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Synopsis

The topics covering the optical activity, photoelectric signals and the effect
of local electrostatic environment on the photophysical activity of a protein
- retinal complex, Bacteriorhodopsin (bR) are described in the first half of
the thesis. The response of soft polymeric films to an applied electric field
leading to a surface deformation is described in the latter part of the the-
sis. The thesis concludes with a section describing the electric field induced
deformation of a liquid alloy droplet as soft electrical contacts for studing
electrical properties of bR films.

The first part involves the measurement of photoelectric signals from bR
in mono- and multi-layer forms. Observation of photoelectric signals forms a
direct evidence of the bR functionality. Photoelectric signals from monolay-
ers of bR on conducting polymers in two terminal liquid cells were measured
and correlated to the photoinduced process occurring within bR. Local pho-
toelectric measurements were done using wide-field photocurrent imaging to
provide insight on the functionality of a single monolayer patch. Further,
photoelectric signals from dried bR patches were studied by fabricating a
three terminal device, with two lateral electrodes across the polymer (PE-
DOT:PSS or PANI:DBSA) layer and multilayers of bR in the central region.
The underlying polymer becomes electronically active upon photoexcitation
of the bR region with the spectral and temporal characteristics of the sig-
nal corresponding to that of the bR molecule. The changes in conductance
of the underlying polymer layer were correlated to the various doping pro-
cesses. The temporal features across the lateral electrodes were attributed to
the light-induced dipole fluctuations within bR that gets translated as local

conductance changes in the polymer layer. In case of underlying polyaniline
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(PANT:DBSA) films, which can be doped by protonic acids, a resistive in-
crease in the current was observed. This was attributed to transient doping

of the polymer surface by the bR-protons.

The next section involves, bR in the form of PM can be organized as
patches with a large areal coverage on specifically treated substrates. Indi-
vidual bR molecules within the patch are observed to be functionally active.
The optical properties of the monolayers of bR oriented on different sub-
strates such as quartz and conducting polymers were studied. The optical
activity of a bR monolayer was probed by near-field microscopy in the trans-
mission mode. In aperture based near-field microscopy, sample is typically
illuminated via a small aperture (100 nm) which can provide an optical reso-
lution in the scale of ~ 40 nm. Optical constants were estimated from these
single molecule measurements and were found to be higher than the bulk
measurements. These single molecule effects were attributed to an additional
interaction between the near-field and the transition dipole moment of the
retinal chromophore. Upon, introducing an additional pump (corresponding
to the excited state absorption) on the probing region, the absorption cor-
responding to the probe-wavelength is enhanced. This increased absorption
was attributed to the dynamics of the photocycle and the quantum efficien-
cies of the photoconversion process. Further, the effect of local electrostatic
environment on the optical activity and photocycle of bR were greatly modi-
fied when these protein molecules were oriented on a thin layer of polyaniline.
Using this method of pump-probe near-field microscopy, the changes in bR
optical activity and photocycle were followed.

The latter part deals with electric-field induced effects on polymer films,
whose viscosity and elasticity was modified from a viscous like to elastic
solid like films. Upon, application of electric field in parallel plate geometry,
the film surface deformed to give patterns which characteristic hexagonal
ordering whose wavelength depended on various factors. For viscous films,
the wavelength depended on the applied electric field and the surface tension
whereas for solid like films, the wavelength was found to be independent of
the applied electric field as long as it was above the critical value. For higher

shear moduli films, inclined plane geometry was used to study the electric



field induced deformation. The competition between the elastic strain energy
and the van der waals interactions gives rise to a fingering pattern at the
contact zone prior to the application of electric field. The distinct electric field
induced morphological changes, leading to the formation of two-dimensional
hexagonally arranged pillars, large-amplitude fingers, and straightening of
contact edge were studied comprehensively.

The last chapter deals with deformation of a liquid alloy when an electric
field was applied and this deformed alloy was used as contacts to measure
the bR photoelectric signals. The thesis concludes with a brief summary and

a section on future outlook.
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Chapter 1

General Introduction

In this thesis, two research problems have been addressed. The first problem
concerns the study of optical activity, photoelectric signals, molecular fea-
tures and SNOM properties of a model protein, bacteriorhodopsin (bR), a
light-driven proton translocator. These properties were greatly modified in
the presence of a conducting polymer substrate.

The second problem described in the latter part of the thesis focuses on
the effect of electric field on soft polymer films. The application of electric
field modified the surface leading to the formation of a a wide variety of
structures. The characteristic length scales of the morphological patterns
depend on the elastic storage moduli of the films, while the dynamics of the
response depend on the rheological parameters.

The understanding of these electric field induced patterns was adopted
for droplets of soft metallic alloys, that deform upon the application of the
electric field. These alloys were utilized as electrodes for bR-based devices

to study the photoelectric signals.



2 Chapter 1.

The problem involving bR utilizes features of conducting polymers to
study and modify its optical and photoelectric signals. Both systems, bR
and conducting polymers (CP) have been extensively studied and well un-
derstood. A short introduction to the relevant aspects of conducting poly-
mers, bacteriorhodopsin and optical microscopy is provided in the subsequent

sections.

1.1 Conducting Polymers

In conjugated polymers, the chemical bonding (sp®p.) leads to one unpaired
electron (the 7 electron) per carbon atom [1]. The p, orbitals of successive
carbon atoms along the backbone overlap, leads to electron delocalization
along the backbone of the polymer. This electronic delocalization provides
the route for charge movement along the backbone of the polymer chain.
The classic example of such a polymer is polyacetylene, (-CH),, in which
each carbon is ¢ bonded to only two neighboring carbons and one hydrogen
atom with one 7 electron on each carbon along the p, orbital. However, the
structure is dimerized primarily as a result of the Peierls instability with two
carbon atoms in the repeat unit, (CH=CH), leading to an energy gap, E,
between the filled 7 and unfilled 7* bands. The bond-alternated structure
of polyacetylene is characteristic of conjugated polymers (Fig. 1.1). Conse-
quently, since there are no partially filled bands, pristine conjugated polymers
are typically semiconductors [2].

The impact of the field of conjugated polymers on science in general was

recognized by the awarding of the Nobel Prize for Chemistry in 2000, to the
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it

Figure 1.1: sp? hybdridised carbon atoms with the presence of additional ™ conju-
gation due unhybridised p, orbitals.

three discoverers of conducting polymers: Alan MacDiarmid, Alan Heeger

and Hideki Shirakawa.

1.1.1 Electronic Properties

The charge carriers in conjugated polymers have been interpreted in terms
of localized excitation, which are quasi-particles with structural deformation
over several repeat units. These excitations, classified mainly as (i) Solitons
[3,4] (ii) polarons [5] and bipolarons [6], contribute to charge transport in

different cases.

(a) Solitons

Charge storage on the polymer chain leads to structural relaxation, which
in turn localizes the charge. The simplest example of this structural relax-
ation is the soliton in trans-polyacetylene. The soliton can be considered
as a domain boundary between the two possible degenerate ground-state
configurations of trans-(-CH=CH-)y, the “A” Phase and the “B” Phase.

For simplicity, the chemical structure of the soliton was drawn as an abrupt
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Figure 1.2: Trans-polyacetylene. (a) Degenerate A and B phases. (b) Neutral, (c)
Positive and (d) Negative solitons in trans-polyacetylene.

change from A Phase to B Phase (Fig. 1.2). But, the structural relaxation in
the vicinity of the domain boundary extends over approximately seven car-
bon atoms as observed from various experiments and theoretical calculations.

The corresponding spin and charge distributions are similarly delocalized.

The localized electronic state associated with the soliton is a non-bonding
state at an energy which lies at the middle of the © - 7" gap, between the
bonding and anti-bonding levels of the perfect chain. On the other hand, the
defect is both topological and mobile because of the translational symmetry
of the chain [3,4,7]. If the state is unoccupied (doubly occupied), the carbon
atom at the boundary is left with a positive (negative) charge, but there
are no unpaired spins; the charged soliton is positively (negatively) charged
and spinless. Single occupation of the soliton state neutralizes the electronic
charge of the carbon nucleus, while introducing an unpaired spin onto the

chain.
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(a)

Figure 1.3: (a) Schematic picture of a polaron in PPP. Band diagram of (b) elec-
tron polaron and (c) hole polaron.

(b) Polarons and Bipolarons

In cases, such as poly(thiophene), poly(phenylene vinylene), poly(para-phenylene)
and cis-polyacetylene, where the two possible bond-alternation structures are
not energetically degenerate, polarons, and bipolarons, are the stable non-
linear excitation and the charge-storage states [8]. A polaron can be thought
of as a bound state of a charged soliton and a neutral soliton whose mid-gap
energy states hybridize to form bonding and antibonding levels. The neu-
tral soliton contributes no charge and a single spin and the charged soliton
carries charge of +e and no spin; the resulting polaron then has the usual
charge-spin relationship; q=+e and s=1/2. The polaron in PPP is illustrated
schematically in Fig. 1.3. The positive (negative) polaron is a radical cation
(anion), a quasi-particle consisting of a single electronic charge dressed with

a local geometrical relaxation of the bond lengths.

Similarly, a bipolaron is a bound state of two charged solitons of like
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Figure 1.4: (a) Schematic picture of a negative bipolaron, Bond diagram for (b)
negative bipolaron and (c) positive bipolaron.

charges (or two polarons) with two corresponding mid-gap levels, as illus-
trated in Fig. 1.4. Since each charged soliton carries a single electronic
charge and no spin, the bipolaron has charge +2e and zero spin. The pos-
itive (negative) bipolaron is a spinless dication (dianion); a doubly charged
bound state of two polarons bound together by the overlap of a common

lattice distortion (enhanced geometrical relaxation of the bond lengths).

1.1.2 Doping

Doping [i.e., addition (or withdrawal) of electrons to (or from) the conju-
gated chains] is the central process that governs the main properties of con-
ducting polymers (CPs), in particular the crossover from an insulating to a
conducting state [9]. Reversible doping of conducting polymers, with associ-
ated control of the electrical conductivity over the full range from insulator

to metal, can be accomplished by various means: (1) Chemical doping, (2)
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Electrochemical doping, (3) Photo-doping and (4) Charge injection at inter-
face. Concurrent with the doping, the electrochemical potential (the Fermi
level) is moved either by a redox reaction or an acid-base reaction into a
region of energy where there is a high density of electronic states; charge
neutrality is maintained by the introduction of counterion into the polymer
matrix [1]. The electrical conductivity results from the existence of charge
carriers (through doping) and from the ability of those charge carriers to move
along the m-bonded network. Consequently, doped conjugated polymers are
good conductors for two reasons [1]:

(i) Doping introduces carriers into the electronic structure. Since every
repeat unit is a potential redox site, conjugated polymers can be doped n-
type (reduced) or p-type (oxidized) to a relatively high density of charge
carriers [10].

(ii) The attraction of an electron in one repeat unit to the nuclei in the
neighboring units leads to carrier delocalization along the polymer chain and
to charge-carrier mobility, which is extended into three dimensions through
interchain electron transfer. Disorder, however, limits the carrier mobility
and, in the metallic state, limits the electrical conductivity. Indeed, research
directed toward conjugated polymers with improved structural order and

hence higher mobility is a focus of current activity in the field.

(a) Chemical Doping

The initial discovery of the ability to dope conjugated polymers involved
charge-transfer redox chemistry; oxidation (p-type doping), or reduction (n-

type doping), [10-12] as illustrated with the following examples:
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Electrical Conductivity Control of electrochemical potential
Transparent Electrodes Electrochromism and “Smart Windows”
EMI Shielding, antistatics Electrochemical batteries

Chemical Electrochemical

\

Doping of

Conjugated
Volymery

N

Photochemical Interfacial
High Performance Optical Devices Charge Injection without counterions
NLO phenomena Organic FETs
Photovoltaic devices Tunneling in LEDs

Figure 1.5: Doping mechanisms and related applications as adapted from A. J.
Heeger, Rev. Mod. Phys., 2001, 73, 681.

a) p-type doping by

(m — polymer), + 3/2ny(Ly) — [(m — polymer)*¥(I5),] (1.1)

b) n-type doping

(m—polymer),, + [NCLJF(CIOHS)_L — [(Na+),(m — polymer) ] n+(C'10H8)0
(1.2)
When the doping level is sufficiently high, the electronic structure evolves

to that of a metal.

Both p-type and n-type doping have been obtained in CPs. Generally,

however, p-doping leads to more stable compounds. In the case of n-doping
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the dopants are alkali metals, which are unstable in air atmosphere. Further-
more, oxygen can act as an oxidant and neutralize n-doping. Even p-doping

can be unstable in air if the oxidation potential of the polymer is higher [9].

(b) Electrochemical Doping

In electrochemical doping, the electrode supplies the redox charge to the
conducting polymer, while ions diffuse into (or out of) the polymer structure
from the nearby electrolyte to compensate the electronic charge. The doping
level is determined by the voltage applied between the conducting polymer
and the counter electrode; at electrochemical equilibrium the doping level is
precisely defined by that voltage. Thus, doping of any level can be achieved
by setting the electrochemical cell at a fixed applied voltage and waiting
for the system to come to electrochemical equilibrium (as indicated by the
current through the cell going to zero). Electrochemical doping is illustrated

by the following examples [13-15]:

a) p-type doping

(m — polymer),, + [Lz'Jr(BF[)} — [(ﬂ' — polymer)*y(BF[)y} .+ Liciectrode

(1.3)

soln

b) n-type doping

(7T - pOlymer)n + Lielectrode - [(LZJr)y(ﬂ- - pOlymeT)iy]n + [LZJF(BFZI)}

soln

(1.4)
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Figure 1.6: Doping mechanism in polyaniline with the addition of acids, adapted
from Macdiarmid et. al., Synth. Met., 1987, 18, 285.

(c) Protonic Doping

A method of doping, specific to polyaniline, is “protonic” doping. In this
case, the doping consists of a proton addition to the polymer chain with no
change in the total number of electrons [16-18]. It was shown at that time
that protonation of polyaniline in the emeraldine base form resulted in a
tremendous increase in conductivity. The addition of a proton (to the imine
nitrogen) acts as a trap for one of the two electrons of the nitrogen doublet.
Thus, the number of electrons effectively available for the delocalized -
molecular orbitals diminishes. The Fermi level is then shifted and leads to a

transition to the conducting state.
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(d) Photo-doping & Charge Injection

The semiconducting polymer can be locally oxidized and reduced by photo-
absorption and charge separation (electron-hole pair creation and separation
into “free” carriers). The photogeneration process takes place primarily via
an intermediate state, called the exciton, which is a quasi-particle consisting
of an electron-hole pair with a finite binding energy. Photoinduced charge
transport in semiconducting polymers follows: (i) exciton formation, (ii)
exciton diffusion, (iii) exciton dissociation and finally (iv) transport of charge
carriers to the respective electrodes.

Electrons and holes can be injected from metallic contacts into the 7* and
7 bands, respectively. In the case of charge injection at a metal-semiconducting
(MS) polymer interface, the polymer is oxidized or reduced (electrons are
added to the 7* band or removed from the 7w band). However, the polymer
is not doped in the sense of chemical or electrochemical doping, for there are

no counter ions.

1.1.3 Transport Mechanism

In a perfect crystal with periodic potentials, electron wavefunctions form
delocalized Bloch waves. Impurities and lattice defects in disordered sys-
tems introduce backward scattering of these electron waves with resulting
“Anderson localization” [19]. Even though there is a high density of conduc-
tion electrons at the Fermi level for the highly doped state, the carriers may
be spatially localized due to the nanoscale disorder, so the carriers cannot

participate in transport except through hopping [20-24].
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When the Fermi level lies in the localized region, the conductivity at
zero temperature is zero even for a system with a finite density of states.
The Mott variable range hopping (VRH) [25] model is applicable to systems
with strong disorder such that the disorder energy is much greater than the
bandwidth. The general form of the temperature-dependent conductivity o

in Mott’s model is described as

o = ogexp [—(To/T)"/ V] (1.5)

where d is the dimensionality and for three-dimensional systems,

o= oilexp [—(Togd/T)l/ﬂ and T3 = c/(kpN(Ep)L?) (1.6)

where ¢ is the proportionality constant, kg is the Boltzmann constant,
L is the localization length, and o( is a temperature (T) independent or
weakly-temperature dependent prefactor. Eqn. 1.5 for d = 1 corresponds to
the behaviour of quasi-one-dimensional variable range hopping (Q1D-VRH)
for the circumstance where the charge carriers primarly hop along a “one-
dimensional” chain and occasionally hop to a nearest-neighbour chain thereby
avoiding energetically large barriers.

While, variable range hopping mechanism can be used to emperically
describe the temperature dependence of conductivity for lightly to moder-
ately doped conjugated polymers. For, highly doped polymers, the model of
"fluctuation-induced tunneling’ introduced by Sheng [26] is more appropriate.

In that model, the material is considered a heterogeneously conducting

system consisting of large highly conducting regins separated by potential
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Figure 1.7: A region of close approach between two conducting segments. Shaded
area denotes conductor. In (a), the lines delineate the surface areas within which
most of the tunneling occurs. This tunnel junction is is schematically depicted as
a parallel-plate capacitor in (b), adapted from P. Sheng, Phys. Rev. B., 1980,
21, 2180.

barriers (Fig. 1.7). In the low temperature limit, a crossing of potential
barriers is possible only due to quantum mechanical tunneling, leading to
a finite value of the electrical conductivity. For the limit of high tempera-
tures, thermally activated crossing of the barriers is possible, leading to an

Arrhenius-type temperature dependence of o with a saturation value [27].

2!

Tt T (17)

o(T) = opexp(—

leading to the upper and lower boundary values:

o(T — o0) =0y (1.8)

o(T — 0) = opexp(Ty/To) (1.9)
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1.1.4 Examples

Conducting polymers such as polypyrrole, polythiophene and polyanilines are
complex dynamic structures whose properties can be modified to the needs
of the applications. In this thesis, a modified form of thiophene, poly(3,4-
ethylenedioxythiophene) (PEDOT) and polyanilines have been extensively

used. A brief introduction for these polymers is given below.

(a) PEDOT:PSS

The polythiophene derivative, poly(3,4-ethylenedioxythiophene) (PEDOT)
(Fig. 1.8) was originally designed to give a stable conducting polymer [28],
from the point that chemical attack on the conjugated carbons (lacking the
undesired a,(- and (,5-couplings) would be prevented by making a stable
bond to the ether oxygen. Prepared using standard oxidative chemical or
electrochemical polymerization methods, PEDOT was initally found to be
an insoluble polymer yet exhibited some very interesting properties [29]. In
addition to a very high conductivity, PEDOT was found to be almost trans-
parent in thin, oxidized state [30-33]. The solubility problem was subse-
quently circumvented by using a water-soluble polyelectrolyte, poly(styrene
sulfonic acid) (PSS), as the charge-balancing dopant during polymerization
to yield PEDOT:PSS. This combination resulted in a water-soluble polyelec-
trolyte system with good film-forming properties, high conductivity, high

visible light transmissivity and excellent stability.

