generdly a diode-array spectrophotometer
uses an aray of detectors and a "reversg' optics configuration, tha is, the digperson
device comes dter the sample which is useful in minimizing dray light from the
surroundings.

The Teflon barrier speed was set @ 10 mm / min and was kept congtant for dl
experiments.  Stearic acid was purchased from Aldrich Chemica Co. and DPPG lipid was
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from Avanti Polar Lipids Inc. The chemicas were used as receved. Samples were
prepared in CHClL HPLC grade (MERK) and added to the trough using a micropipette.

Millipore filtered water (resgtivityl8.2 MW cm) or Hlix - water (Millipore) was used in
the trough. In genera time dependent changes in extinction were measured a 5 arbitrary
wavelengths (285, 326, 342, 427 and 690 nm) with the spectrophotometer set in the
absorption mode. However, other than in Figure 8.3 we show only one of the five spectra
recorded at different wavelengths of light, as the spectra were nearly identical except for
the exact vaues of the extinction. The pressure area isotherms and extinction traces were

recorded smultaneoudy by moving the barrier at a gpeed of 10 mm/ min.

8.3  Resault and discussion

In a LB film badaxce as the suface area avalable per molecule is gradudly
decreased, the measured pressure of the two-dimendgond monolayer of molecular
assembly increases, indicating the presence of a phase, its behavior and phase transtions
in two dimensons. Thee appear as regions of different dopes in a plot of surface
pressure versus area available to each molecule. As expected, the pressure is the lowest a
the maximum avalable area, which is generdly the two-dimensond andog of gas phase
behavior. As the area is decreased a change in dope occurs indicating a phase trangtion to
liquid phase, which is generally more ordered than the gas phase. Agan a phase trangtion
occurs a higher pressures, which is indicated by change in the dope. Further decrease in
the available area leads to the sudden decrease in the surface pressure indicating the loss of
the monolayer. A common substance generaly used for a case dudy a the ar-water
interface is searic acid. As shown in the Figure 8.3, the pressure-area isotherm of stearic
acid (sarrated line) used in our experiment passes through al of the above mentioned
phases. On the other hand, the optica extinction as a function of avalable area per
molecule of dearic acid exhibited a completely different behavior. As shown in Figure
8.3 (norma lines), there was no observable extinction of light due to reduction of avalable
area dl through the gas, liquid and beyond the trangtion to the solid phase. However, well
into the solid phase and just prior to the collgpse of the monolayer, a sharp increase
followed by immediate and sudden decrease in extinction could be observed. The
extinction of light was roughly the same when measured a different wavelengths of light,
for example at 285, 326, 342, 427 and 690 nm.
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Figure 8.3: Pressure-area isotherm by the Wilhemy plate method (------ ) and UV-vis
optical fiber probe extinction spectra ( ) recorded smultaneoudy for dearic acid a
five different wavelengths.

As can be seen in Fgure 83 there is dgnificant difference in background extinction
observed after collapse for observations at different wavelengths.  However, there were
proportiona differences in extinction values a near collgpse.  In other words, the
difference in extinction between the pesk and basdine after collapse was the same for dl
wavelengths. It is important to note here that in conventiond LB film baance definite
information about two-dimensond phases and ther trandtions and findly collgpse of a
monolayer could be obtained. On the other hand the case study with stearic acid indicates
that information about phases and transtions from one phase to the other could not be
obsarved for a monolayer film, a the inteface, by following the extinction of light.
However, there is an important difference in observations between the two methods. In
LB film baance measurements the observation indicates that collgpse of the monolayer is
a relaively dower process. There is no indication of additiona structure brmation during
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the process of collapse from the solid state.  The optical extinction messurement, on the
other hand, indicates the presence of a specid feature just before the collapse. There are
severd mechanisms that have been proposed to explain the collgpse of a monolayer. A
monolayer may undergo buckling before it findly collapses. Multiple layer formation
followed by migration of layers into the subphase may lead to the collgpse of the
monolayer. In addition, sructure formation (sphericd or other assemblies) followed by
dissolution in the subphase may lead to the collapse of a monolayer. Electron microscopic
investigations have shown the formation of gtable ridges in a collgpsing monolayer.  Such
aformation is schematicaly shown in Figure 8.4.
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Figure 8.4: Schematics of mechanisms of monolayer collgpse.