The most practically useful, polymerization method for EDT is the so-

called BAYTRON P synthesis that was develped at Bayer AG [34-37]. This
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Figure 1.8: Chemical structure of PEDOT:PSS.

method utilizes the polymerization of EDT in an aqueous polyelectrolyte
(most commonly PSS) solution using NayS;0Og as the oxidizing agent. Car-
rying this reaction at room temperature results in a dark blue, aqueous PE-
DOT:PSS dispersion, which is commercially available from Bayer AG under
its trade name BAYTRON P (Fig 1.8). Even after drying, the remaining
PEDOT:PSS film is highly conducting, transparent, mechanically durable,

and insoluble in any common solvent [29].

Films cast from aqueous PEDOT:PSS solution have a high degree of
mechanical integrity with conductivities ranging from 1 and 10 S/cm. These
films are highly stable and can be treated for up to 1000 h at 100 °C with no
change in conductivity. Secondary doping in PEDOT:PSS can be achieved by
adding high-boiling point polyalcohol (sorbitol, glycerol, m-cresol, ethylene
glycol). This polyalcohol aids the reorientation of the PEDOT:PSS chains to
form better connections between the conducting PEDOT chains [38]. This
conformational change results in the enhancement of charge-carrier mobility

in the film and leads to an enhanced conductivity by two orders of magnitude
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(100 - 1000 S/cm). It is a low bandgap material, with the gap in the visible-
near infrared (NIR) transition region and shows an absorption maximum in
the middle of the visible spectrum at 2.2 eV (600 nm), while neutral form
has two absorption peaks, at 580 and 630 nm.

PEDOT:PSS has been extensively studied as the active material in lateral
electrochemical diodes, triodes and transistors [39], as the charge injecting
and extracting layer in organic light-emitting diodes [40] and organic solar
cells [41], and as electrodes in organic field-effect transistors [42] and for

various sensing activities.

(b) Polyaniline

Polyaniline (Pani) have been known for more than a century, since the syn-
thesis of the so-called “aniline blacks”. It differs from other conducting poly-
mers in that it possesses three readily accessible oxidation states. These range
from the fully reduced (y = 1) leucoemeraldine state to the half oxidized (y =
0.5) emeraldine form to the fully oxidized (y = 0) pernigraniline state (Fig.
1.9). The leucoemeraldine base form can be p-doped (oxidatively doped),
the emeraldine base form can be protonic acid doped and the pernigraniline
base form can be n-doped (reductively doped) to form conducting systems.
These polyanlines are most commonly prepared through the chemical or elec-
trochemical oxidative polymerization of the respective aniline monomers in
acidic solution. Pani is unique among inherently conducting polymers in that
it can be rapidly converted between base and salt forms by treatment with
base or acid (Fig. 1.6).

The colours and UV-Vis absorption peaks of the various polyaniline films
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Figure 1.9: Chemical structures of the different forms of Polyaniline.

is summarized in Table below.

Polyaniline Colour Amaz (NM)
Emeraldine Salt green 350, 430 and 810
Emeraldine Base blue 340 and 620
Leucoemeraldine Salt | colourless 300
Leucoemeraldine Base | pale yellow-green | 320
Pernigraniline Salt blue 350 and 690
Pernigraniline Base violet 340 and 540

Table 1.1: Colours and UV-Vis absorption peaks.

Chemical synthesis has the advantage of being a simple process capable
of producing bulk quantities of Pani. In chemical polymerization, the ox-
idizing force is supplied by a chemical oxidant in the solution. The most
widely employed chemical oxidant has been aqueous ammonium persulfate,
(NH4)2S20s, leading to the incorporation of the dopant anions (A~) in the
Pani.HA product. Acidic conditions (pH < 3) are usually required to assist
the solubilization of the aniline in water and to avoid excessive formation

of undesired branched products [43]. The nature and concentration of the
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protonic acids (HA) employed during aniline polymerization with SyOg?~
have been reported to have a significant effect on the physicochemical prop-
erties and molecular weights of the Pani.HA emeraldine salt products [43].
Similarly, dodecylbenzenesulfonic acid (DBSA) salts of aniline (dissolved in
chloroform) with (NH4)25,05 (in a small amount of water) was used for poly-

merization to yield a homogenious green/black suspension of the emeraldine

salt form of Pani.DBSA [44].

These reversible redox and pH switching properties, together with the
electrical conductivity of the emeraldine salt form, its ease and cheapness of
synthesis, and its good environmental stability, have led to its becoming the
most extensively studied organic conducting polymer over the past decade

and a wide range of potential applications are being developed.

1.1.5 Intelligent Materials

Organic electronics distinguishes itself from traditional electronics because
one can define functionality at the molecular level, process the materials
from solutions and make displays and circuits that are completely flexible.
Semiconducting polymers have been used in a wide variety of applications
such as photovoltaics, light emitting diode and organic field-effect transis-
tors. With the aid of chemists, properties of these polymers were tuned in
requirement for the above mentioned applications. While, semiconducting
polymers have been found useful in traditional device applications, replacing
silicon based materials, conducting polymers have found their own unique

and substantially different applications in newly emerging technologies, a
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few of which are discussed below.

(a) Electromechanical actuators

Electromechanical actuators are materials that can change their physical
dimensions when stimulated by an electrical signal. Conducting polymer
electromechanical actuators were based on large dimensional changes that
result from the electrochemical doping of various conducting polymers [45].
These dimensional changes, that can more than double the volume of the
polymer electrode [46], are largely due to the volume required to accomo-
date anions or cations, together possibly with co-intercalating species. The
charge transferred between the anode and cathode is the key parameter de-
termining the electrically generated strain, and this charge transfer depends
on the applied voltage and not on the applied field [47]. A very low possible
operation voltage (of the order of a few volts) provides a major advantage
of the conducting polymer actuators with respect to other actuators. Some
of the disadvantages of conducting polymers are a slow response time and

limited lifetimes.

(b) Electrochemical Transistors

The ion to electron converting action prevalent in organic electrochemical
transistors (OECTSs) was demonstrated nearly two decades ago and has been
utilized to sense water vapor, glucose, and deoxyribonucleic acid [48-51]
Recently, various analytes were sensed with these OECTs integrated with
bilayer lipid membranes [52]. The transistor action has been explained in

terms of an ion-leveraged transport mechanism [53,54] or electrochemical



20 Chapter 1.

processes [55,56]. In the ion-leveraged mechanism, positively charged ions,
from the solution drift into the film and disrupt hole tunnelling. This causes
a metal to insulator transition which results in a decrease in conductivity.
According to electrochemical mechanism, a reaction takes place leading to a
reduction process, that leads to the observed decrease in conductivity. The

reaction is summarized as follows:

PEDOT : PSS + M" + ¢ < PEDOT + M : PSS (1.10)

where M denotes the positively charged ion and e the electron. This
allows the utilization of PEDOT:PSS in smart windows both, as one of the

transparent electrodes, and as the electrochromic material.

(c) Controlled release devices

Conducting polymer films and coatings are ideal hosts for controlled release
of chemical substates, including therapeutic drugs [57] and many others. By
incorporating the target species as the dopant in the conducting polymer, the
redox chemistry can be used to release the target species at the desired time.
Both anionic and cationic species can be incorporated into the polymer and
released at the desired time. The release can also be automatically stimulated

by a change in the environment.

(d) Cellular communications

Conducting polymers have considerable promise as coatings for electronic

biomedical devices because they facilitate charge transport between the metal
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electrode (an electron conductor) and living tissue (an ionic conductor) [58].
It has been shown that electrical stimuli can be used to address living cells
in culture and hence stimulate and regulate growth [59]. The incorporation
of proteins, enzymes and antibodies has been readily achieved. Additionally,
biological factors can be incorporated into the polymer films to encourage

cell interaction with the electrode surface.

(e) Electrochromics

Another interesting application that uses the dynamic properties of conduct-
ing polymers is electrochromic devices [60-64]. For example, polythiophenes
and polyaniline undergo distinct colour changes when an electrical potential
is applied. Thin films of polythiophene can be switched from red (oxidized)
to blue (reduced), and polyaniline transcends a spectrum of colours as differ-
ent potentials are applied to it. This has possible applications in advertising
displays and smart windows. This bi-stable material can also be used as a
memory storage device for information storage.

The above areas of application and the ability to characterize and commu-
nicate with conducting polymers using emerging technologies highlight the
versatile, dynamic, yet controllable nature of these materials. The chemical,
electrical and mechanical properties of these polymers can be manipulated
to tailor-make them for required applications. They undoubtedly possess
properties that make their use in the pursuit of intelligent materials sys-
tems or structures. These conducting polymers also serve as soft electrode
substrates for anchoring and orientating functional membrane proteins. In

this thesis, this property was utilized to orient bacteriorhodopsin (bR), a
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membrane protein that functions as a light-driven proton pump on various

conducting polymers (PEDOT:PSS, PANI:HCI and PANI:DBSA).

1.2 Bacteriorhodopsin (bR)

Nature has optimized the binding sites of the retinal-based light transduc-
ing proteins to provide highly efficient bond-specific photochemistry. The
rhodopsins and the cone pigments of the vertebrate and invertebrate pho-
toreceptors have been optimized through evolution to select for and enhance
the efficiency of the photochemical process. Bacteriorhodopsin (bR) from
the archaen Halobacterium salinarum was discovered in 1966. It was recog-
nized as a rhodopsin-like protein in 1970 and its function as an electrogenic,
light-driven proton pump was established at 1972 [65]. The purple mem-
brane, which contains the protein bR in a lipid matrix (3:1 protein:lipid), is
grown by the bacterium when the concentration of oxygen in the salty water
becomes too low to sustain the generation of ATP via oxidative phosphory-
lation [66]. bR converts the energy of “green” light (500-600 nm) into an
electrochemical proton gradient, by translocating protons across the mem-
brane, which in turn is used for ATP production by ATP-synthases. bR has
been the focus of much interest and has become a paradigm for membrane

proteins in general and transporters in particular [67].
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Figure 1.10: Structure of bR on 1.55 A resolution from Protein Data Bank (entry
code 1C3W).

1.2.1 Structure

Bacteriorhodopsin is a small integral membrane protein consisting of seven
transmembrane helices, A through G, and short interhelical loops [68]. Al-
though all retinal proteins fold into a seven trans-membrane helix topology
with short interconnecting loops, only bR naturally forms patches of two-
dimensional crystals in the cell membrane, called purple membrane (PM).
The helices are arranged in an arc-like structural model and tightly surround
a retinal molecule that forms a Schiff base (SB) with a conserved lysine of
helix G (K216 in bR). The retinal separates the cytoplasmic (CP) from the
extracellular (EC) half channel that is lined by amino acids crucial for effi-
cient proton transport. The geometry of the retinal, the protonation state
of the Schiff base, and its precise electrostatic interaction with surround-
ing charges and dipoles tune the absorption maximum to fit its biological

function [67].
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Although the three-dimensional structural model of a protein determined
with classical X-ray crystallography or electron diffraction is static, it is in-
valuable in understanding the function of a protein because it guides the
interpretation of dynamic changes observed in time-resolved measurements.
Over the years, the resolution of bR structure has been reduced from 3.5 to
3.0 to finally 1.55 A. From the 1.55 A crystallographic structure, it is evident
that bR contains a continuous hydrogen bonded chain of residues and bound
water molecules on the extracellular side of the centrally located retinal Schiff
base, and a discontinuous chain on the cytoplasmic side. This arrangement
provides both for the coupling of proton release upon deprotonation of the
Schiff base, and for a barrier to proton conduction in the unphotolyzed pro-
tein. The proton release to the extracellular surface, which occurs early
in the photochemical cycle, will utilize the interactions in the extracellular
hydrogen-bonded network. Proton transfer from the cytoplasmic surface to
the active site, which is delayed until later in the cycle, will depend, however,

on forming a network not present in the unphotolyzed structure [69].

1.2.2 Photo-reaction Cycle

The kinetic events that constitute the cyclic reaction after photoisomeriza-
tion of the retinal, the “photocycle” are described by the intermediate states
and the sequence and rates of their intercoversion [70]. At ambient temper-
atures under low-light conditions, the purple membrane contains a binary
mixture of two proteins, one containing the 13-cis-retinal and the other con-

taining all-trans-retinal. Upon the absorption of light, bR converts from the
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Figure 1.11: Photocycle of the light-adapted bacteriorhodopsin.

dark adapted state to a light-adapted state. Subsequent absorption of light
initiates a series of different reactions, as are isomerization of the retinal and
concomitant conformational changes of the protein, as well as the de- and re-
protonation of the Schiff base group [71] with a net transport of proton from
the inside (cytoplasmic) to the outside (extracellular) of the membrane. The
resulting pH gradient (A = 0.2) generates a protonmotive force which is used

by the bacterium to synthesize ATP from inorganic phosphate and ADP.

Measurements with time-resolved spectroscopy after pulse photoexcita-
tion and stationary spectroscopy of photostationary states at cryogenic tem-
peratures have identified various photocycle intermediates, such as J, K, L,
M, N and O (Fig. 1.11). The six intermediates exhibit distinct states of the
chromophore with a red- or a blue-shift of its absorption maximum and are
characterized at the molecular level by their FTIR [72], resonance Raman [73]

and NMR [74] spectra.
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Figure 1.12: Structural formula of the retinal chromophore bound to the protein
via a protonated Schiff base.

The phototransformation of bR to K is the ‘primary event’ in the pho-
tocycle. This involes an all-trans to 13-cis photoisomerization of the pro-
tonated Schiff base chromophore [75-77] (Fig 1.12). The isomerization of
the chromophore creates an electrostatic environment that destabilizes the
protonated Schiff base, resulting in deprotonation of the chromophore and
protonation of the nearby Asp-85 residue [78]. This process generates the M
state, which has the absorption maximum shifted because the chromophore is
now unprotonated. Subsequent dark reactions transfer the proton from Asp-
85 down to the Glu-194 and Glu-204 region. When Asp96 is reprotonated
from the cytoplasmic medium, N relaxes back to O with reisomerization of
the retinal to a still twisted all-trans form. Full relaxation and deprotonation

of Asp85 occurs in the O — bR transition.
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1.2.3 M-state

The key thermal intermediate in the photocycle is M, the formation of which
co-incides with pumping of the proton. Resonance Raman, FTIR and other
experimental investigations have established that the retinal chromophore is
protonated in all the intermediates other than the M-state. Further, to allow
vectoral proton transport, de- and reprotonation of the Schiff base, atleast
two M intermediates must exist that differ in the accessibility of the Schiff
base (M; & My). The M-state has an absorption maximum at A = 412 nm
and revert back to the initial B-state through thermal relaxation processes or
by photochemical processes upon photoexcitation with blue light [79]. The
thermal relaxation of the chromophore from the M-state is initiated by the
reprotonation of the retinal molecule by aspartic acid in position 96 (Asp-96).

The retinal then re-isomerizes and relaxes back to the all-trans B-state.

1.2.4 Photoelectric Signals

Photoexcitation of bR generates a proton-motive force upto 300 mV across
the membrane. This proton-motive force is measured as photoelectric sig-
nals across the circuit as either photovoltage or as photocurrents. The first
demonstration of photoelectric effect in bR was performed in 1974. In this
experiment, oriented PM fragments were incorporated into a planar black
lipid membrane and an electric potential across the membrane was observed
during continuous illumination. Given capacitative systems and undistorted

signals, the interpretation of the photoelectric responses is straightforward:
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Figure 1.13: Schematic representation of bR photoelectric signals, V(t) and I(t),
for a long duration pulse.

the photocurrent amplitude, i(¢), connected with a given transition is pro-
portional to the product of the charge moved ¢, the velocity of the proton

motion, v, and € is the dielectric constant

. qu

= 1.11
i=-5 (1.11)

whereas the photovoltage amplitude, V (t), of a given component is di-

rectly proportional to the charge displacement [71].

V(t) mJu/pi(t)dt (1.12)

Hence, photovoltage measurements display an approximately time-invariant
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sensitivity (i.e. constant signal to noise ratio), whereas photocurrent mea-
surements overvalue fast events and undervalue slow events.

Photoelectric studies have provided fruitful information for the under-
standing of the proton pumping mechanism in bR [71,80-83]. The photocur-
rent of bacteriorhodopsin induced by a pulsed laser has been extensively
studied, and several components have been identified [71,81-83]. The first
component (B1) is ultrafast, with a rise time less than 100 ps. B1 is thought
to originate from the charge separation as the result of retinal photoisomer-
ization from all trans to 13-cis in bR [81,84]. The second component (B2)
has a decay lifetime of 40-100 pus. B2 is thought to be due to the vectorial
proton translocation from the Schiff base to the counterion or due to proton
release from an unknown proton-releasing group to solution.

On the millisecond time scale, a slower photocurrent component (B3) has
also been observed [71, 80, 81,83,85-88|. Previous studies on B3, however,
have provided little understanding of its origin and factors that affect its
magnitude and lifetime. B3 is thought to originate from a different processes,
e.g., slow charge-transfer events after the formation of M, the release or
uptake of protons or other ions occurring on the surface of bR membrane,
concomitant transient dipole moment change, or even secondary ionic events
[89].

When excited with a modulated CW light pulse, a differential photocur-
rent (components D1 and D2 with decay times in milliseconds) is observed
from the bR film. D1 is observed when the CW light is turned on, and D2
is observed when the CW light is turned off. However, there are conflict-

ing opinions regarding the actual molecular mechanism of the differential
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photocurrent.

Miyasaka and co-workers have suggested that the charge displacement
within bR induces the differential current on the electrode adjacent to the
bR molecule when bR is excited by light [90,91]. Robertson and Lukashev,
however, have reported that the differential current of bR results from an
electrochemical current induced by the local pH change and not by charge
displacement [92]. More recent evidence from El-Sayeed and co-workers sug-
gest that the D1 and D2 components is due to the change in the proton
concentration near the membrane-ITO interface [89]. This leads to the for-
mation of a transient proton capacitor between the working and counter
electrodes. The charging and discharging processes of the proton capacitor
produces the differential photoelectric response of bR [93]. The formation
of the M intermediate, which leads to an increase of proton concentration
at the electrode/electrolyte interface due to proton release of bR, produces
the light-on photocurrent; the decay of the M intermediate, which results in
a decrease of proton concentration at the interface due to proton uptake of
bR, contributes to the light-off photocurrent.

Another feature is the presence of a reverse proton translocation resulting
in the opposite polarity of the photovoltage (current) during the back-photo
reaction upon illuminating the M-state with blue light [94]. Blue light speeds
up M-decay and studies have shown that only the slow component of M-decay
kinetics is affected.

The efficiency of extracting and the characteristics of the photoelectric
signal are controlled by the external environment, since the limiting factors

include the electrochemical reaction kinetics at the bR-electrode interface.
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Further, dehydration of PM suspension leads to essential changes in the

photochemical cycle thereby modifying the photoelectric signals.

1.2.5 Immobilization of Bacteriorhodopsin

The main propertey of PM is the formation of a hexagonal crystalline array
of trimers. Lipids fill the gaps between theses bR molecules. PM consists
of 25% lipids and 75% bR molecules. In this kind of structure, bR does not
denature below 80°C and retains its chromophoric properties in a pH range

from 0.0 - 11.0.

The methods recently used for assembling the PM in the solid state or
onto solid supports have included Langmuir-Blodgett (LB) deposition [95],
electric field sedimentation (EFS) [96], chemiadsorption self-assembly [97],
electrostatic layer-by-layer adsorption (LBL) [98], antigen-antibody molec-
ular recognition [90, 91], sol-gel encapsulation [99] and using polymers as
immobilizing matrices [100]. These assembly methods have been successful,
in large part, because of the superior stability of the bR.

In this thesis, electric field sedimentation and electrostatic layer-by-layer
assembly have been used to orient bR on various substrates. PM fragments
have a net negative charge on both sides of the membrane. The generally
accepted opinion is that the PM is always negatively charged, and the CP side
is more negative than the EC side at > pH 5 and vice versa at < pH 5 [101].
This charge asymmetry of the PM results in a permanent dipole moment
directed from the CP side to the EC side [102]. The application of an external

electric field to an aqueous PM solution can hence result in the orientation of
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the PM in the direction of the electric field, with an electrophoretic movement
and sedimentation onto the cathode and forming an oriented PM film [96].
This method is simple, quick and effective for the fabrication of oriented
PM film by the electric field sedimentation technique. The experimental
procedure involved in growing oriented bR films is discussed in a detailed

manner in Chapter 2.

The charge asymmetry, where CP side contains more negative charges
than the EC side at pH values above 5, makes PM very suitable for layering
using the layer-by-layer method. This asymmetry also provides for a high
degree of orientation of the PM, similar to what is obtained using the electric
field sedimentation technique. Since an external electric field is not required,
layer-by-layer deposition is milder and more facile method for the fabrication
of oriented PM assemblies. This layer-by-layer deposition occurs typically
for a few monolayers. The experimental procedure involved in layer-by-layer

assembly is discussed in Chapter 2.

1.2.6 Applications

Proposed applications of bR, besides being a model protein for ion trans-
port through the transmembrane, can be grouped into four general cate-
gories, based on the physiological functions and properties. These are energy
conversion, applications in optoelectronics, optical storage and information
processing and nonlinear optics.

Since bR is a simple photosynthesis reaction center, one of the appli-

cations involves using it as an energy conversion system to transform light
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energy into electrochemical energy. The different photovoltage and pho-
tocurrent responses of bR at various time scales that arise from the charge
displacement and proton translocation can also be used in optoelectronic
device applications.

The intermediate states of bR show different spectral shifts. Excitation
at different wavelengths (corresponding to the intermediate states) can re-
versibly convert bR from various intermediates to the ground state. This
photochromic nature of bR can be used for optical information processing
and storage. The presence of m-electron system of the retinal can exhibit
large second-order and third-order polarizabilities. In addition, it has been
shown than PM can be oriented by various methods. This added degree of
orientation of the retinal further enhances the non-linear optical properties
of bR assemblies.

These extreme brine and high temperature growth conditions of the bac-
terium, together with the crystalline lattice structure of the PM, have re-
sulted in bR that has exceptional stability against salt, high temperature,
photochemical degradation, chemicals, and extreme pH media [103]. This
stability has made bR an excellent candidate for the investigation of a num-

ber of diverse optical and photoelectric studies.

1.3 Optical Microscopy

The wealth of light-matter interactions allow for a variety of highly selective
spectroscopic techniques. They provide information on the chemical orga-

nization and structure of the sample. The problem of optics, however, is
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the difficulty of confining the electromagnetic energy to volumes sufficiently

small for the purpose of nanometer-scale characterization and modification.

1.3.1 Far-field Optics

The resolution of a microscope is its ability to distinguesh between the small-
est possible objects. This optical resolution is limited by the diffraction of
light occurring from the object, due to the wave nature of light. In or-
der to get the entire information on these small features, the objective lens
has to collect light of all the diffraction orders. The resolution of an objec-
tive/microscope is defined as the distance, d between two adjacent particles
which can be perceived as separate entities. Based on the limits of diffraction,

the resolution is given by Rayleigh’s criteria [104]

d=122(\/2NA) (1.13)

This is directly related to the cone of light entering the objective from the
sample. This acceptance angle of light is quantified by a parameter called
numerical aperture (NA) of the objective. The numerical aperture is defined

as

NA = nsin(0) (1.14)

Here, n is the refractive index of the medium from which the light rays
enter the objective and 6 is the maximum angle at which the light rays enter
the objective. The bigger the cone of light that can be brought into the lens,

the higher its numerical aperture.
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Therefore, lenses with higher NA can give better resolution. In a far-
field transmission microscope, the NA of the objective, together with the
N A of the condensor lens providing the illuminating light, determines the
resolution. From the above expression, it is clear that the maximum N A
an objective can achieve is the refractive index of the medium. One way
to improve the N A is to use an immersion medium with a higher refractive
index than air. Numerical apertures of 1.3-1.4 are now obtainable with high-
quality objective lenses, therefore, Eqn. 1.13 is usually simplified to d = A/2.
The maximal resolution is then approximately equal to half the wavelength
of the radiation used, which for visible light applications results in a spatial

resolution of 250-300 nm [105].

These limitations have been well-known for some time, and led many to
begin exploring alternative ways of achieving higher resolution optical mea-
surements. Early in the 20th century, Synge published a series of papers in
which he proposed a new type of optical microscope designed to circumvent
the limitations imposed by the diffraction limit [106]. Synge proposed form-
ing a microscopic aperture with dimensions much smaller than the optical
wavelength in an opaque screen [106]. By illuminating the backside of the
screen with a high-intensity light source, light passing through the aperture
would be confined by the dimensions of the hole. Once positioned in close
proximity to the sample surface, the light emerging from the aperture could
be used to image a specimen before it had time to diffract out and degrade the

resolution. This concept was taken forward in near-field optical microscopy.
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1.3.2 Near-field Optics

The resolution of far-field optical microscopy is fundamentally limited by
diffraction. Improving the optical resolution beyond the diffraction limits
asks for a radically new approach. The diffraction limit becomes less restric-
tive if the concept of free wave propagation is abandoned and evanescent
waves are used. Evanescent waves are characterized by amplitudes that de-
cay rapidly in at least one direction in space. The respective component(s),
say k., of the wavevector are imaginary (more generally, complex). The
residual component(s) k, hence can be larger (in fact much larger) than |k;|,
and Az can be much smaller than A/100 nm: the use of evanescent waves is
the key to optics on the nanometre scale [107]. The properties of evanescent
waves are intimately connected to the object material beyond the surface.
They exist because of the presence of matter and thus cannot exist in free
space.

A typical structure of such non-propagating fields is

Ulz,y, z,t) = A(x,y, 2) X exp—j(kyx+kyy) X exp(—az) X exp [j(wt)] (1.15)

where, A is the amplitude of the field at the point (zyz), exp—j(k,x+kyy)
corresponds to the propagation term in the plane (zy); exp — (az) expresses
the decrease of the field along the z-axis. The co-efficient o depends upon
the material properties and upon its spatial structure.

The experimental feasibility of high-resolution imaging using a subwave-

length aperture was first demonstrated by Ash and Nicholls using microwave
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radiation [108]. The development of lasers and the use of single mode op-
tical fibers for the propagation of light and the simultaneous development
of atomic force microscopy, where force-feedback mechanisms were used to
remain in close proximity with the sample, led to the possibility of SNOM
development. In the 1980s, Pohl’s laboratorory at IBM Zurich first reported

sub-diffraction optical measurements [109, 110].

1.3.3 Near-field Microscopy (SNOM)

The central idea of near-field optical microscopy is to retain the spatial fre-
quencies associated with evanescent waves thereby increasing the bandwidth
of spatial frequencies. In order to extend the spectrum of spatial frequen-
cies, evanescent waves have to be taken into account. These waves do not
propagate and thus cannot be guided towards the sample by using standard
optical elements. Evanescent waves are bound to the surfaces of materials,
which necessitates that the “evanescent wave carrying object” is brought in
close proximity to the sample in order to extend the spectrum of spatial fre-
quencies. In SNOM, this is achieved by different modes of operation that are
characterized by the

(i) Type of probe (aperture, scatterer, flourescent particle, etc.).

(ii) Path of the probe during scanning: constant height mode (CHM),
constant gap-width mode (CGM), or constant signal-intensity mode (CIM).

(iii) Observation in transmission, reflection, or an indirect mode, e.g.

induction of electrical conductivity, heating.

(iv) Contrast mechanism (absorption, phase, polarization, flourescence,
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Raman scattering).

The most commonly used mode of near-field microscope is the illumina-
tion mode, where the sample is illuminated through a small aperture and
light (transmitted or flourescence) is collected from beneath the transparent
sample. The field in the neighbourhood of the aperture is laterally confined
to dimensions of the size of the aperture, the exposed area of the sample, and
thus the resolution of SNOM, is determined by the aperture size rather than
by the wavelength of light. By raster-scanning the probe closely over the
sample and monitoring the transmitted light or the flourescence emitted by
the sample, a microscopic image is obtained. Also, SNOM has the advantage
of being operable under ambient conditions. The combination of location,
orientation, and time-resolved spectroscopic information of single molecules
makes it possible to study chemical reactions on individual molecules in their

specific local enviroments.

(a) Theory

The near-field probe can be considered as an oscillating dipole located at the
origin of the coordinate system with the dipole orientation along the z-axis
(Fig. 1.14). It is easier to represent electric field £ = (E,, E,, E,,) in the
spherical vector co-ordinates. In this system, the field components E, and
H,, Hy are identical to zero and the only non-vanishing field components

are [104]

E, =2 (% %) cos ¢ (1.16)
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A_ﬂ

Figure 1.14: The fields of a dipole are represented in a shperical coordinate system
(r, &, ) in which the dipole points along the z-axis (p=0).

E, = (%4—%4—%) sin ¢ (1.17)
= (B am

where, [p] is the oscillating retarding function of time describing the field
propogation and [p| and [f] are its derivatives. The structure of the field
varies strongly when the point is near the surface, that is for values of R
such as:

R <<ep/p, R<<cp/p (1.19)

Assuming that p can be written as:

[p(t)] = pocos(wt — R/c) (1.20)
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where w is the light pulse duration, inequalities (Eqn. 1.19) leads to the

condition

R << \/2m (1.21)

where \ is the wavelength associated with the field. For a dipole emitting
a wavelength of 532 nm, R must be smaller than 85 nm to detect the near-
field. In the direct proximity of the aperture, for 0 < r < 2a, a is the aperture
radius or the dipole separation, the on-axis intensity decreases approximately
exponentially with increasing distance from the screen given by the below

Eqn. 1.22

1(0,0,7) = (?—Wa) exp (-%Z) (1.22)

In the intermediate region, the aperture field can be approximated by
exact dipole fields, including quasistatic, induction and radiation terms. In
the intermediate zone, the intensity decay is proportional to z=*. In the usual

case of far-field detection (R >> A\/27) Eqns. 1.16,1.17,1.18 reduces to:

Ep=0 (1.23)

Ey ~ H, ~ C—sin¢ (1.24)

Hence, in the far-field, £ and H are of equal magnitude and perpendicular
to each other and to the radius vector, which now coincides with the direction

of the Poynting vector [104]. The aperture field behaves as far-zone dipole
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Figure 1.15: Calculations of E, through a glass wedge surrounded by aluminum.

fields. Hence, the intensity falls off as 272,

Further, a simple model based on the assumption that the electric field
Eexp [—iwt] produced by the tip is essentially static (satisfying the potential
condition A x E = 0) can be used to qualitatively explain the observed inten-
sity [111]. The electric field £ produced by such a surface charge distribution

is given by

1 odS
E = 477'60// 5" (1.25)

where r is the distance vector from the surface element dS. This integral
can easily be evaluated numerically by solving the Maxwell’s equation using
the finite-difference time-domain (FDTD) method. This model produces two
intensity lobes for the total electric field. The x component is highest in the
image center (where the z component is negligible), while the z component
is highest at the lobes (Fig. 1.15 (where the x component is weak)). The

radiation remains collimated to the dimensions of the aperture to a distance
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of alteast one aperture radius. For such a separation between aperture and

object one may expect a resolution of about 2x the size of aperture.

(b) Applications in Biology

The simultaneous flourescence and force mapping capabilities of SNOM seem
particulary well suited to probe biological samples and provide new insights
into complex structure-function relationships. These capabilities often com-
plement other techniques used in the analysis of biological samples. For
instance, confocal microscopy, while having single molecule detection limits
and sectioning capabilities, has lower spatial resolution and does not provide
a force mapping of the surface topography. AFM is remarkably sensitive
to surface topography but yields little specific chemical information. Used
in conjunction with other techniques, SNOM should provide an informative

new tool for exploring many biological structures and processes.

1.4 Thesis Outline

A proof of the functionality of bR is in the measurement of photoelectric
signals from it. Chapter 2 discusses the photoelectric measurements of bR
on various conducting polymer substrates. Photoelectric signals from mono-
layers of bR on conducting polymers were measured. Further, to study the
ion motion to electron conversion across the interface of the signal on the
conducting polymer layer a three terminal device architecture was fabricated

with two lateral electrodes across the polymer layer and a bR patch in the
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middle of it. The concept of passive and active biomolecular signal trans-
duction was used to probe the internal processes of the biomolecules.

The optical activity of monolayers of bR oriented on passive (quartz)
and on active (conducting polymers) have been studied using a transmission
based scanning near-field optical microscopy based approach in Chapter 3.
The transmission changes were correlated to the electronic processes occur-
ring within bR. The role of substrate in the photocycle quantum efficiencies
was investigated by carrying out the studies on various different substrates,
polymer and quartz layer.

Chapter 4 deals with the electric field induced effects on soft polymeric
films. Upon application of an external electric field, the polymer film surface
undergoes deformation to produce various morphological changes. The role
of visco-elasticity in the electric field induced spinodal pattern formation
process was studied by varying the viscous and elastic shear modulus over a
wide range. Differences in the elctric field response for different rheological
paramters were studied. The understanding of these effects has been used to

make molecular contacts, using a liquid alloy, to bR based devices.
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Chapter 2

Photoelectric Measurements of
Bacteriorhodopsin-Conjugated

Polymer Hybrid Structures

Bioelectronics is a subfield of molecular electronics that investigates the use
of native as well as modified biological molecules (chromophores, proteins,
etc.) in electronic or photonic devices. Long-term stability against thermal,
chemical, and photochemical degradation, together with desirable photoelec-
tric and photochromic properties, has made bR one of the most promising
biological candidates for device applications.

An additional proof of bR stability and functionality is the presence of
photoelectric signals. Photoelectric signals carry valuable information about
the photocycle and completments information from other techniques (Visible
and UV absorption kinetics, CD, resonance Raman spectroscopy and FTIR).

The accurate characterization of the photoelectric properties of bR films is

45
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Figure 2.1: (A) Schematic layout of the device structure on the glass substrate,
dark region denotes the bR layer. (B) Normalized modulated I,,(\) of the

ITO/PEDOT:PSS/bR/Al sandwich device, adapted from Manoj et. al. Appl.
Phys. Lett., 2003, 83, 561

essential for designing and developing viable light sensitive devices. In order
to acquire information processing at the molecular scale, it is desirble to

study photoelectric signals arising from a single patch of bR.

A transient photoelectric response, in the form of a differential response, is
measured when bR sandwiched between two metal electrodes, is subjected to
light excitation. Earlier results from our laboratory involving bR-conducting
polymer structures in the form of solid-state two-terminal sandwich devices
using an I'TO substrate and top Aluminium electrode revealed distinct en-
hanced photoelectric signals, and the spectral and temporal characteristics
depended on the polarity of the bR-polymer interface (Fig. 2.1) [112]. The
spectral features of these bias dependent signals in these sandwich structures
were interpreted in terms of the intermediate states appearing in the bR pho-
tocycle [113]. The ability of the polymer layer to enhance the photoelectric
signal of bR was observed. However, it was not very clear whether the poly-

mer acted as a mere buffer layer or took an active part in the photoelectric
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process.

In this chapter, a correlation between the bR photoelectric signal and
the electrical transport processes in the polymer layer using a three-terminal
configuration is discussed. The conductance modulation of the polymer layer
is observed to be directly correlated to the photoinduced activities within the
bR molecule. An extension of these studies, is the measurement of photo-

electric signals from monolayers of bR on conducting polymers.

2.1 bR based Photoelectric Device Fabrica-
tion

Two different types of devices were fabricated, (1) bR based two terminal
photocells and (2) 3-terminal devices with the conducting polymer as the

active material with bR at the center of the conducting polymer patch.

2.1.1 Two Terminal Devce

The photocell device based on monolayers of bR was fabricated using the
electrostatic layer-by-layer assembly. The monolayers of bR on polyaniline
were grown on I'TO glass. The ITO glass was first cleaned using organic
solutions like acetone, iso-propyl alcohol and ethanol amine. Further, these
ITO glass substrates were cleaned using RCA treatment, where the ITO
substrates were boiled in (NH;OH:HyO5:H,O 1:1:5) for half an hour and
then cleaned with copious amount of water and finally blow dried under

nitrogen flow.
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Polyaniline and bR are charged polycations and polyanions respectively.
They can be grown in a controlled manner using LBL techinque. Monolayers
of bR were grown on polyaniline substrates using the electrostatic LBL as-
sembly. An alternative to Langmuir-Blodgett deposition and SAMs is layer-
by-layer (LBL) assembly, introduced by Decher, Hong, and co-workers in
1992 [114] for preparing structure-controlled thin films. In LBL assembly,
spontaneous sequential adsorption of polycations and polyanions is carried
out from dilute aqueous solutions onto charged surfaces. The technique is
extremely versatile as the structure, components, and thickness of the films
can be controlled through judicious choice of electrolytes and processing con-
ditions. The LBL technique is based on the strong electrostatic interaction
between oppositely charged polyelectrolytes. The steps used during LBL
technique is as follows:

(a) A charged solid support is immersed into an oppositely charged polyion
solution. Electrostatic attraction occurs between the charged surface and the
oppositely charged molecule in solution leading to a complete charge reversal
at the solid support surface.

(b) The support surface is thoroughly rinsed in water or the respective
buffer solution.

(¢) The support is then exposed to a solution of the oppositely charged
polyion. Electrostatic attraction now occurs between the charged polyion
coated solid support surface and the oppositely charged polyion, giving a
thin layer of the polyion coating.

(d) This support is now rinsed thoroughly in water.

And the process is repeated until the desired number of layers is achieved.
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Figure 2.2: (A) Scheme of the LBL film-deposition process using glass slides and
beakers. (B) Simplified molecular picture of the first two adsorption steps, de-
picting film deposition starting with a negatively charged substrate. The polyion
conformation and layer interpenetration are an idealization of the surface-charge
reversal with each adsorption step.

In this adsorption technique, the main concern is to make sure that complete
charge reversal occurs after each deposition into the polymer solutions in
order to obtain continuous and homogeneous multilayer films (Fig. 2.2).

The LBL technique, in our present case is as follows:

(a) Cleaned ITO substrates were sonicated in a solution containing a
mixture of EtOH:(CH;3),O:CHCI; in the ratio 2:1:1 for 2 hrs followed by
2% KOH solution sonication. The ITO substrate was then blow dried using
nitrogen. This procedure makes the surface of ITO negatively charged.

(b) This negatively charged ITO substrate was then immersed in the poly-
mer (PANTI) solution solution for 15 mts to form a thin layer of polyaniline.

(c) The film was then gradually rinsed with 0.1 M HCI solution for 2 mts
and then dried under nitrogen flow.

(d) This polyaniline coated quartz substrate was then immersed in TRIS

(tris-(hydroxymethyl)aminomethane) buffer solution for 10 mts to obtain the
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Figure 2.3: Schematic of the device used for electrolyte based measurements.

original base form and again dried under nitrogen flow.