The conventiond method of measuring pressure-area isotherm does not indicate
any specid dructure formation between the trangtion to the solid phase and collapse of
the monolayer. However, our observation suggests that after liquid to solid phase
trangtion, when avalable surface area per molecule is further decreased, there is the
formation of a dructure that is respongble for the extinction of light, and the structure may

TH-150_994503



Pressure(mN/m)

40

LA
o

[ (n]
L=

-
o

Chapter 8 UV -visible probe for observing collapse of L-B monolayers 129

possibly be different from a regular solid phase structure. This is evidenced by a sharp rise
and fdl of the extinction of light compared to dow evolution of pressure when area
available per molecule was decressed after the liquid to solid phase trangtion. The
extinction is possbly due to enhanced scattering of light because of the formation of
ridges. At the collapse of the monolayer, the surface probably looses parts of these
dructures by dissolution in the subphase (in the form of dructures like micdles) or
multiple layer formation and hence the extinction goes down.

We were further interested to probe whether the structure responsible for the
extinction of light before the collgpse of the monolayer was trandent or a stable one. To
pursue this we moved the LB barrier to reduce the area occupied per molecule up until the
extinction was significantly high (area occupied per molecule was about 018 A?).

Pressure-areaisotherm was smultaneoudy recorded by the film baance.
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Figure 85: Smultaneoudy measured pressure — area isotherm (------) and UV — vighble
extinction trace (——) of stearic acid with the barrier stopped at 0.18 nm? / molecule for 25
minutes and then restarted for observing the subsequent collapse.  The extinction trace was
recorded at 427 nm.

We then dopped the barier a this point and continued monitoring the extinction
coefficient as a function of time. We did not obsarve any dgnificant change in the
extinction coefficient for twenty-five minutes. The barrier was moved further to reduce
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the area.  An increase in extinction was observed followed by sudden decrease in the
coefficient jugt like the regular one observed while moving the barrier continuoudy till the
collapse.  The results are shown in Figure 85 measured a the wavelength of 427 nm.
Thus our observation shows that the structure of the monolayer formed after liquid to solid
phase trandtion and that is responsble for sudden rise in extinction of light is stable for a
long time a condtant pressure. This structure vanishes due to further decrease of available
aea It may be mentioned here that our observation is smilar to that of Reis *! where he
reported the formation of stable ridges in faity acid monolayer at the ar-water interface.
Smilar observations were reported by Ybert et. a. #? with respect to the formation of
dable “folds’ in fatty acid monolayers. Findly, the wavelength independent extinction of
light dso supports the idea of formation of ridge-like Sructures tha would lead to
scattering of light independent of waveength.

We were further interested to carry out Smilar experiments with lipids, the systems that
have been intensdy investigated owing to their goplications in biomimetic sysems as well
as electronic devices. Also, previous experiments have shown the occurrence of phase
separation in mixtures of lipids and lipid bilayers.  We noticed that with our experimenta
setup we could not observe gas-liquid and liquid-solid phase trangtions in the same run.
This is because of wide separation between the avalable area per molecule required for
gas-liquid phase trangtion and that for liquid-solid phase trandtion. To circumvent this
problem we performed two experiments. The firs one was performed by initidly pouring
200 pL of 0.75mg/mL of the lipid solution while the second one was peformed by
initidly pouring 125 pL of 0.75mg/mL on the interface. We observed liquid-solid phase
trangtion as well as collgpse in the first case while we observed gas-liquid phase trangtion
in the second experiment, dthough we were past the phase trandtion but not the collapse
of the monolayer. The results are shown in Figure 8.6. and Figure 8.7 respectively. The
extinction of light by DPPG, however, is a little different from that due to stearic acid. For
exanple, as dear from Figure 86, the extinction of light darts right a the liquid-solid
phase transition (with area occupied per molecule is about 0.22 A?) and the extinction
spectrum is broad compared to that of stearic acid. This means that for the case of the
lipid, the ridges or the dructure respongble for the extinction of light starts appearing a
the trangtion rather than after the trangtion. The dructures are quite stable for a wider

range of compression compared to that of the acid.
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Figure 8.6: Smultaneoudy measured pressure aea isotherms (-----) and UV — vis

extinction traces (

) of monolayers of DPPG lipid a high initid lipid concentration

The extinction traces were recorded at 690 nm.
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Figure 8.7: Smultaneoudy measured pressure area isotherms (-----) and UV — vis

extinction traces (

) of monolayers of DPPG lipid a low initid lipid concentration.

The extinction traces here too were recorded at 690 nm.
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It is even more interesting to note that we aso observed a broader extinction of
light (Figure 8.7) during compression in the gas phase as wdl as a the gasliquid phase
transtion occurring in the range of 1.1 to 06 A® per molecule Thus our observation
indicates the presence of ridges or smilar structures even a the gas and liquid phases and
a their trangtion point. This however could not be ascertained from the mere observation
of pressure-area isotherm in the LB film baance. In addition, Figure 8.7 dso indicates
that when lower initid concentration of the lipid was used there was extinction of light
even a the surface pressure below the liquid to solid phase trangtion. For example, the
extinction of light started occurring at an available area of 0.36 A per molecule whereas
the phase transition occurred at an area of 0.21 A. On the other hand with the higher
darting lipid concentration the phase trandtion occurred Smultaneoudy with extinction of
light (structure formation) a an area per molecule of 0.22 A, These obsarvations indicate
that structures responsible for the extinction of light are formed a various points of phases
and ther trangtions.  The broadness of the nature of the extinction spectra indicates that

the structures are stable over awide range of surface pressures.

84  Concluson

In this chapter we have reported the development of a smple UV-vishle opticd
fiber probe method that can be used to observe extinction of light due to dructure
formation like ridges, domans and folds manly during the trangtion from solid phase to
collapse of a two-dimensgona Langmuir monolayer. In Searic acid the observation
suggests the formation of stable ridges or folds that are stable for a long time under
congtant surface pressure but however exists within a narrow range of surface pressure
(that is surface area occupied per molecule). Our observations with DPPG lipid suggests
that dtructures formed in the lipid that are responsble for the extinction of light are quite
stable over a larger range of pressures. In addition, our observations indicate the presence
of amilar dructures in the gas phase up until the phase trangtion to the liquid phase
Further, the pressure — area isotherm indicates phase trandtions a nearly the same area
available per molecule for both higher as well as lower initid lipid concentration. On the
other hand the extinction spectra indicate dructure formation a vaious points in dl
phases aswell as during the phase trangtions.

Obsarvation of time invariant extinction (higher than the basdine) a congant
pressure before collapse indicates that the monolayer before collgpse has an equilibrium
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sructure.  In other words structures that are responsible for the enhancement in scattering
of light are equilibrium dructures a a congtant pressure. It may be noted here that a
norma pressure — area isotherm of a Langmuir monolayer does not indicate the detalls of
dructures present at various phases and phase trangtions. Various sophigticated and
expensve microscopic techniques can indicate the exact naure of the film congtituting the
monolayer a various surface pressures. On the other hand we have demondrated that a
smple optica fiber probe is sufficient to indicate the presence of Sructures esponsble for
enhanced light scattering at various phases and during phase trandtions. In addition, the
present technique could be useful in understanding the nature of the monolayer in cases
where in Stu microscopy cannot be performed. It is possble to extend this smple
technique to studying the gructures at liquid-liquid interfaces by placing the probe at the
appropriate region, where micrascopic imaging may prove more chalenging.
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Figure 4.1. The generd drategy adopted in studying the photocatdyst properties of the
polypyrrole film embedded with TiO, NPs. (Page 56)
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Figure 5.3: A scheme of the present method of imprinting pattern. (Page 73)
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Figure 5.4: Imprinting bi-color pattern using scheme 1. (Page 75)
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Figure5.5: Imprinting bi-color pattern using scheme 2. (Page 76)
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Figure 5.6: Imprinting bi-color pattern using scheme 3. (Page 77)