(e) This polyaniline coated quartz substrate was then immersed in the
bR solution (15 mts) to obtain a monolayer of bR on the polyaniline film.

(f) This bR coated polyaniline film was rinsed again using copious amounts
of Tris solution and dried under nitrogen flow.

The top contact in this device was an another ITO glass subsrate placed
at distance using spacers. The device was then glued together with araldite
(Fig. 2.3) to prevent the movement of the electrodes and also the leakage of
the electrolyte. Finally, electrical contacts were taken from these I'TO plates
using wire contacts and silver paste and this was also covered with araldite
to avoid shorting. The space between these two electrodes was filled with

100 mM KCI electrolyte solution.

2.1.2 Three Terminal Device

The three terminal bR-CP based photoelectric device (Fig. 2.4) was fab-
ricated in the following way. On a precleaned glass substrate, gold (Au)
strips were thermally evaporated to form an interelectrode gap of 8 mm.
PEDOT:PSS, commercially available as Baytron P, was filtered to an ob-

tain homogeneous solution, which was then spin-coated on these Au-coated
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Figure 2.4: Schematic of the device used for 3-terminal measurements.

glass substrate. These films were thermally annealed at 140 °C for 1 hour
to obtain good quality uniform PEDOT:PSS films of ~ 100 nm thickness.
PANI:DBSA, commercially available as Panipol W, was diluted using 1:1
ratio of water and polymer and used for spin-coating and then thermal an-
nealed at 120°C for 10 min to obtain smooth uniform films. The absorption
spectra of the respective polymers is shown in Fig. 2.6.

Multilayer bR films were grown using the electric field sedimentation tech-
nique. Since PM is known to have a net electric dipole moment, addition of
an external electric field to an aqueous PM solution results in the orientation
of the PM fragments in the direction of the electric field. Furthermore, if
PM suspension was placed between two electrodes and then an electric field
of 20-30 V/cm is applied, the PM fragments will electrophoretically move
(because of the net negative charge), sediment onto the cathode, and form
an oriented PM film [96]. This method is simple, quick, and effective for the
fabrication of oriented PM films. In addition, control over which side of the
PM (EC or CP) faces the electrode may be obtained through simple adjust-
ment of the pH of the PM suspension [88,89]. Fig 2.5 illustrates the standard
setup for preparing an oriented PM film by the electric field sedimentation

technique. Typically the thickness of the film is dependent on the time of the
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Figure 2.5: Setup for the fabrication of oriented PM films by the electric field
sedimentation method. Due to the net negative charge of the PM, the PM fragments
will move and attach to the conducting polymer substrates to form a dense PM film.

applied DC electric field; a 10 mm thick film can be obtained by application
of a 20-30 V/em DC electric field for about 1 min.

Twenty-five microliters of aqueous suspension of bR (MIB, 10 mg/mL)
was deposited on the center (5 mm diameter) of the polymer film. The
electric field sedimentation procedure involving a bias potential (= 0.1 V)
across the droplet, with an Au coated cover slip as the counter electrode
was used to orient bR (~ 200 nm thickness) on substrates during the drying
stage, was used to form the bR-conducting polymer structures (Fig. 2.5).
The absorption spectra of bR after drying is shown in Fig. 2.6 and is very
similar to the solution form, showing that the protein is intact in the dried

form.

It is speculated that the anionic component in the polymer blends that
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Figure 2.6: Absorption Spectra of bR, PEDOT:PSS and PANI:DBSA.

forms the surface layer of the film assists the orientation process. An Alu-
minium (Al) layer (<bR dimensions) was then evaporated on the bR on some

of the devices. The schematic of the device is shown in Fig. 2.4.

2.2 Device characterization

A wide variety of techniques were used to measure the photoelectric signals,
both in continuous and pulsed mode. Also, photocurrent profiling was done

in order to study the photoelectric signals from local areas (single patch).

2.2.1 Intensity Modulated Photocurrent Spectroscopy

The absorption of photons, of the appropriate wavelength, by bR initiates its
photocycle, giving rise to photoelectric signals. These photoelectric signals
at specfic wavelengths can be picked up to give us a spectral profile. Pho-

tocurrent spectroscopy reveals a direct correlation to the absorption process



54 Chapter 2.

Monochromator -

- = | Device I

e Chopper Controller Lock-in Amplifier
= I=rrI =T

Figure 2.7: Intensity modulated photocurrent spectroscopy setup.

the state of bR molecule. These measurements were carried out on a wide
variety of 2- and 3-terminal bR based devices (as described in the previous
section), using a lock-in technique. A chopper (SRS) was used to modu-
late the monochromatic light and this was used as the excitation source and
photoelectric signals were measured using a lock-in amplifier (SRS 830) with
the chopper frequency as the reference. Sufficient interval was given between
two consecutive wavelength to avoid any history effects. This technique gives
very high signal-noise ratio as the amplifier used amplifies signals with fre-
quency similar to that of the reference and cuts out all other signals of other
frequencies. Further, the photoelectric response was also measured with a
pump beam of continuous wave (CW) at A = 532 nm. Light levels of low
intensity (1 mW /cm?) were used to minimize thermal effects. The standard

experimental setup is shown in Fig. 2.7.
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Figure 2.8: Schematic diagram for bR based three terminal device characteristics
measurements.
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Figure 2.9: Schematic of the transient measurement setup.

2.2.2 1I-V Measurements

Two identical sourcemeters SM1 and SM2 (Keithley 2400) along with a high
impedance electrometer (Keithley 6512) were used for measuring the output
characteristics of 3-terminal bR based devices and to study the changes in
conductivity of the underlying polymer layer. The schematic of the experi-

mental set-up is shown in Fig. 2.8.
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Figure 2.10: Home built wide-field optical scanning microscopy setup.

2.2.3 Transient Measurements

Transient responses of bR based devices give insight into the microscopic
picture of the charge transport and movement, when illuminated light. A
high impedance (10 Q) electrometer (Keithley 6512), which has a large
integration time constant, was used to carry out the measurements in the
millisecond regime by illuminating the sample for around 50-100 sec. Differ-
ent light sources such as lasers at A = 405 nm and 532 nm were used. A,

typical experimental setup is shown in Fig. 2.9.

2.2.4 Wide-Field Optical Scanning Microscope

Photocurrent contrast microscopy on monolayers of bR on conjugated poly-
mer based devices was carried out using a home built setup was assembled
around the OLYMPUS inverted microscope as shown in Fig. 2.10. Scanner
head (NIS-70) and the software (Nanoview 2.2v) was procured from Nanon-

ics Inc, Israel. The scanner head (dimension 7 cm X 7 cm x 0.5 cm, with
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a circular optical opening) has a scanning range of 70 um in all the three
directions. The interface box records data corresponding to each x-y posi-
tion simultaneously from many channels. In most of the experiments carried
out in our laboratory, two channels were used to simultaneously measure the
photocurrent as well as the reflected light intensity. Both the measurements
were done using a lock-in technique (SRS 830). The reflected light was col-
lected using the camera port, where a high sensitivity photomultiplier tube
(Perkin Elmer, Model No. MP962) was mounted. The wavelength of the
excitation used for local photocurrent measurements was A = 532 nm which

had a spot diameter of ~ 500 nm.

2.3 Photoelectric Measurements of Monolayer

bR films

The short-circuit photoelectric spectrum (1,5, ()) (Fig. 2.11), measured across
the two ITO electrodes, was similar to the absorption spectra of the pristine
bR showing a maximum value at A ~ 580 nm. The transient response of
monolayer of bR on conducting polymer coated I'TO substrate upon pho-
toexcitation, was similar to that of the pristine bR response (Fig. 2.12).
Upon, switching ON the light, a fast increase in the current was observed,
which decays back to the initial value within a few secs. Further, upon
switching OFF the light, a negative spike was observed [88]. The photoex-
citation of bR, leads to proton translocation from the cytoplasmic side to

the extracellular side. This proton motion leads to the charge fluctuations
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Figure 2.11: Short-circuit  photoelectric — spectral — response  (Lp(N\))  of
ITO/CP/bR /electrolyte/ITO based device.

within the vicinity of the membrane and these charge fluctuations are then
amplified by the electrolyte ions and was measured as photoelectric signals
across the two electrodes.

To study the photoelectric signals arising due to a single patch, wide-
field photocurrent imaging was done using a home-built set up (Fig. 2.10)
as described in the earlier section. Fig. 2.13a shows the high resolution
photocurrent image of bR monolayers on the conducting polymer substrate
when the sample was illuminated with A = 532 nm. The corresponding line
profile of the photocurrent image is shown in Fig. 2.13c. Fig. 2.13b shows
the reflection contrast image of the same area with the corresponding life
profile shown in Fig. 2.13d. The reflection image is negatively correlated to
the photocurrent image. The photocurrent essentially arises from the limited
number of bR molecules within the beam area. Upon illumination with A =
532 nm, the bR molecules in the B-state absorb light and the movement of

protons within the molecule gives rise to charge fluctuations that is picked
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Figure 2.12:  Photoelectric response (Ly(t)) as a function of time of the
ITO/CP/bR /electrolyte/ITO based device at X = 532 nm (Power = 1mW/cm?)
in short circuit mode.

up as photoelectric signals in the external circuit.

2.3.1 Photoelectric Measurements of Multilayer bR films
(a) bR on PEDOT-PSS

A clear feature of the interplay between bR and the polymer layer was the
striking presence of a photoelectric signal (0.5 mV, 10® amplification from a
current to voltage preamplifier) between the two lateral Au-electrodes bridg-
ing the PEDOT:PSS polymer film (Fig. 2.14) even in the absence of any
external bias in the circuit. The local bR origin of these signals was also
verified by carrying out measurements on plain polymer structures without
bR where the signal was absent. A spatial profile carried out by scanning

the light source locally on the PEDOT:PSS strip confirmed the bR~origin of
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Figure 2.13: (a) High resolution scanning photocurrent contrast image of bR mono-
layers on polyaniline coated ITO substrate. (b) Reflection image of the same area.
(c) and (d) The corresponding life profiles of photocurrent and reflection images,
respectively. Scan area - 500 nm x 500 nm.

the signal in the circuit.

The introduction of Al electrode on the bR patch (Fig. 2.15) further
enhances the lateral signal across the Au terminals (I4,_4,). The lateral
short-circuit (I(t)au—a.) transient signal with Al electrode floating, expect-
edly revealed characteristics analogous to the transmembrane bR differential
response (Fig. 2.15). The photoelectric response spectrum, V,,(A), across
the Au electrodes clearly corresponds to the bR ground state (570 nm) (Fig
2.16). Upon additionally pumping the sample, a spectral weight transfer
from the ground state (B-state) to the intermediate M-state (410 nm) was
observed (Fig 2.16) giving a quantum efficiency of 74% for the B to M con-
version for a pump beam at A = 532 nm with 1 mW /cm? power density.

The presence of Al electrode was utilized to probe the transverse process

across the bR-conducting polymer interface by measuring the signals across
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Figure 2.14: The lateral DC (Vgy—ay) transient response to a light source (532
nm, 1 mW/cm?) along the PEDOT strip, without the top Al electrode.
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Figure 2.15: The lateral, short-circuit DC (14— ay) transient response to a light
source (A = 532 nm, 1 mW/ecm?) along the PEDOT strip, with the top Al electrode
floating.
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Figure 2.16: (A) Spectral response Vpp(A) (measured using lock-in technique, w =
18 Hz) across the lateral Au electrodes (Al - floating). (B) Shows the population
i each state, presence and absence pump laser.
the top Al electrode and the shorted the bottom Au electrodes. Sizable DC
photoelectric bR signal across I, au—41, Wwas observed even in absence of an
external bias. The V,;(\) measured between the shorted Au electrodes and
the top Al electrode emphasizes the bR origin of the photoelectric signals in
lateral circuit. Upon applying an additional bias to the top Al electrode, the
photoelectric signals were further enhanced due to the contribution from the
bulk of the bR and the photoelectric response (Fig 2.17) approached that of a
2-terminal diode (sandwich) configuration. Measurements in this configura-
tion with bias, converge to the earlier observations on the 2-terminal devices,
where the polymer and bR layer were sandwiched between an ITO and Al
electrodes [112]. In, the present case, the difference is the marginally lower
magnitude of the photo-signal due to a signal drop across the conducting
polymer layer (~ 200 MS2) compared to the drop across the ITO electrode
(20 ohms) and the contact spot in the earlier report [112].
In order to understand interfacial processes, the changes in the lateral

conductance of the conducting polymer layer upon photoexciting bR were
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Figure 2.17: Transverse Vpu(\) measured between Al and shorted Aw electrodes.
Pump laser: 532 nm, 1 mW/ecm?.

monitored (I(t)ay,_a,) of the polymer layer (Vay_a, = 0.5 V). An impor-
tant point of note is that the application of the Al-gate bias without any
photoexcitation did not cause any electrochemical change (de-doping) in the
polymer layer, i.e. the conductivity of the polymer (within 5%) was not
modified. In the dry bR patch, the structurally bound and the relatively
low concentration of residual water molecules [115] are not sufficient to pro-
mote electrochemical reduction of PEDOT:PSS. Upon photoexcitation, an
asymmetric response was observed (Fig 2.18) suggesting a preferred direc-
tion of H' displacement (towards the polymer layer). The signal changed
from differential response at V 4,4, = 0 V gradually to a resistive character
at higher positive (+Al) voltages (Fig 2.18). However, upon removal of the
photoexcitation, the conductance changes did not persist and the conduc-
tivity of the polymer layer reverted to its original value (Fig. 2.18). Upon

terminating the photoexcitation, the exponential decay of the current was
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Figure 2.18: Transient response AI(t)au—au (Vau—au = 0.5 V) of a three-
terminal PEDOT/bR device upon photoexcitation (532 nm, 1 mW/em?) at dif-
ferent Vai_ aqy-

modeled in terms of the diffusion of the protons in bR away from the inter-
face, I o< A x exp(—1) with a single time constant that increased with the

applied bias (8.4, 11.9 and 14.6 s for 1.5, 2.5 and 4.5 V respectively).

(b) bR on PANI:DBSA - 2-terminal

The steady-state photoelectric signal (V,,(\)) (Fig. 2.19) is easily observable
in the two-terminal bilayer sandwich structure ITO/PANI/bR/Al structure.
The photoelectric spectrum in these devices were similar to that of the pris-
tine bR case. A clear transfer of the spectral weight from the B-state to the
M-state was observed upon introducing an additional pump of A = 532 nm
(Fig. 2.19).

Upon switching ON the light, a differential photocurrent in the form of

a positive spike is observed (Fig. 2.20A) during the transient measurements.
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Figure 2.19: Photocurrent spectrum, Iy, (\) of the bilayer device consisting of bR
on conducting polymer PANI (ITO/PANI/bR/Al).

The photocurrent does not decay back to its initial value, which is attributed
to some diffusive components. Upon switching OFF the light, a negative
differential photocurrent was observed. The positive and negative spike upon
switching ON and OFF of the light resembled that of the pristine bR case.
An important observation in the bilayer structures was the gradual decrease
of the steady-state photoelectric voltage (A = 532 nm) in magnitude over
a period of time, which was attributed to the PANI-doping process. This
indicated that the photocycle is not completed and the bR is frozen in the
M-state (Fig. 2.20B). The frozen M-state was observed in the form of a
small steady-state photoelectric signal at A = 405 nm. The transitory PANI-
doping process implied that the pumped protons are not readily available
for reprotonation of the bR molecule leading to a decrease in the bR cycle

completion rate and the appearance of a slowly decaying V.
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Figure 2.20: (A) Transient Photoelectric Response (AL, (t)) as a function
of time of the bilayer device consisting of bR on conducting polymer PANI
(ITO/PANI/bR/Al) at X\ = 532 nm in short circuit mode. (B) Photoelectric volt-

age Vpp, as a function of time.

(c) bR on PANI-DBSA - 3-terminal

Transient DC measurements of three-terminal device structures based on
PANI/bR, between the top Al electrode and the shorted Au electrodes, re-
vealed a direct increase in I4, 44—4; upon photoexcitation instead of the
differential response as observed in PEDOT:PSS/bR structures (Fig. 2.21).
Note that the steady-state frequency domain technique was not suitable to
observe these photochemical effects on the PANI surface, since the slow dif-
fusion and reaction process within the polymer films were not correlated to
incident photoexcitation rates. It was observed, after carrying out studies on
a large number of devices, that the photomodulated lateral signal, which was
observed in the case of conducting polymers based on PEDOT:PSS/bR, was
absent in the case of PANI/bR. The absence of the steady-state lateral signal
as well as in the transverse case was partially attributed to larger resistance
of the polyaniline films, which is greater than an order of magnitude than

that of the PEDOT:PSS films for similar device dimensions.
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Figure 2.21: Transverse AI(t)a;— A, upon photoezcitation across the bottom shorted
Au electrodes and the top Al electrodes.

The results get modified upon introduction of bias to the top Al electrode,
with a larger signal for positive bias, whereas in the negative bias the conduc-
tance remains unchanged. In the three-terminal device structures involving
PANI/bR, the lateral DC I4,— 4y (Vay—au = 0.5 V) increased upon illumina-
tion, indicating features of active doping of the polymer surface initiated by
the bR-proton pumping activity. Upon switching off the light, I(t) 4, . fol-
lowed a characteristic decay profile (Fig. 2.22). Note that the current value
after the exposure to a brief duration of light was higher than the initial
value (Fig. 2.22). This residual increase in the conductivity appeared to be
a function of the applied transverse voltage (Fig. 2.22). The decay I(t) 4y A4
upon the termination of the photoexcitation followed the double exponen-
tial profile, I o< Alexp(—t/m1) + exp(—t/72)], indicative of two independent
processes. The decay parameters and the bias voltage cannot be correlated

because of the persistent residual fraction of the current that appears as an
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Figure 2.22: AI(t)au—au (Vau—au = 0.5 V) of a three-terminal PANI/bR device
at different Vai_ a, upon photoexcitation (532 nm, 1 mW/cm?).

additional parameter.

2.4 Discussion

2.4.1 bR on PEDOT:PSS

The general microscopic picture of the current induced by photoexciting bR
can be attributed to the charge motion of the retinyl chromophore that ef-
fectively causes changes in its dipole moment [116]. The orientation of the
dipole moments due to photoinitiation of bR causes a time-varying electric
and magnetic field in space (Fig. 2.23). The conducting polymer antenna
picks up these variations in the form of displacement currents across its lat-
eral electrodes (similar to the conventional metal antenna). The transduc-

tion parameters are dependent on the extent of interaction and are inherently
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Figure 2.23: The oriented dipole mechanism. The photoelectric signal is a mani-
festation of charge separation during the formation of a transient array of electric
dipoles.

lossy. The polymer layer acts like a microstrip line, picking up the charge

fluctuations in bR upon photoexcitation.

The observed transient photoelectric signals across the lateral electrodes
(Fig. 2.14) was simulated using a simple circuit model, consisting of resistors
and capacitors. The PEDOT:PSS channel is modeled as resistor with resis-
tance (~ 200 MS2, as observed in our devices). The microscopic circuit of bR
consists of an voltage sourcce, resistors and capacitors. The multilayer bR
patches can be modeled by a highly interconnected network of resistors and
capacitors, which was further reduced or simplified into a common irreducible
equivalent circuit consisting of a single resistor (~ 1 Gf2) and capacitor (~
100 pF) in parallel with a voltage source (Fig. 2.24) [117,118]. Upon pho-
toexcitation of bR patch, the change in its membrane potential gives rise to
an external voltage in the circuit, which decays back to the initial value upon

terminating the light.