Figure5.9: Optica micrograph of the bi-color lines obtained usng scheme 1: green on red
recorded in reflection mode of the microscope. (Page 81)

TH-150_994503



Color Plates 139

Al Foil on glass
Polycarbonate

onfilm

Polycarbonate on
glass

Al Foil onglass

Polycarbonate
On glass

B o
“i- Al Foil on FHIm

Figure 5.7: Patterns using polycarbonate @, 2, 3 as molds and Al foil @, 5, 6 as mold on
OHP film and microscope glass dides. Insets are the pictures of lines, of about 1 mm width,
that have the patterns imprinted on them by the molds. The macroscopic pictures were
recorded by an EPSON Perfection 610 scanner. (Page 79)
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Figure 5.10: Opticad micrograph of the bi-colour line obtained using scheme 2; (A) blue on
red taken in transmittance mode (B) Green on Red taken in reflection mode. (Page 82)

Figure 5.11: Opticad micrograph of the bi-colour line obtained usng scheme 3, blue line with
injected red ink. The micrograph was recorded in reflection mode. (Page 83)
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Figure 7.3: WEB camera shots of time dependent spread and recoil of an agueous surfactant
drop over PrOH film. The concentration of SDS in the drop was 32 mM. These are sdected
pictures representing the fate of the drop. The background squares are from an ordinary graph
paper placed underneath the glass plate. (Page 108)

TH-150_ 994503



List of Publications 142

List of Publications

1.

Spreading and Recoil of a Surfactant Containing Water Drop on Glass Supported Alcohol
Flms, Devassh Chowdhury, Surya Protim Sarkar, Dipankar Kdita, Tridib Kumar
Sarma, Anumita Paul and Arun Chattopadhyay Langmuir, 2004, 20, 1251.

Patterning Sub-micron scale Channd Structures on Glass by Chemicd Etching, Devasish
Chowdhury, Anumita Paul, Arun Chattopadhyay Indian Journal of Physics 2004 (in
press).

Fabrication of Submicron Scale Petterned Plagtic Thin FHIm Huidic devices with
controllable Thickness, Pompi Hazarika, Devasish Chowdhury and Arun Chattopadhyay
Lab on a chip, 2003, 3, 128.

Macroscopic and Mesoscopic  Pattern Observed in Thin Films Formed due to
Polymerization of Aniline a the Air-Water Interface Devasish Chowdhury, Anumita
Paul and Arun Chattopadhyay, Journal of Colloid and Interface Science 2003, 265, 70.

Spin Coating of Thin FIms of Polystyrene as an Advanced Undergraduate Experiment,
Mriganka Chakraborty, Devasish Chowdhury and Arun Chattopadhyay, The Journal of
Chemical Education 2003, 80, 806

Synthesis of Au nanoparticle-conductive polyaniline composite usng H»O, as oxidisng as
wdl as reducing agent, Tridib Kumar Sarma, Devassh Chowdhury, Anumita Paul and
Arun Chattopadhyay, Chemical Communication , 2002, 1048.

Lithography by Simultaneous Chemicd and Photochemica Polymerization of Aniline a
the Air-Water Interface, Devassh Chowdhury, Anumita Paul, and Arun Chattopadhyay,
The Journal of Physical Chemistry B, May 2002, 4343

Petterning Design in Color a the Submicron Scae, Devasish Chowdhury, Anumita Paul,
and Arun Chattopadhyay , Nano Letters, 2001, 4009.

Patent

TH-150_ 994503

1. Fled a US paent in 2002 on the invention entitted “ COLORED
NANOLITHOGRAPHY ON GLASS AND PLASTIC SUBSTRATE " Devasish
Chowdhury, Anumita Paul, and Arun Chattopadhyay