This circuit (Fig. 2.24) can be simulated using PSPICE circuit simulator.
The changes in the lateral circuit current were observed, when a square pulse

(0.1 V, width = 100 ms) is given to voltage source V1. The simulation
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Figure 2.24: (a) The schematic of the circuit model with the top representing bR
while the bottom represent the PEDOT:PSS layer. (b) Simulation results show the
change in the lateral circuit current upon pulsing the voltage source, V1.

results show a differential response in the lateral circuit (Fig. 2.24B), that is

qualitatively similar to the one observed in Fig. 2.14.

It is speculated that the initial fast spike in the lateral signal across the
PEDOT strip arises from the change of dipole moment within the adjacent
layer of bR molecules upon photoexcitation [119]. The change in the dipole
moment induces an electric field which modifies the interface potential be-
tween bR and the PEDOT:PSS layer. These changes in the surface potential
of bR temporarily modify the local transport pathways in the PEDOT:PSS
layer that in turn results in a transient change in the conductivity of the
polymer layer. Other factors that may influence include photoinduced ionic

leakage and thermal effects, which is small in the present case [120].

The time constants observed in these cases were similar to the ones ob-
served by Macdiarmid et. al and Epstein et. al in their field effect tran-
sistors based on PEDOT:PSS as the active material [53,54]. The transient

profiles, indicating differential nature of the photoinduced current and the
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Vi (A), corresponding to the bR signatures in both the configurations clearly
reveals the interplay between the lateral and transverse processes. No per-
manent change in conductivity of the PEDOT:PSS layer was observed after
the light exposure experiment on the bR patch. Experimental observations
do not point to the possibility of H" reducing PEDOT:PSS or compensating
PSS~ [55,56]. The surface morphology and the electrical transport character-
istics of PEDOT:PSS appears to be a factor for observing the photoelectric
features. Dried PEDOT:PSS film in its pristine form is known to phase
segregate with the surface richer in PSS™ component. Addition of solvent
agents such as sorbitol and glycerol results in films with more uniform surface
and higher conductivity [121]. The signal transduction was not observed for
device structures with the higher conducting form of PEDOT:PSS (blended
with glycerol) films. These results point to the importance of the dimensional
and impedance matching conditions. Engineering the polymer film surface

can then optimize the signal efficiencies.

2.4.2 bR on PANI:DBSA

In the case of PANI, it is known that introduction of protonic acids, in
addition to controlling the oxidation state, increases the conductivity due to
the protonation at the nitrogen site [18]. The acid-based doping mechanism
is different from the oxidative doping achieved in other conducting polymer
systems [1,18]. PANL:DBSA films are generally aggregated nanoparticles.
The hydrophobic tails of free and bonded DBSA molecules are arranged in a

way so that they all turn towards each other, while the hydrophilic groups of
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the free DBSA turn to the surrounding medium [122]. In these nanoparticles,
the anilinium cation resides in the shell complexed with sulfate ion. The
anilinium cations are oriented with the phenyl moiety toward the core and
the NH? to the outer side [123]. The excess DBSA acts as surfactant in
the solution and plays a role of plasticizer in the film. This represents an
appropriate situation for the bR-conducting polymer film interface, where the
bR upon photoexcitation, can possibly source protons from its environment
and transfer them across the interface. The efficiency of this process is likely
to be affected in dried films, but signature of this interplay is indicated in

the results.

The results from these bulk measurements can be attributed to a tran-
sient surface doping phenomena, representing only a fraction of conducting
polymer film. Additionally, the excess space charge on the polymer due to
the proton diffusion-limited process can reduce the efficiency of the doping
mechanism. The observation that a voltage bias across the bR patch alone
does not activate changes in conducting polymer but requires the appropri-
ate photoexcitation points toward a correlation between the bR photoactiv-
ity and electrical property of PANI. The PANI/bR structures provide an
example of a hybrid system with the results arising from a combination of

interdependent physical processes of each system.
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2.4.3 Proton pumping in bR

From the biophysical perspective, it is known that proton pumping efficiency
of bR in the solid state is reduced [67,124]. The signature of proton displace-
ment in bR upon photoexcitation in different media is well documented.
However, the spatial degree of freedom for the proton pumped into the ex-
tracellular region is not known in great detail. There have been reports
that indicate rapid pH variation on the surface of bR accompanied by very
slow changes in the bulk outside in the medium [125,126]. The existence
of V() features representing the two states (B and M) along with the
absence of commensurate nonreversible changes in the polymer indicate a
constrained spatial degree of freedom for the proton. The protons are re-
absorbed by the retinal chromophore either directly or indirectly through
percolating pathways present in the purple membrane, thereby maintaining

the charge neutrality.

2.5 Conclusions

In conclusion, the possibility of efficient signal transduction of a biophysi-
cal process in bR to the adjacent conducting polymer layer is demonstrated.
Mechanism of the bR*-induced conductance changes in PEDOT:PSS ap-
peared to be different from that of PANI. Steady state measurable photo-
electrical signals in the polymer (PEDOT:PSS) circuit represented internal
changes of the proximal biomolecule upon photoexcitation. The light-induced

dipole fluctuations within bR are translated into conductance changes in the
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PEDOT:PSS case. A simplified circuit simulation done using PSPICE cir-
cuit simulator qualitatively reproduces the observed experimental transient
profiles. A signature of transient doping of the polymer surface due to the
proton displacements in the bR system was observed in the PANI:DBSA case,

where the surface H" concentration changes are picked up by the polymer.
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Microscopy of

Bacteriorhodopsin Monolayers

Single-molecule studies of functional proteins, especially in their native en-
vironment are considerably important and yield valuable information on the
structure-property correlations [127]. These single molecule studies yield
results that can be different from measurements on an ensemble or bulk col-
lection of molecules in a subtle manner, where the individual characteristics
cannot be distinguished and only the average behavior is measured [128].
Single-molecule fluorescence has emerged as a useful tool for probing vari-
ous processes which cannot be fully understood on the bulk level, such as
the movement of myosin on actin filaments in muscle tissue [129] or the de-
tails of individual local environments in solids [128]. The merit of this new
technique is that the problem of ensemble averaging, found in standard spec-

troscopic techniques, is totally removed. Hence, in many cases, SMS reveals

75
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fluctuation phenomena that are totally obscured by conventional measure-
ment techniques (e.g., fluctuations in photon counts, photon antibunching,
bunching, blinking, quantum jumps, spectral jumps, etc.). Analysis of these
fluctuations reveals important information on dynamical processes occurring
in the condensed phase as well as important information on the distribution

of nanoenvironments [130].

Another crucial single-molecule technique is single-molecule force spec-
troscopy, where single molecules (or a pair of interacting molecules, oligomers
and polymers) are mechanically stretched and their elastic response is recorded
in real time [131]. In single-molecule force techniques, the structural prop-
erty can be studied in detail, but the functional aspect is not known whereas
in single molecule fluorescence studies, the functionality is studied, but the
structure or morphology normally ignored [132]. In this context, scanning
near-field optical microscopy (SNOM) has emerged as the tool in which both
structure as well as the functionality of the single molecules can be stud-
ied simultaneously [105]. Typically, the resolution of SNOM imaging is well
beyond the classical diffraction limit. Furthermore, the simultaneous topo-
graphical mapping provides insight into the structural landscape surrounding

the molecule under study.

bR patches can be grown as an oriented-monolayer on different sub-
strates [93,133]. The molecules within this patch are oriented, leading to
a large optical anisotropy (in plane/out-of plane). The macroscopic patch-
properties are representative of the oriented single molecule and not an en-

semble average of isotropic un-oriented molecular system. The change in the
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photophysical parameters or the local environment can change the absorp-
tion spectrum of bR. The shifting of the absorption spectrum will generate
amplitude fluctuations in the detected transmission signal, which can be an-
alyzed to provide insight into the underlying photophysical processes. The
quantum efficiencies for the proton translocation can be determined and the
reasons for deviations from the ensemble averaged values can be examined.
The long-lived M-state of the protein can be tapped specifically using an ad-
ditional photo-excitation source and its contribution can be used to identify
the actual active-region from the entire scanned region. This pump induced
feature on top of a reqular probe-scan is a clear signature that can be used to

wdentify and quantify the protein functionality.

In this chapter, a transmission SNOM based technique to identify and
study bR monolayers on various underlying substrates, active (conducting
polymer) and passive (quartz) is demonstrated. The technique compliments
existing methods to study such functional membrane proteins by providing
additional insights into the electronic processes and estimates of the quantum

efficiencies of the photocycle of the molecule.

3.1 Electrostatic Layer-by-Layer Assembly

Polyaniline and bR are charged polycations and polyanions respectively.
They can be grown in a controlled manner using LBL techinque. Mono-
layers of bR were grown on both quartz and polyaniline substrates using the

electrostatic LBL assembly as described in the following sections.
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3.1.1 bR on Quartz

The purple membrane (PM) patches were suspended in Milli-Q) water, ~ 0.5
mg/ml, pH ~ 9.2 with TRIS (tris-(hydroxymethyl)aminomethane) as the
buffer to maintain the pH. Quartz substrates were cleaned using piranha
solution (HySO4:H204 3:7) and rinsed with copious amount of water. The
cleaned quartz substrates were stored in a beaker filled with Milli-Q water.
This cleaned quartz substrate was blow dried using nitrogen gas and was im-
mersed in 1:10 APTMS (3-aminopropyl! triethoxy-silane):methanol solution
for 3 hrs. This dipped quartz substrate was rinsed with copious amount of
methanol to wash off the excess APTMS. This APTMS treated quartz sub-
strate was then immersed in 0.1 M HCI solution for 5 mts. The APTMS on
the surface of the quartz acquired a positive charge due to the protonation
of the amine nitrogen by the acid solution. This positively charged quartz
subsrtate was then immersed in PM solution (15 mts) and followed by a 2
mts rinsing process in a buffer solution of equivalent pH. This was followed
by a drying procedure (using nitrogen flow) to obtain monolayers of PM
patches [133]. These films were characterized by absorption spectroscopy to
ascertain the presence of bR and to obtain a rough estimate the thickness

(~ 13 nm) (Fig. 3.1).

3.1.2 Polyaniline

Polyaniline, emeraldine base powder, from Aldrich (Mw = 20,000), was dis-
solved in NMP (20 mg/ml) to form a homogenous solution. This solution

was then sonicated for 3 hrs and this sonicated solution was then filtered in
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Figure 3.1: Absorption spectra of monolayer of bR on quartz.

a 0.45 pm filter. To this filtered solution, water at ~ 3-3.5 pH was added
(9:1, water:polyaniline solution). The pH of this solution was decreased to ~
2.5-2.6 using 1M HCI thereby transforming the polyaniline solution from the
base to salt form (non-conducting to the conducting). This pH 2.5 solution
was then filtered using a 0.22 pm filter [134] and this solution was used for

the preparation of the polyaniline thin film using LBL technique.

3.1.3 bR on Polyaniline

The procedure adopted by us to prepare monolayers of polyaniline was first
shown by Rubner et. al [134]. Precleaned quartz substrate was sonicated in a
solution containing EtOH:(CH3),O:CHClj in the ratio 2:1:1 for 2 hrs followed
by sonication for 2 hrs in 2% KOH solution. The quartz substrate was then
blow dried using nitrogen to give a negatively charged quartz substrate. This

negatively charged quartz substrate was then immersed in the polyaniline
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Figure 3.2: Absorption spectra of polyaniline and bR on polyaniline.

emeraldine salt solution for 15 mts to form a thin layer of polyaniline. The
film was then gradually rinsed with 0.1 M HCI solution for 2 mts and then
dried under nitrogen flow. This polyaniline coated quartz substrate was then
immersed in a Tris buffer solution for 10 mts to obtain the original base form
and the films were again dried under nitrogen flow. These films were then

characterized by absorption spectroscopy (Fig. 3.2).

This polyaniline coated quartz substrate was then immersed in the bR
solution (15 mts) to obtain a monolayer of bR on the polyaniline film. This
bR coated polyaniline film was rinsed again using copious amounts of Tris
solution and dried under nitrogen flow. These films were characterized by
absorption spectroscopy (Fig. 3.3) to find out whether PM patches adhered
to the polyaniline films and the thickness of the PM films estimated roughly

was ~ 6 nm.
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Figure 3.3: Difference spectra from Fig. 3.2.

3.2 Near-field Microscope

The experimental set-up around SNOM is unique in many different aspects
and has been designed to target the specific problem of a two state molecule.
The setup used for near-field optical microscopy (Multiview 4000, Nanon-
ics Inc.) was based on an inverted optical microscope (OLYMPUS) that is
combined with a scanner base and a scan head. A normal force feedback
mechanism provided tip-sample distance control. In a typical experiment,
532 nm laser was coupled to the SNOM probe tip (diamter ~ 100 nm) using
a fiber optic cable. The optical signal (transmission in the present case) was
measured using a PMT through the objective (50X, N.A = 0.45). Simultane-
ous optical and topographical information were obtained from the Near-field
Optical Microscope by raster scanning the sample using the piezo scanner in
such a way that the tip and the objective lens are maintained at the same

position with respect to each other.
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A transmission-SNOM procedure used to study the 3-level transmem-
brane protein was as follows (Fig. 3.4): The topography and corresponding
optical map of the sample (probe laser, A = 532nm or 405 nm) were simul-
taneously recorded using a custom made software provided by Nanonics Inc.
An additional laser (A = 405 nm or 532 nm, depending on the experimental
conditions) was introduced through the objective of the inverted microscope
(Fig. 3.4) to illuminate the same spot as that of the SNOM probe. The
diameter of the spot of the additional pump beam was ~ 1.5 ym. Hence, the
pump beam completely envelops the probe beam. Band pass filters specific
to probe wavelengths were used to cut-off the pump wavelengths. Also, it
was noted that there was no change in the PMT values upon introducing the
pump laser. Raster scanning was done with the presence and absence of a

pump to obtain the PI-SNOM and SNOM images.

The data was analyzed using WSxM software [135]. In the cases of
SNOM and PI-SNOM, the regions devoid of bR, as expected had the maxi-
mum transmission values. This maximum value of the PMT counts was set
to 0 kHz. When the tip was positioned on the bR patch, the PMT counts
decreased due to the finite absorption from the sample. Thus, the recorded
counts on PMT was lower than that of the bare quartz and hence the values
obtained after subtraction corresponds to negative numbers and these val-
ues in the negative range are essentially due to the normalization procedure

adopted by us.
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Figure 3.4: Schematic of the SNOM experiment. Additional laser coupled through
the objective, was used as the pump source for the PI-SNOM measurement. Inset
shows the optical images of the tips.
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Figure 3.5: High resolution AFM image of monolayers of bR adapted from Muller
et. al. J. Mol. Biol., 1999, 285, 1903.

3.3 Transmission SNOM of bR

The established procedure of growing bR monolayers on quartz substrate
was used to obtain a reasonably large patch-coverage (> 80%) with the cy-
toplasmic side on the substrate [93,133]. High-resolution atomic force mi-
croscopy (AFM) measurements have revealed that the proteins are packed
in trimers and these trimers are then packed hexagonally within the purple
membrane patches (Fig. 3.5) [136]. The fine structures revealing the trimer
arrangements and its hexagonal packing expected from an AFM topography
scan [136] are not visible in the present scans due to the large diameter of
the SNOM probe (=~ 100 nm). However, the AFM scans in our case was used
to identify the bR-patch region and its corresponding thickness. The SNOM
probe was coupled to different monochromatic sources and was utilized to

study the monolayer bR system.
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Considering the standard probe diameter used (= 100 nm), the total

2. The area of each bR molecule,

area enveloped by the beam is 7850 nm
established from crystallographic structure, is around 11.5 nm? [137]. Using
a packing density of 76% for hexagonal ordering, the no. of trimer structures
present within the beam area is ~ 110 and the total number of molecules is
~ 340. The optical response of the narrow confined beam from the SNOM
probe essentially arises from these limited set of aligned trimer structures
within a single patch. This forms a better probe to ascertain the oscillator
strengths of individual molecule rather than the stochastic value measured
from a very large number of molecules during absorption measurements done

in the quartz liquid cell or on solid films, where the beam area is large (=~ 5

mm?).

3.3.1 bR on Quartz

In a typical scan of the monolayer, patches of ~ 5.5-6 nm in height and around
0.5-1 pm in diameter were observed. This is in agreement with the earlier
results observed by Muller et. al [136]. Fig. 3.6A shows the topographic
image of a single PM patch and Fig. 3.6D the corresponding line profile.
Fig. 3.6B shows the simultaneous near-field transmission image when \ =
532 nm was coupled to the SNOM probe. Fig. 3.6E is the line profile of the
near-field transmission change showing that the transmittance (A = 532 nm),
from the bR-patch corresponded to 99.1% as compared to that of the quartz
substrate. Upon introducing an additional pump (A = 405 nm) through the

objective (Fig. 3.4) and scanning at the same location, the transmittance
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Figure 3.6: (A) The AFM image, (B) Transmission SNOM image and (C) Pump-
Induced Transmission SNOM image of a monolayer of bR patch with A = 532 nm
through the tip and the pump beam at A = 405 nm. The scale is equalized for (B)
and (C). Line profiles of the corresponding AFM image (D), SNOM image (E)
and Pump-Induced Transmission SNOM image (F). Scan area 1 pm x 1 pm.

decreased further as shown in Fig. 3.6C. The line profile of the PI-SNOM in
Fig. 3.6F showed that the near-field transmittance decreased to 98.9%. This
increase in absorption is clearly seen in Fig. 3.7 where the average value of the
PMT counts is shifted to the lower number (implying that there is reduced
transmission through bR monolayer with respect to quartz substrate) upon

introducing an additional pump laser (A = 405 nm).

While scanning different locations, it was observed that there were regions
within the sample where the height of the patches was more than 6 nm.
The measured height of these samples were in multiples of 6-7 nm. Hence,
these topography structures were attributed to monolayers stacking up to
form multilayers. As the thickness of the sample increased, the number
of molecules present within the volume of the beam increased. This leads

to increased absorption during the SNOM experiments. The corresponding
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Figure 3.7: The No. of Fvents as a function of PMT counts for a monolayer of
bR with and without the presence of an additional pump (A = 405 nm).

increase in absorption in the PI-SNOM experiments was also observed (Fig.

3.8).

To further confirm that the near-field transmission measurements are re-
lated to bR and not due to features arising from the substrate, interfaces and
other spurious sources, we performed the near-field transmission experiments
with A = 405 nm as the probe. The changes introduced by the additional
pump, A = 532 nm was also monitored as a proof for self-consistency (Fig.
3.9A). In the absence of any pump, all the molecules are present in the B-
state and hence no absorption was seen (Fig. 3.9B). Upon, introducing the
pump laser of A = 532 nm, the photocycle is initiated. This populates the
M-state, leading to a finite absorption during the PI-SNOM experiments
of = 0.15% (Fig. 3.9C). The typical line profiles of the AFM, NSOM and
PI-NSOM measurements are shown in Fig. 3.9D, 3.9E and 3.9F.
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Figure 3.8: The change in transmission (AI=Iy-1) measured as a function of the
thickness of bR patch for SNOM and PI-SNOM experiments.
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Figure 3.9: (A) The AFM image, (B) Transmission SNOM image and (C) Pump-
Induced Transmission SNOM image of a monolayer of bR patch with X\ = 405 nm
through the tip and the pump beam at A = 532 nm. The scale is equalized for (B)
and (C). Line profiles of the corresponding AFM image (D), SNOM image (E) and
Pump-Induced Transmission SNOM image (F). Scan area 0.75 pm x 0.75 pm.
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3.3.2 bR on Polymer

When, the underlying substrate was modified from quartz to an active layer
consisting of conducting polymer (Polyaniline), it was noted that bR was
oriented only on the polyaniline (Pani) and not on the underlying quartz
substrate. This was confirmed by the absence of any 5-6 nm patches in the
topography images. Fig. 3.10A shows the AFM topographic image of bilayer
consisting of bR and underlying Pani layer (scan area 1.5 ym x 1.5 um). The
corresponding SNOM image is shown in Fig. 3.10B. The PI-SNOM on the
same area is shown in Fig. 3.10C. The line profiles of the AFM topography,
SNOM and PI-SNOM are shown in Fig. 3.10D, 3.10E and Fig. 3.10F. The
corresponding decrease in the transmittance of SNOM experiments with A =
532nm is 99.0%. However, in the PI-SNOM measurements with an additional
pump with A = 405 nm, the transmittance further decreased to 98.4% which
is solely attributed to the optically induced changes in the bR layer. This
increase in absorption is clearly seen in Fig. 3.11, where the average PMT
counts shifted to lower values upon introducing an additional pump laser (A

= 405 nm).

3.4 Discussion

The rate at which a system is excited is proportional to the absolute square
of the component of the exciting electric field E along the direction of the
absorption dipole moment, p [138]. The power absorbed by the system is

given by
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Figure 3.10: (A) The AFM image, (B) Transmission SNOM image and (C) Pump-
Induced Transmission SNOM image of a monolayer of bR patch on a conducting
polymer PANI, with X\ = 532 nm through the tip and the pump beam at A = 405
nm. The scale is equalized for (B) and (C). Line profiles of the corresponding AFM
image (D), SNOM image (E) and Pump-Induced Transmission SNOM image (F).
Scan area 1.5 pm x 1.5 pm.
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Figure 3.11: The No. of Events as a function of PMT counts for a monolayer of
bR on conducting polymer with and without the presence of an additional pump (A
= 405 nm).
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pP= glma n, - B (3.1)

where n, is the unit vector in the direction of the transition-dipole mo-
ment, p = a - F and « is the atomic polarizability tensor [138]. Therefore,
a monochromatic field with angular frequency w produces a harmonically
oscillating dipole with the same frequency. The geometry adopted by the
transition-dipole moment forms the basis for the orientation dependence dur-
ing absorption process [139]. From the X-ray crystal structure, NMR and
linear dichroism studies [69, 140, 141], it is known that the orientation of the
retinal chromophore is at an angle with respect to the membrane plane. It
is already known, that this retinal chromophore is the moeity which absorbs
the light of visible range leading to photocycle. Thus, the transition dipole
moment is located on this retinal chromophore (Fig. 3.12). In the procedure
adopted by us, bR is oriented with its cytoplasmic side facing the quartz sub-
strate (due to the charge based interaction). Hence, the major component
of the transtion-dipole moment, (p) is in the direction of membrane normal
(z-direction) which implies that the major component of « is also along the
z-direction. The presence of evanescent waves leads to a quazi-stationary
electric field (E,, E,, E,) (Fig. 3.12) at the vicinity of the tip [142, 143].
Since the power absorbed by the system scales as the square of the electric
field projected along the transition dipole moment [138], the interaction be-
tween this quazi-stationary electric field with the tensoral form of the atomic
polarizability (a, - E;)?, (ay - E,)? and (o, - E.)? results in the enhanced

near-field absorption.
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SNOM Probe

Figure 3.12: Schematic showing the Electric field emanating from the near-field
probe and the orientation of the transition dipole moment on the retinal chro-
mophore with respect to it.

3.4.1 bR on Quartz

The fraction of molecules entering the photocycle is arbitrary, i.e. the bR
population is functionally heterogenous. The percentage of bacteriorhodopsin
molecules entering the photocycle after a single laser flash is ambiguous. The
accumulation of the intermediates also overlap temporally, which results in
an unknown mixture of intermediates present at any time before the com-
pletion of the photocycle [144]. But, often a very simple two-state model is
good enough to approximate the photochemical conversions of bR [145,146].
In the simplified two-state model, where the molecules are present in either
of the two states, B-state or M-state, with Ny;,; = Np + Ny, is valid at all
times, where Ny, represents the total number of molecules and Ng & Ny,
represent the number of molecules in B-state and M-state at any given time.
In this model, k£ represents the photochemical reaction rate from B to M,

which is dependent on the actinic light intensity I and its wavelength A, i.e.,
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Figure 3.13: The three state model corresponding to bR kinetics.

ki = ki(I,\) = a(A\)-I. While, the M- to B- reaction rate k is indirectly pro-
portional to the M-lifetime 7y, i.e., ks = 7, as long as a simple first-order
reaction is assumed.

The non-coherency of the photocycles can be characterized by a physical
quantity known as the steady state intensity dependent ratio, vgg, that is
given by the number of molecules in the M-state corresponding to the number

of molecules in the B-state [147].

NP 1
= = 3.2
Vss Ngs a(N) Ity (3:2)

This steady state population is dependent on the actinic light potential
a(A)I and also on the life time (757) of the M-state. This photocycle rate
can be modified by the intervention of additional photoexcitation at the
appropriate wavelength [148]. For example; upon introducing the additional
410 nm (in our PI-SNOM, pump A = 405 nm), the life time, 75, of the M-
state is modified (Fig. 3.13) and hence the time taken for the completion of

photocycle is reduced, modifying the steady state ratio, ygs. This decrease



94 Chapter 3.

0.01 0.69 a.u.

o] 002 004 008 008 0.1

t(s)

Figure 3.14: The time (t) taken to reach the steady state value as a function of the
life time (tpr). The color bar represents the steady state ratio, vss.

in the steady state ratio (Fig. 3.14) leads to increased absorption of the PM

patch as indeed observed from our PI-SNOM experiments.

The tip-sample interactions are known to modify the flourescence lifetime,
[149] depending different situations. These interactions can also modify the
transmitted intensity through the sample. The change in the transmission
intensity from our near-field experiments can be used to calculate the effective
molar absorptivity. The effective molar absorptivity ¢(A=532 nm), calculated
at the centre of the patch, using Beer-Lambert’s law was ~ 54.7 x 10*
L/mol e¢m, which is an order of magnitude higher than the value (4.2 X
10* L/mol c¢m) found in the literature [147,150]. Similarly, the effective
molar absorptivity €(A=405 nm) can also be found. Assuming, the earlier
calculated quantum efficiency for photocoversion to be 76%, the total number
of molecules present in the M-state is assumed to be 24%. Now, only these
molecules absorb during the PI-SNOM experiment with an additional pump
laser (A = 532 nm). The €(A=405 nm) was found to be ~ 38 x 10* L/mol

cm, which is also an order of magnitude higher than the values (4.9 x 10?
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L/mol em) found in literature [150]. The higher €(\) is essentially due to

tip-sample interaction.

From these measurements, we can also calculate the quantum efficiency
of photo-conversion for a monolayer of bR patch. Assuming that all the bR
molecules are either in B-state or in the M-state (a reasonable assumption),
The steady state absorption during the PI-SNOM case is representative of
all the molecules in ground state, (vsg, being close to zero), while in the
SNOM experiments, ygs a finite value because of the non-coherency in the
photocycle. Now, the ratio between the absorption during the SNOM ex-
periments to that of the PI-SNOM experiments can be used to evaluate
the quantum efficiency of the photo-conversion. This quantum efficiency for
photo-conversion of bR was estimated to be 76%, is higher than the values

in the literature [151].
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As the thickness of the sample increased (from monolayers to multilay-
ers), the number of molecules present within the volume of the beam in-
creases leading to increased absorption during the SNOM experiments. This
was indeed observed during the measurements, as shown in Fig. 3.8. The
corresponding changes in the PI-SNOM experiment were also observed (Fig.
3.8). However, the effective strength of F, from the tip decays exponentially
(=) (Fig. 3.15) with r, the distance from tip, as SNOM is largely surface
sensitive probe [143] and at a distance of about 500 nm from the tip E.
component is absent. Hence, the contribution to the interaction term in the
direction of membrane normal decreases as the thickness of the film increases.
The absorption from the upper layers of bR patches lying closer to the tip
arises from the interaction of its dipole with transverse fields (E,, E,) as well
as the longitudinal field (£,), while the absorption of the bR patches lying
near the quartz substrate, arises from the interaction of its dipole with the

transverse fields (E,, E,).

It is known from literature that transmission SNOM based measurements
are prone to artifacts [152-154]. The z-motion artifact generates features
in the optical image that are highly correlated with the structures in the
topographic image. To further confirm that the optical signals measured
were due to the sample and not due to artifacts or due to the heating of the
tip upon shining an additional laser, experiments were performed in different
modes (constant height and constant gap modes), the results of which are
summarized in the following table. A detailed description and analysis of

these experiments is provided in Appendix B.

Further, to prove that the transmission is due to the presence of bR
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Mode Probe A\ | Pump )\ | % Transmission
(nm) (nm) Error bar £0.1%
Bare Quartz 100
Constant Gap 532 - 99.1
Constant Height 532 - 99.2
Constant Gap 532 405 98.9
Constant Gap 532 570 99.4
Constant Gap 532 670 99.2
Constant Gap 405 - 99.9
Constant Gap 405 532 99.7

Table 3.1: The effect of different scanning modes and pump on the measured trans-
mission. € of the monolayers can be calculated. See text for details.

on the substrate and not due to artifacts or dust particles, different pump
wavelengths were used. A pump of A = 405 nm decreases vss by decreasing
the lifetime of the intermediate M-state, whereas a pump of A = 570 nm
increases ygs by populating the intermediate M-state. Finally a pump A
= 670 nm does not modify vsg as the intermediates in the bR photocycle
do not absorb at significantly at that A\. Hence, the tranmission through
the bR patch should be lower when pumped with A = 405 nm and higher
when pumped with A = 532 nm and there is no change in the transmission
is similar to the measurements without any pump. This is indeed observed

in the measurements as summarized in the above table (See Appendix B).

These results clearly reveal the presence of a transition dipole moment
component along z-direction which forms the basis for the near-field interac-
tions (Fig. 3.12) in both the cases (532 nm and 405 nm from the tip). Our
estimates indicate that the effective molar absorptivity decreased from a fac-
tor of 13 when probed with A\ = 532 nm to a factor of 8 when A = 405 nm

was used as the probe. Since, the near-field interaction strength depends on
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the polarizability a, and the electric field in the z-direction, the results point
to the larger presence of the parallel component of the atomic polarizability

(a,) (along z-direction) in the B-state compared the M-state [155].

3.4.2 bR on Polymer

Upon photoexcitation of bR on Pani substrates, protons are translocated
from the cytoplasmic side to the extracellular side [156]. In polyaniline sys-
tems, high conductivity has been observed through the protonation of the
imine nitrogen atoms in its emeraldine oxidation state [157]. Pani being a
good source/sink for protons, has a greater affinity for protons, leading to
the depletion of protons in or around the vicinity of bR. The absence of a
proton source to the cytoplasmic side of bR, tends to stabilize the bR in
the M-state. This increases the life-time of M-state and hence increases the
time taken for bR to the complete of the photocycle. Upon introducing an
additional pump laser A = 405 nm, the photocycle is completed effectively
leading to an increase in PI-SNOM measurements. Both, the steady state
ratio, vss and the calculated quantum efficiency is 63%, are lower than the

values observed on the quartz substrate.

3.5 Conclusions

A SNOM based approach was introduced which provides valuable insight on
non-fluorescent systems on a single molecule level, such as bR in terms of the

orientation and the efficiency of the photocycle on different substrates. The



3.5 Conclusions 99

transmission changes were directly correlated to the electronic processes oc-
curring within bR and the increased absorption in the near-field case was at-
tributed to the additional electric field, (E,) component. Absorption changes
provided quantitative assessment of the photocycle including the distribution
of the population densities in the different intermediate states. Spatial and
temporal features of the bR photophysical processes were directly studied
upon introduction of a pump source corresponding to the specific intermedi-
ate state. The comparison of the quantum efficiency for different underlying
active substrates gives a measure of the interaction strengths and was utilized

to study and control the dynamics of the photophysical processes in bR.
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Chapter 4

Electric-field Induced Surface
Deformations on Soft Polymer

Films

An external electric field modifies both metallic (liquid) and dielectric (visco-
elastic) surfaces leading to the formation of different surface patterns. In the
metallic liquid case, the electric field deforms the surface leading to a com-
plete intimate contact, whereas in the visco-elastic dielectric case, deforma-
tion in the form of periodic patterns appear on the surface. The mechanics of
contact, adhesion and friction between solid bodies is an important area of re-
search owing to the underlying scientific challenges. More recently, there has
been interest in understanding the contact and adhesion mechanics between
two elastic bodies. The formation of self-organized instability structures in a
thin liquid film [158-169] and a soft solid polymer film [170-172] is of great in-

terest in diverse scientific and technological applications involving functional

101
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interfaces (adhesion, wetting, optics, etc.) and meso-patterning [164-169],
especially with an applied electric field [166-169, 173].

The application of an electric field destabilizes the film surface leading
to its deformation, whereas other interactions such as viscosity, surface ten-
sion, elastic surface energy and various other interactions act to stabilize
the film surface and prevent its deformation. In this chapter, the effects
of application of an external electric field on a thin dielectric film, both in
parallel and inclined geometry are studied. In parallel geometry, the role
of visco-elasticity or rheology in the process of spinodal pattern formation
in a thin film destabilized by a field is investigated and the transition from
viscous to elastic behavior studied, whereas in the inclined geometry, the role

of visco-elasticity in the evolution of the final morphology is studied.

4.1 Parallel Geometry

The physical basis for the deformation of a liquid surface by an electric field
has been known for more than a century [174]. Electrohydrodynamic in-
stabilities have been studied for a wide variety of liquids. In a thin-film
geometry, research on the film stability is a field of rapidly growing activity
due to the fundamental interest in the interactions of liquids near surfaces.
As opposed to other interactions, the strength of electrostatic forces can be
easily varied and, due to their long-ranged nature, a coupling of electrostatic
interactions to dielectric interfaces far from the external surface of the spec-
imen is possible, leading to the formation of patterns.

The effect of electric field in viscous liquid like films is predicted by the
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Figure 4.1: Schematic of the model used to explain the effect of electric fields.

electrohydrodynamic instability theory. The application of electric field mod-
ifies the overall pressure distribution of the system, which is given by [173],
0?h

P=po =Ygz T Palh) + pais(h), (4.1)

with py being the atmospheric pressure. The second term, the Laplace
pressure, stems from the the surface tension 7 and the fourth term, the
disjoining pressure py;s, arises from dispersive van der Waals interactions.
The electrostatic pressure for a given electric field in the polymer film,
E,=U/(€pd-(€,-1)h), is given by pa=-€o€,(€p-1)Ey. For high enough values
of E,, only the Laplace and electrostatic terms need to be considered. In
a stability analysis, a small sinusoidal perturbation (Fig. 4.1) of the inter-

! and amplitude u is considered:

face with wave number ¢, growth rate 7~
h(x,t)=ho+ue™* /7. The modulation of h gives rise to a lateral pressure

gradient inside the film, inducing a Poiseulle flow j [175]

AT

M 4.2
1= 3,5 (4.2)
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where 7 is the viscosity of the liquid. The continuity equation enforces

mass conservation of the incompressible liquid:

8j  oh
Gt =0 (4.3)

Eqns. 4.1, 4.2 and 4.3 establish a differential equation that describes the
dynamic response of the interface to the perturbation. In a linear approxi-

mation (to order O(u)), a dispersion relation is obtained:

Lo

Ope
_qu).

4
(vq" + 5

(4.4)

T 3n

As opposed to the inviscid, gravity-limited case (n=! o< q) [4], the viscous

stresses lead to a ¢?-dependence of 7! in the long-wavelength limit, typical

for dissipative systems [176]. Fluctuations are amplified if 7 > 0. Since aggl
< 0, all modes with ¢ < ¢. = \/—22 are unstable. With time, the fastest

v Oh

growing fluctuation will eventually dominate giving rise to periodic patterns

with characteristic wavelength A\, corresponding to the maximum in Eqn. 4.4

U -3
A=2 E,® 45
m coepep, — 1277 (45)
A~ E2 (4.6)

where A is determined solely by a competition between the destabilizing
force and the surface tension, but not by the factors that influence the ki-
netics, such as high frequency elasticity and viscosity, both of which vary

greatly in the CL range of 0-1%. An important point of note is that there
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is no lower threshold field for the electrohydrodynamic instability, due to
the dissipative character of the viscous drag that opposes the destabilizing
electrostatic force. In practice, other destabilizing contributions to the pres-
sure balance in Eqn. 4.2 have to be considered for low values of p.;, such as

dispersion forces, nucleation effects, etc.

4.2 Inclined Geometry

Recently, a new kind of elastic meniscus instability was reported [170], that
develops merely by contacting a glass plate with a thin elastomeric film
bonded to a rigid support, i.e., the situation of crack closing in a confined
elastic film. The instability was triggered by van der Waals and/or elec-
trostatic interactions near the contact zone of the cover glass, which also
manifests in the energy of adhesion, normal stresses and deformation near
the contact line. The wavelength (\) and amplitude (u) of these instabilities
are the two most important geometrical features that describe the morphol-
ogy of the waves. It was observed that the wavelength increases linearly
with thickness (h) of the film, but it was relatively independent of either the

elastic modulus of the film or the flexural rigidity (D) of the top cover glass.

4.2.1 Interaction Energy

The total potential energy of the system consists of the elastic energy in
the film (stabilizing), energy of interaction with the cover beam (manifested
in normal stresses causing deformation) and the surface energy of the film

(stabilizing, but usually negligible), is given by
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Mg (u) :/VdVW(E)nL/S(%/1+(u2,1)2—U(u-n)) ds (4.7)

where W (FE) is the strain energy density, £ is the strain tensor (gradient
of displacements), v is the surface energy, U(n-n) is the interaction potential
between the surface of the film and the external agency such as a contactor
or an electric field, u is the displacement vector, n is the outward normal to

the surface and V' is the volume of the film [171].

M (1) — /VdVW(EH/S (VM) dS—/S <Uo +Fu-n+ %Y(u - n)2) ds

(4.8)

Linearization produces Uy = U(0), F, = U’(0) and Y = U"(0), where
(0) denotes the undeformed film configuration. A full solution of the prob-
lem, considering the equilibrium stress fields (consisting of both the elastic
and viscous stresses) with appropriate boundary conditions shows that there
exists a homogeneous solution. The equilibrium stress field ¢ in the film

satisfies the equilibrium equation V-0 = 0 in V and the boundary condition

on S.

og-n=vyugn+En+Y(n-n)n (4.9)

There exists a homogeneous solution, which shows periodic deformations
of the form u ~ exp(ikz,). This periodic deformation ensues whenever Y

exceeds a critical value,
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Y > 6.22u/h (4.10)

The wavenumber (k = 2w /\) of the instability is independent of both
i and the energy of adhesion. For nearly incompressible materials, and for

small values of surface energy (vy/puh << 1), it was shown that [177],

hk, =212 — 2.86(1 — 2v) — 2.42(~/uh) (4.11)

Since, in the elastic case (y/ph << 1), this produces a linear varia-
tion A = 2.96h. These instabilities, while profoundly influencing the adhe-
sion/debonding characteristics [178], also provide an attractive route to pat-
terning and morphological control of soft thin films by external interactions.
However, intermolecular interactions, being material properties, cannot be
easily modulated. Moreover, these interactions are short-ranged and thus
even nanometer-scale surface roughness and defects affect the robustness of
these patterns. The application of an electric field modulates the morphology,

dimensionality, and the adhesive strength of surface patterns.

4.2.2 Electrostatic Energy

An energy functional keeping only the electric field effects as a first ap-
proximation was developed and the contribution of van der Waals force was
ignored as the changes were observed even at large d (> 100 nm). The
electric field produced in the gap (Fig. 4.1) acts to promote morphological
changes; in particular, the electric field acts as a destabilizing force. The sta-

bilizing influence in the system, arises from the elastic energy of the nearly
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incompressible films. The effective electrostatic energy of the film is [179]

es(Q. 6) = 5CQ* — 60 (1.12)

where C' is the effective capacitance of the part of the system of interest,
¢ is the effective voltage drop across the air gap of thickness d and the PDMS
film (Fig. 4.1), and @ is the as-yet-undetermined charge stored. For a given
voltage ¢, the charge that builds up in the system minimizes the electrostatic
potential energy [180] I1gs and equals @Q=¢/C. The electrostatic energy in

terms of the potential, ¢ can be expressed as

Mps = —%C’ng (4.13)

The effective capacitance per unit area C' of the this capacitor is given by

€0€p
= 4.14
de, +h (4.14)

where (h 4 d) is the total gap filled partially with a dielectric material
(dielectric constant, €,) to a thickness h and with the air gap d and ¢ is
the permittivity of vacuum. Surface deformation increases the film thickness
from h to (h + u), where u is the normal displacement of the film surface
along the z direction (Fig. 4.1). The local air gap thus changes to (d — u),

and the resulting capacitance now is

€o€p
= 4.1

It is evident that if ¢, > 1 (a condition that is satisfied in PDMS films,
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€, = 2.65), the capacitance increases if the effective film thickness increases
by a displacement of the film surface. In reality, the surface deformation u
will not be a constant, especially because the film is nearly incompressible.
In such a condition, an approximate expression for the effective capacitance

can be obtained by using the expression for the capacitance per unit area

C(u) as

C = /AdmdyC'(u(m,y)) = /Adxdyepdjt T (eop— Tu(z. 1) (4.16)

and, consequently, the electrostatic energy for the potential ¢ is now

obtained as a functional of u(x,y) as

Hps(u) = —l/dxd ocp?” (4.17)
BV =75 | Y e d h— (e — Du(z, ) ‘

which depends on ¢* (not on the sign of ¢), and A is the area of the
film surface. As noted previously, there are two important approximations
in writing Eqn. 4.17. The first is that u varies slowly compared with the
thickness of the film, and therefore, the approximation using Eqn. 4.16 is not
unreasonable. Second, the electrostatic potential distribution is consistently
determined by the deformation of the film surface-this higher order effect was
neglected. This could possibly be an oversimplification when studying the
full nonlinear evolution of the film morphology but is not a serious limitation
in the predictions of the critical voltage (to be explained later) for the onset
of instability. This is because the deformations in the film before the onset

of the electric field-induced instabilities are small, with the consequence that
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the changes in electrostatic potential can be neglected.

4.3 Material - Polydimethyl siloxane (PDMS)

A wide variety of viscous and elastic films were prepared by varying the cross
linker concentration in the two-part polydimethyl siloxane (PDMS) based
elastomer, Sylgard 184 (Corning, USA). The cross linker (CL) percentage
(which is usually about 10% for the soft lithography stamps) was increased
to obtain increasing ratio of p (elastic storage modulus) to G” (viscous loss
modulus), both of which were characterized by a Bohlin Rheometer. The
films with cross-linker concentration, CL < 1% (u/G” < 1) corresponded to
a liquid regime, whereas the films acquired a substantial permanent, zero-
frequency elastic modulus when CL was in excess of 2% (u/G” > 1). The
pre-polymer mix was diluted in n-Hexane for very thin films (1.5 gm - 10 pm)
whereas for films thickness in the range of 10 pm - 75 pum the original pre-
polymer mix was used. Films of different thickness were obtained by varying
the spin coater speed (500 to 4800 rpm). The NIR absorption spectra showed
interference features, from which the thickness of the films was calculated.
Films were then annealed at 60 °C for 4 hours or 110 °C for 24 hours to obtain

uniform films with surface roughness < 10 nm.

4.4 Experimental Procedure

The experimental setup for the electric field (EF) induced pattern formation

involved placing the polymer film on the substrate electrode in the parallel
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Figure 4.2: Schematic of the experiments. (A) Parallel geometry and (B) Inclined
geometry.
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geometry (Fig. 4.2A) or in the inclined geometry with the counter electrode
at a distance controlled by spacers as shown in Fig. 4.2B. Transparent, con-
ducting, pre-cleaned I'TO coated glass slides were used as substrates on which
the soft cross-linked PDMS films were spin coated. The counter electrode was
in the form of a flexible cover glass (18 mm x 18 mm, thickness ~ 160 pm)
or a rigid plate resting on a spacer (controlling the electrode-film distances,
0.03 yum < d < 100 gm) made of a photoresist. The flexible contactor had
a semi-transparent gold coating of thickness &~ 50 nm on its top surface. A
high voltage supply with controllable ramp-rate (< 0.3 s) was used to apply
the voltage between the two electrodes. The patterns were observed under a
microscope and the images were captured using a digital camera. The addi-
tional voltage drop across the gold coated glass cover slip was accounted for
in the calculations of the applied electric field. The total potential applied is
the sum of the potential across the elastomeric film and that of the coverslip.

Hence, the effective voltage is given by,

‘/app - ¢pdms + nglass (418)

‘/app
1 + (Epdms/eglass) * (hglass/hpdms)

Ppdms = (4.19)

4.5 Electric-field Induced Patterns

In the parallel geometry (Fig. 4.2A), the film surface is undeformed, while

in the inclined geometry, a meniscus instability was present at the zone of
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contact, prior to the application of electric field. The application of an ex-
ternal electric field causes the surface to deform whose response depends on
the moduli of the films and on the geometry of the top contactor (parallel or

inclined), and is totally different in each case.

4.5.1 Parallel Geometry

The application of an electric field normal to a surface causes a rippling of the
initially flat surface [181]. Capillary waves of a well-defined wavelength grow
with time. In the confinement of a plate capacitor, this leads to cylindrical
bridges spanning the two capacitor plates with a lateral periodicity that
is given by the wavelength, A of the initially amplified wave spectrum [173].
Since the pattern selection is dominated by the initial phase of the instability,

A is quantitatively described by a linear stability analysis [182].

(a) Viscous Liquid

For all visco-elastic films with a cross-linker (CL) concentration of 1% or less,
an array of circular columns packed locally in a hexagonal order appeared on
the surface of film regardless of the voltage applied (Fig. 4.3). Their spacing
remained constant from the earliest time an order could be detected on the
film surface (~ 100 ms) [183]. Further increase in voltage led to the merger
of the pillars and a complete intimate contact with the top contactor formed

with time.
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Figure 4.3: Hexagonally ordered pillars for 0.5% CL concentration. (a) h = 3 um,
d = 2.5 um and ¢ = 60 Volts and (b) h = 6.8 pum, d = 10 pm and ¢ = 120 Volts.

Figure 4.4: The growth of the hexagonally ordered pillars into isolated voids for
1.5% CL concentration, h = 3 um, d = 2.5 um and ¢ = 60 Volts at time, t ~ 0
s, t~ s, tx 65s.

(b) Visco-elastic Liquid

The cross-over from the viscous liquid-like behavior to elastic solid-like be-
havior is continuous, although confined to a narrow range of elastic modulus
(1% < CL < 2%). Pillars formed initially coalesce rapidly, thus altering
the pattern dimensions, density and geometry as shown in Fig. 4.4 for a
transition regime visco-elastic film at 1.5% CL. Eventually, the pillar struc-
ture (polymer-in-air) is transformed into a pattern of voids surrounded by
the polymer (last picture in Fig. 4.4). The kinetics of pillar formation and
their coalescence could be hastened by increasing voltage and decreasing vis-
cosity. Upon removal of the electric field, pillar patterns disappeared, but
the inverted void-patterns remained robust because of their greater area of

adhesion.
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Figure 4.5: Pillar size growth for 3.5% CL concentration (h = 75.2 pm and d =
50 pum) for external voltage V = 630 V (= V.) and when V = 850 V (right side)
with a slew rate < 0.3 s.

(c) Elastic Solid

However, if the CL concentration was increased beyond 2%, the onset of
instability now required a minimum critical voltage. The resulting pattern
in these soft solid-like films was indistinguishable from the case of liquid-
like films with identical morphology of circular pillars packed in a hexagonal

lattice (Fig. 4.5).

4.5.2 Inclined Geometry

For all CL values > 3.5%, no pillars were observed even under high electric
field. Air breakdown occurs at such high electric fields. In order to further
study the effects of electric field, an inclined plane geometry was adopted.
This inclined plane geometry produced a fingering instability at the zone of
contact (Fig. 4.6), which was determined by the van der Waals interaction.
The wavelength of these patterns were found to be ~ 3h. The application of
electric field beyond a critical value induced changes in the fingering patterns

already present. The electric field effects were broadly classified into three
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100 pm 100 nm
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Figure 4.6: The finger patterns observed prior to the application of the external
electric fields for different thickness and shear modulus: clockwise h = 37.2 pm
and i = 3.9 MPa, h = 43.3 um and p = 6.9 MPa, h = 29.9 pym and p = 2.2
MPa, and h = 24.1 um and p = 3.0 MPa, respectively.

different categories: “Pillar Formation”, ‘Labyrinth Formation” and “Edge

Straightening” [179,184].

(a) Pillar Formation

In case of films with low stiffness parameter (1 MPa < p < 4 MPa and 10
pm < h < 100 pm), additional features besides the finger pattern appear in
response to electric field beyond a critical value. At low electric fields, the
change in the morphology of the initial fingers is not appreciable. However,
beyond a critical voltage (¢.), a row of circular pillars emerged ahead of
the fingers. Interestingly, the spacing of the pillars is proportional to the
wavelength of the adjacent finger-pattern. The first row of pillars form an

out-of registry stack with respect to the finger pattern. On further increase
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Figure 4.7: Evolution of the pillars upon application of voltage for film parameters,
= 43.17 pm and p = 2.17 MPa. Inset shows the decrease in diameter of the
pillars as a function of distance away from the line of contact.
in the voltage, additional rows of pillars appeared, accompanied by gradual
increase in the diameter of the existing pillars as depicted in Fig. 4.7. The
pillars become increasingly sparse and of decreasing diameter at increasing
distance from the original fingers. The inhomogeneity in the electric field
due to the inclined plane geometry is the resason for the decrease in the
diameter of the pillars away from the fingering pattern. Thse distributed
circular pillars appear in a 2-D hexagonal-type arrangement with spacing
similar to the wavelength of fingers. The original finger-pattern remains
unperturbed by the formation of subsequent pillars. The pillar-pattern also
corresponds to a deep metastable state, in the sense that the pillar-formation

is an irreversible process.

(b) Labyrinth Formation

The response to electric field for films of intermediate stiffness parameter (4
MPa < p < 6 MPa and 10 pm < h < 100 pm) is considerably different.
Beyond the critical voltage (¢.), the changes in the ampliltude of the finger
patterns are abrupt. The amplitude of the finger-pattern rapidly increased by

an order of magnitude (for example from 0.2 to 2 mm) with the wavelength
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¢=0 ¢> ¢

Figure 4.8: The elongation of the finger pattern leading to the formation of
labyrinth patterns for intermediate stiffness parameter films (h = 37.2 pm and
w = 3.9 MPa).

remaining same for small increases in amplitude. These patterns continued
to evolve beyond ¢, the tips of the growing and expanding finger patterns
ultimately undergo multiple scissions leading to the formation of patterns
with a network of interpenetrating fingers. It was observed that this elonga-
tion process is irreversible, i.e., upon switching off the voltage the patterns
remain trapped in the local metastable state and no not relax back to the
original configuration. Thus, the change in the distance of the contact line

and finger pattern is minimal.

(c) Edge Straightening

The response of high stiffness parameter films (¢ > 6 MPa and 10pum < h <
100 pm) when an exteral electric field is superimposed on it is that of “edge-
straightening“ where the amplitude of the patterns decreased appreciably
above a certain field. Even though there is a change in the amplitude of the
instability, there is no discernable change in the wavelength of these fingering
instabilities. It was observed that the straightening of the finger-pattern oc-

curs asymmetrically, with the amplitude of the finger decreasing with respect
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Figure 4.9: The edge straightening of the finger patterns for film parameters, h =
76.8 pm and p = 6.9 MPa.

to a stationary tip. The decrease in amplitude was gradual and the eventual
straightening appears in the form of a linear edge around a critical voltage
(¢.). Further increase in the voltage resulted in a gradual displacement of
this linear edge towards regions of lower electrostatic energy and an effec-
tive increase in the contact area. The distance of the fingering pattern from
the contact line increased indicating a more intimate contact between the
film and the top glass substrate. The “edge-straightening“ behaviour was
observed to be reversible as the initial small-amplitude fingers reappear on
switching-off the electric field, but the recovery time is much longer (~ 30
min.) because of greatly decreased elastic restoring force as compared to the

electric force.

4.6 Discussion

4.6.1 Parallel Geometry

A general visco-elastic film subjected to an external destabilizing field dis-
plays two clearly distinct regimes of instability which have wavelengths cor-

responding to a purely viscous liquid and a purely elastic solid, regardless of
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their detailed rheology with a continuous transition between the two regimes.
Wavelength in the liquid regime depends on the applied field, film thickness
and surface tension in a nonlinear fashion, whereas the wavelength in the
solid elastic regime depends linearly on the film thickness independent of the

field strength and material properties

(a) Viscous Liquid

The master curve for a purely viscous liquid is shown in Fig. 4.10. This
observation is as seen from electrohyrodynamic theory [173], where A is de-
termined solely by a competition between the destabilizing force and the
surface tension, but not by the factors that influence the kinetics, such as
high frequency elasticity and viscosity, both of which vary greatly in the CL
range of 0-1 %, A = C[VE3|Y2 where, C = 2r[27/eyc0(e, — 1)?]Y/? and
E =V/[(d+ h)e, — h(e, — 1)]. However, the dynamics of full pillar formation

was seen to depend on the CL concentration or visco-elasticity.

(b) Elastic

In the region where v vanishes, for CL > 2%, the strain energy density
depends on the shear modulus (p) of the film: W(E)=1/2(ue):E [179]. The
elastic energy increases if there is a deformation of the film and hence acts
as a stabilizing factor in this system. The total potential energy (for a given

voltage ¢) is a functional of the displacement field and is
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Figure 4.10: Wavelength, X\ vs VE=3 in log-log scale for viscoelastic liquid-like films
for 0% < CL < 1%, 2.5 um < h < 75 pm, and d = 30 nm, 2.5 um, 4 pum, 20
um , 40 pm, under bias conditions of 5 V<V < 150 V. The line represents the
viscous film theory (v = 19.8 mN/m and €, = 2.65).
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A epd +h — (g — u(z,y)
(4.20)

This energy functional was used to determine the critical voltage required
to induce morphological changes. To obtain an analytical expression for the
critical voltage, it was assumed that the variation of deformation along the
x-direction is much larger than in the y-direction and, hence, the variation
along the y-direction is neglected. Within this framework, a linear stability
analysis of Eqn. 4.20 was performed. To this end, for a given gap thickness
d and voltage ¢, the homogeneous state of the film comprises © = 0, with an

additional uniform pressure field py in the film, given by
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(ep — 1)50€p¢2

P pu—
7 (e,d+ h)?

(4.21)

The pressure py in Eqn. 4.21 is obtained by calculating the force per unit
area of the film surface exerted by the electric field. For a given d, if ¢ is large
enough, this homogeneous state may be unstable to pattern formation. To
investigate this, it was assumed that the film surface undergoes a perturbing
deformation of the form wu(z)=aycos(kx), where k is the wavevector of the
perturbation and «y, is its amplitude. In a linear stability analysis, this term
was used in Eqn. 4.20 and a condition such that the energy expression up
to quadratic order in «ay is negative was obtained. The average electrostatic
energy (Ilgg) per unit area of the film is evaluated as

1 (e, — 1)%€0€,?

(lps) = =5 CYETE (4.22)

The average elastic energy per unit area for such a deformation field in

an incompressible film is [185]:

(M) = SES(hk)a? (4.23)

where S(() is the universal function

2¢(1 + cosh(2¢) + 2¢?)
sinh(2¢) — 2¢

S(Q) = (4.24)

The term pS(hk) can be interpreted as a wavelength (wavenumber) de-
pendent effective elastic stiffness. The mean total energy per unit film area

of the perturbation u(z) is
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() = (M) + () = 5 (k) — e

Yag (4.25)

If the term in the brackets becomes negative, the perturbation Eqn. 4.22
becomes unstable. The critical value of ¢ that induces instability is the
smallest value of ¢ at which some mode (described by a wavenumber k)
becomes unstable.

From the definition of S, it is evident that a perturbation wavelength is
very small compared with the thickness hk >> 1 (S(¢)— oo, for ( — 00), and
one with wavelength much larger than the film thickness hk << 1 (S(¢)—
oo, for ( — 0); both cost large energy penalties. The lowest effective elastic
stiffness occurs at an intermediate value of the wavelength corresponding to
hk. = 2.12 for which S(hk.) = 6.22. Thus, when the voltage ¢ exceeds a value
¢, the perturbation with wavenumber equal to k. or equivalently wavelength

Ae = 3h becomes unstable, where ¢, is given by

52 = 621 (epd+ h)?
Ch (6 —2)266

(4.26)

It was indeed observed that the onset of instability in solid films re-
quired a critical voltage and pillars were not formed when ¢ was maintained
marginally lower than ¢, even for several hours. The pillars formed at ¢ > ¢,
could extend and contact the flexible-thin contactor for the entire range of
experiments where d varied from 2.5 pm to 90 pm. The trend of the ¢,
values predicted by Eqn. 4.26 with respect to h is observed qualitatively in

our measurements shown in Fig. 4.11. When d is small compared to h, ¢,
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Figure 4.11: Dependence of critical voltage, ¢. on film thickness, h for different
values of air gap, d. The hollow and solid symbols represent CL concentrations of
3% and 3.5% respectively.

increases with h. However, for large values of d, the ¢. scales inversely with
h. Notwithstanding these qualitative trends, Eqn. 4.26, with ¢ = 0.1 MPa,
quantitatively predicts voltages that are several times larger than the exper-
imental values and are in fact large enough to cause a dielectric breakdown
of the polymer and air! In the experiments, elastic pillar formation was
observed only when either a flexible top electrode was used where a small
bending (~ 2 pym at 500 V; much smaller than the air gap) of the electrode
at its center was observed or slightly non-parallel rigid electrode was used.
This small bending of the electrode and the lateral field gradient thus cre-
ated is an essential factor in kick-starting the elastic instability which is a
nucleation phenomena at much lower voltages. Interestingly, the wavelength

in this regime becomes independent of the applied critical voltage, as well as
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Figure 4.12: X formed in solid-like viscoelastic films for different CL concentra-
tions, the line represents the best fit with slope = 4.1.

the CL concentration or precise level of solid visco-elasticity. For these solid-
like films, the wavelength exhibits a linear relationship with the film thickness
with a best fit of A ~ 4h (Fig. 4.12). This is reminiscent of the elastic contact

instability seen in debonding and peeling of elastic adhesives [170-172].

(c) Visco-elastic

The cross-over from the viscous liquid-like behavior to elastic solid-like be-
havior is continuous. This is unlike the discontinuous first order transition
found in a study of debonding of visco-elastic layers [186]. The above obser-
vations were understood from a more general linear stability analysis.

In visco-elastic films, there exists viscous stresses ¢ in addition to equilib-

rium elastic stresses, given by 0¥ = 24 (%VU + Vaul + 5V uI) QU[%(VU—I—

V') — 1V - 4I], where () stands for the time derivative, 7 is the viscosity

parameter, and [ is the unit tensor.
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The homogeneous solution is unstable to periodic deformation of the form

@t The solution for w indicates that there is a mode with

uj ~ el u(j)e
wavenumber (k,,) such that the rate of growth (w) is maximum. An analyt-

ical result was derived for (k,,) such that,

h
hk,, = hke + 0.39% —046(1 = 20)| (Y ~¥)) (4.27)

The following dispersion relation for a visco-elastic thin film with constant

viscous and elastic moduli was obtained [177]:

(nw/p) = [ (v/h)@® + (h/1)S] (2qY (q)) " =1 (4.28)

where, ¢ = knh, Y(q) = (1 + €0)? + 4e*1¢*)(—1 + €*? — 4e?1g)~! and
S = (0r/Oh) = €ye, V(1 — €,)?(de, + h) ™ where w is the growth coefficient
of instability, k,, is its wave number, ~ is surface tension, p is elastic shear
modulus, 7 is viscosity, d is air gap, h is film thickness, 7 is excess electric
pressure at the interface, €y is dielectric permittivity of the free space, €, is
dielectric constant of the polymer (= 2.65) and V' is applied voltage. From
the above relation, the liquid-like scaling is obtained when the parameter
(7v/hp) is large, whereas the solid-like scaling A ~ 3h is recovered for small
(7v/hp). While, in the visco-elastic case, the scaling of wavelength with the
film thickness, A = nh, with n > 4, is also found intermediate to the liquid-
like and the solid-like films as predicted by Eqn. 4.28 (Fig. 4.13).

Fig. 4.14 shows the wavelength obtained from Eqn. 4.28 which adequately
describes the features of transition from the liquid-like behavior at low (<~

10 Pa) elastic modulus to elastic solid-like behavior at moderately high values



4.6 Discussion 127

S0+ 1.5%

6.5Xh

400

300 +

A (um)

200~

100

0 ———t——t—t——————}—
0 10 20 30 40 50 60 70 80
h (um)

Figure 4.13: X formed in wviscoelastic films for 1.5% CL concentration, the line
represents the best fit with slope = 6.4.

(>~ 1000 Pa). Interestingly, the wavelength in all cases is independent of
viscosity as predicted by Eqn. 4.28. Further, in both the liquid-like and the
solid-like regimes, it also becomes independent of the elastic modulus, which
remains important only in the transition regime. Basically, in the liquid-like
regime, surface tension is the dominant stabilizing mechanism, whereas in
the solid-like regime, the elastic strain dominates. The transition is thus
governed both by surface tension and elasticity in the form of the parameter,
(v/hu). Further, in the solid-like regime, \ is solely governed by the pattern
that minimizes the elastic energy penalty [170-172,177,187] and the film

viscosity merely governs the dynamics of pattern formation [177].
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Figure 4.14: Transition between the liquid-like and the solid-like regimes with pre-
dictions of Eqn. 4.28 for h = 31.5 um, d = 50 um; V.= 30 V for liquid-like films
and V. for solid-like films.

4.6.2 Inclined Geometry

The instability induced by the electric potential, when it exceeds a critical
value occurs at the same wavelength (A ~ 3h) as that induced by the van der
Waals forces (meniscus instability). Thus, morphological changes induced by
the electric field have similar spacing to that of the other adhesive interac-
tions, including the van der Waals interaction. This observation is also in
line with the linear stability analysis [170,171,177,185], which predicts the
length scale of the elastic contact instability to be independent of the decay

behavior of the adhesive force.

Because of the crack-like geometry in our experimental setup, it is evident
that e,d+h ~ h (because d ~ 10-50 nm, h ~ 10 pm, €, = 2.65), and thus [179]

from the previous expression (Eqn. 4.26),
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6.22

o= (m) W

(4.29)

The critical voltage necessary to induce morphological changes increases

linearly with the thickness A of the film, and has a weaker dependence on

the shear modulus of the film as /. Fig. 4.15 shows the linear depen-

dence of ¢./,/i as a function of film thickness, h. Interestingly, the case of

pillar formation has a different slope, (d(¢./\/1t)/dh) compared to the cases

corresponding to the edge straightening and finger elongation (Fig. 4.15).

This difference is due to the geometry of the initial fingers. Even though

their functional dependence on the film parameters such as film thickness

and shear modulus is not modified, the energy magnitude changes.
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(a) Morphology Evolution

While the electrostatic energy promotes the increase of the contact area be-
tween the film and the contactor, the resulting morphology depends on two
forces, both of which act to oppose morphological changes the elastic restor-

ing forces in the film and the bending energy of the contactor.

The final morphological structure depends on which of the two opposing
forces are stronger. If the elastic stiffness parameter of the film and, conse-
quently, the elastic energy penalty in the film are smaller than the energy
penalty of the contactor bending, then the increase of contact area should
occur by the deformation of the film surface, keeping the curved contactor
in essentially the same configuration as before the application of the electric
field. In the experiments, this scenario was seen in the case of the pillar-
formation regime for relatively small values of film stiffness. In this case, the
initial areas of contact complete with the fingers are preserved, while pillars
emerge ahead of the fingers. It is therefore evident that the contactor un-
dergoes very little additional deformation in this case by the application of
electric field. As seen from the morphological phase diagram, it was noted
that the regime of small x/h indeed produces pillar-like morphology when

subjected to an external electric field.

On the other hand, in very stiff films (with large p/h ratios), the contact
area can be increased by deforming the contactor, rather than the film, so
as to effectively move the contact line toward the spacer; i.e., the average y-
coordinate of the contact line increases (Fig. 4.2). Again, the regions of large

i/h do correspond to the edge straightening. For the intermediate values
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of the stiffness parameter ;1/h, which is larger in the pillar-formation regime
but smaller than the edge straightening regime, the contactor bending energy
penalty is comparable with the elastic energy penalty of the film. Thus, the
contactor bends together with elongation of finger patterns, giving rise to

labyrinth patterns, to gain the electrostatic energy.

(b) Hysteresis

This irreversibility refers to the lack of recovery of the original finger pat-
terns upon switching off the applied voltage. This phenomenon is due to
the short-range van der Waals and other contact adhesive forces. The in-
clusion of short-range adhesive forces, after the formation of contact zones,
generates metastable local minima in the energy landscape, which pins an al-
ready formed structure. Thus, after the formation of intimate contact zones,
the structures already formed by the electric field can persist whenever the
adhesive interactions are sufficient to maintain adhesion. Metastablity of
adhesive zones, notwithstanding their higher energy, is also known to be re-
sponsible for the observed persistence of patterns in peeling and debonding
experiments. The patterns once formed at elastic contact continue to adhere
and elongate over much larger gap distances during the withdrawal or pulloff
of the contactor [178]. The morphological patterns are thus trapped in a
metastable local minimum of the energy, even though the global minimum
of the energy after switching off the electric field is a flat film.

The driving force for the recovery and relaxation of the patterns after
removal of the electric field or the contactor is the stored elastic energy of

the film. In the case of films with a small stiffness parameter that show pillar
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formation, these elastic forces are weak and are unable to move over the
energy barrier that produces metastability. When the film stiffness parameter
is large (resulting in edge-straightening effects upon the application of the
electric field), the elastic forces are strong enough to drive the system back
to its original configuration of finger patterns. In the intermediate case, the
elastic forces provide for a partial recovery, but the system may get trapped in
a metastable local energy minimum configuration intermediate to the original

configuration and the one induced by the electric field.

4.7 Conclusions

The effects of visco-elasticity and an external electric field on thin polymeric
films have been studied, both in parallel geometry and in inclined geometry.
In parallel geometry, a visco-elastic film subjected to an external destabi-
lizing field displays two clearly distinct regimes of instability which have
wavelengths corresponding to a purely viscous liquid and a purely elastic
solid, regardless of their detailed rheology. The transition between the two
regimes of long and short waves is confined to a narrow zone of a param-
eter, (y/ph). Wavelength in the liquid-like regime depends on the applied
field, film thickness and surface tension in a nonlinear fashion, whereas the
wavelength in the solid-like elastic regime depends linearly on the film thick-
ness independent of the field strength and material properties. However,
the kinetics of instability is influenced by rheology. An important difference
between a liquid-like film and a solid-like film is the presence of a critical

voltage required to engender the pillar formation in the latter case.
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In inclined geometry, a critical voltage was required to engender morphol-
ogy change. It was found that three distinct types of electric-field-induced
pattern morphologies were possible depending on the stiffness and thickness
of the films. These include edge straightening (which reduces the dimen-
sionality of the patterns), labyrinth formation (which maintains the dimen-
sionality of the pattern), and pillar formation (which converts a 1D pattern
into a 2D pattern). These patterns were explained by the physics of elec-
tric field induced contact instabilities. The irreversibility of these patterns
formed upon application of an external electric field was attributed to the

local energy minimums present in the energy landscape.
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Chapter 5

Summary

The optical activity, photoelectric signals and the effect of local electrostatic
environment on the photophysical activity of a protein - retinal complex,
Bacteriorhodopsin was investigated in the first half of the thesis. The re-
sponse of soft polymeric films to an applied electric field leading to a surface

deformation was investigated in the latter part of the thesis.

The functionality of protein in film form was further investigated by mea-
suring photoelectric signals from it. Upon photoexcitation of bR, the electri-
cal signals were measured across the polymer layer with two lateral electrodes.
In essence, the changes in the polymer layer was temporary or prolonged de-
pending on the polymer layer used. The polymer layer can act as an antenna
to pick up charge fluctuations from the adjacent bR layer. The thickness of
the bR films were reduced from multilayers to monolayers and photoelectric
signals from these layers were observed. This concept of passive and active
biomolecular signal transduction can possibly be used to probe the internal

processes of the biomolecules and also utilized for various sensing activities.
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The optical activity of monolayers of bR was characterized using a trans-
mission mode scanning near-field optical microscopy. Optical constants such
as the molar absorptivity, quantum efficiency for photoconversion were ob-
tained from these measurements. The molar absorptivity values were higher
than those observed from the absorption spectroscopy measurements due to
the fact that all the molecules present within the beam area are oriented and
also due to the additional interaction of the near-field tip to the retinal chro-
mophore, that has its transition dipole moment oriented at an angle with the
membrane normal. The transmission signals from pump induced near-field
scans were used to study and control the dynamics of the population in re-
spective intermediate states. Further, the local electrostatic environment of
bR was modified by modifying the underlying substrate to see its effects on
the quantum efficiency of photoconversion. The transmission SNOM based
technique used in this thesis, can be used for studying the structure-property

relationships of various other non-flourescent proteins.

Soft polymeric films deform upon the application of an electric field to
give rise to hexagonally ordered pillars. The wavelength of these periodic
pillars in the liquid-like case depended on the applied voltage and the surface
tension, which acted as the stabilizing force, whereas in the solid-like case, the
wavelength of these periodic patterns was independent of the applied voltage,
as long as it exceeded a critical value. Further, in inclined-plane geometry, the
application of electric field modified the pre-existing morphological patterns.
The morphology of final patterns depended on the elastic shear modulus of

the films.

The understanding of the various parameters that govern the deformation



4.7 Conclusions 137

of thin films upon application of the electric field was used to deform a
liquid alloy. Upon application of an electric field, the alloy droplet deformed
and could make contact with the top electrode. The extent of movement,
could be controlled by the electric field applied. This concept was used to
make contacts to bR based devices, where the liquid alloy was used as the
top contact instead of the aluminium electrode. Photoelectric signals were
observed, when the alloy made contact with the bR based device [188]. These
results highlight the possibility of using this alloy as an alternative to other
conventional contacts for molecular devices.

Near-field microsocpy is a powerful tool to study the structure and func-
tion (optical activity) of various molecules in their native environment. These
measurements (flourescence or transmission) can be used to study the ac-
tivity on a single molecule level. The photoelectrical activity of various
biomolecules can be studied and a clear correlation can be established be-
tween molecular events and electrical measurements beyond just observing
the ensemble averaged electrical signatures. The conducting polymer net-
work can be used as an underlying layer upon which various biomolecules
(proteins, neural networks and various cells) can be oriented and their elec-

trical signatures studied in an non-invasive manner.
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Appendix A

The electric field surrounding from the near-field probe was simulated using
the software, OPTIFDTD 8.0, from Optiwave. This software uses the finite
difference time domain (FDTD) method to calculate the propagation of the
electromagnetic wave. This approach is based on a direct numerical solution
of the time-dependent Maxwell’s curl equation. The software uses central
difference approximations for the numerical derivaties in space and time,
both having second-order accuracy.

The layout of the near-field probe is shown in Fig. A.1. The values used
for the near field probe is as follows: the probe consisting of the core (n =
1.45) and cladding (n=1.6) of a coaxial bragg fiber, with an outer coating of
Aluminium (thickness = 250 nm), whose refractive index was assumed using
the Lorentz-Drude model. The tapering angle used was ~ 14, which is the

standard taper angle used in the near-field probes.

The simulation parameters are as follows. A transverse magnetic (TM)
plane wave (A = 532 nm) was used as the source, which was propagating
along the z-direction. The mesh sizes were 100 nm both along z-axis and
and along y-axis. The time step was 0.2 fs and the running time of the

simulation was for 3000 steps.
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Figure A.1: The schematic layout of the near-field probe used for simulation.
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Figure A.2: Longitudinal E, and Transverse E, component of the field as a func-
tion of distance from the tip.

The output of this simulation consists of both F, and E.. The E, profile is

the longitudinal component of the field while F, is the transverse component

of the field. Fig. A.2 shows the exponential decay of F., from the tip, whereas

the F, decay is due to the point source like nature of the tip.

served results.

The simulations carried out using this software replicate the earlier ob-
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To confirm that the transmission changes obtained is due to bR molecules,

many control experiments were performed.

(a) Constant Gap and Constant Height Mode

In order to get an artifact free transmission image, Hecht et. al have sug-
gested that first SNOM be done by constant gap mode to identify regions of
interest and then SNOM be done in constant height mode. They have sug-
gested that the constant height mode scans be carried out by retracting the
tip by a small distance, usually > than the topographical feature and carry-
ing out the raster scanning. In our case, the constant height mode scans were
done by retracting the tip by ~ 15 nm (greater than the monolayer height),
and then raster scanning the sample. Figure B.1 shows the results of both
constant gap mode and constant height mode. The change in transmitted
intensities observed in Fig. B.1(C) and (D) are essentially similar, confirming
that the observed changes are essentially due to absorption by the bR patch
and not due to topological artifacts.

To prove that the additional decrease in SNOM transmission during pump

experiments, (A = 405 nm), is due to the changes to bR photocycle and not
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Figure B.1: (A) and (B) The AFM image in constant gap mode and constant
height mode. (C) and (D) Transmission SNOM image in constant gap mode and
constant height mode. The scale is equalized in both the cases. Scan area 1 pm X
1 pum.

due to tip heating caused by the pump laser, transmission SNOM experi-

ments were performed with different pump As.

(b) Transmission SNOM with pump A = 570 nm

When A = 570 nm was used as the pump and transmission SNOM experi-
ments were carried out with probe A = 532 nm, the transmission decreased
from 99.1% to 99.4%, as seen in Fig. B.2. This is due to the fact that pump-
ing bR monlecules with A = 570 nm perturbs the photocycle by depleting the
ground state (B-state), whose absorption is centered around 570 nm. Since,
the no. of molecules in ground state is lower, this leads to a lower absorption
and higher transmission when probed with A\ = 532 nm as indeed seen in our

experiments.
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Figure B.2: (A) The AFM image, (B) Transmission SNOM image and (C) Pump-
Induced Transmission SNOM image of a bR patch with A = 532 nm through the
tip and the pump beam at \pqr = 570 nm. The scale is equalized for (B) and (C).
Line profiles of the AFM, SNOM and PI-SNOM images in (C), (D) and (F). Scan
area 1 pm X 1 pm.

(b) Transmission SNOM with pump A = 670 nm

When a pump A = 670 nm is used, it does not modify the photocycle of bR.
The no. of molecules present in B- and M- states remain the same. The
presence of an additional pump can modify the tip sample interaction. But,
as seen in Fig. B.3 both (C) and (D) are similar, showing that, the pump
A = 670 nm, neither causes change to the photocycle efficiencies nor does
perturb the tip-sample interaction, leading us to conclude that an additional
pump laser does not modify the tip-sample interaction.

The above control experiments in different modes (constant gap and
height) and different pump A, clearly show that the transmission changes
measured were due to the bR molecules. The results from constant gap and

constant height modes were similar, showing that the observed transmission
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Figure B.3: (4) The AFM image, (B) Transmission SNOM image and (C) Pump-
Induced Transmission SNOM image of a monolayer of bR patch with A = 532 nm
through the tip and the pump beam at Apaz = 670 nm. The scale is equalized for
(B) and (C). Scan area 1 pm x 1 pm.

changes were due to the bR molecules. Further, experiments with different
pumps show that the tip-sample interactions are not modified by the pres-

ence of additional pump and transmission changes arising in the respective

cases were due to the pump induced changes to the bR photocycle.



Appendix C

The formatiion and subsequent evolution of the pillars upon applying an
external voltage was observed using a CCD camera. The data was recorded
in the form of a avi file, from which each and every frame was cut and was
used for further analysis. A typical video file, which has been converted into
frames is shown in Fig. C.1. Typically, for every experiment, such video files
were recorded and image files were extracted from it.

The wavelength of the patterns was obtained by doing a fourier transform
of the images obtained from the avi files. A representative FFT of the image
is shown in Fig. C.2. The FFT shows spots similar to the diffraction pat-
terns observed from a hexagonally ordered crystal, with the spacing between

corresponding to the wavelength of the pillar patterns.
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Figure C.1: Frames selected from a video file showing the evolution of pillars. The
images represent every 200" frame. The frame rate of the CCD camera used was
30 fps.

Figure C.2: FFT image of a periodic pillar structure.
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