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Preface

This thesis deals with the studies on assembly and orgamzat novel amphiphilic
molecules at air-water and air-solid interfaces. Moleswensisting of hydrophilic and hy-
drophobic parts are known as amphiphilic molecules or apiplas. These molecules when
spread at air-water interface, the hydrophilic part anshorthe water and the hydrophobic
part stays away from the water. If there is a proper balantedsn the hydrophilic and
hydrophobic parts, these molecules form insoluble moreslay air-water interface called
Langmuir monolayer.

Langmuir monolayer can be used as a model system to studyrdipenties of two-
dimensional system§&l[1]. In addition, useful informatidroat molecular sizes and inter-
molecular forces can be obtained from the studies on moaddagt air-water interface.
Langmuir monolayers can also be used as model biologicalbreems and studies on the
monolayers of biological molecules will help in understemgdthe functionality of the bio-
logical systemd]2].

In analogous to the phases exhibited by the matter in bulkgirauir monolayers exhibit
two-dimensional phases depending on the thermodynamiditoamms [3]. Various phases
in the Langmuir monolayers have been reported and the réshimethe phase diagram is
of scientific interest. Various experimental, theoreteradl simulation techniques have been
used to study the phases exhibited by the Langmuir monoldysually, the sequence in
which the monolayer exhibits the phases is, gas (G), lowitehguid (L), high density
liquid (L,) and solid (S) phases.

The phase transitions in the Langmuir monolayer can be Imtooigt by changing the
thermodynamic parameters like surface density of amplgaiiolecules, temperature and

surface pressurer). The surface pressure of the monolayer is given by,

T=%Y—Y (1)

Xi



Here,y, is the surface tension of pure water ands the surface tension of the water with
monolayer. As we increase the surface density of the madscnithe monolayer, the area per
molecule A,) decreases and the surface pressure increases. Theovaoftias a function

of A, depends on the phases exhibited by the monolayer. Thus, nvgatahe valuable
information on the phase transition in the monolayers bitipig ther — A,, data obtained at

a constant temperature. This technique is known as surfacemetry and the variation of
n as a function ofA,, is known asr — A, isotherm. A kink in the isotherm signifies a phase
transition and the plateau in the isotherm indicates thaistence of phases. The phases
exhibited by the monolayer can be seen by Brewster angleostopy (BAM).

Langmuir monolayers can be transferred from the air-watterface onto the solid sub-
strates by Langmuir-Blodgett (LB) technique to obtain LB&l. These films can be studied
using techniques like atomic force microscope (AFM)f&ient modes of AFM can be used
to study the topography, electrical and mechanical pragseof the LB films.

This thesis describes our studies on the formation and cteairzation of ultra-thin films
of some novel amphiphilic molecules at air-water (Langnmuanolayer) and air-solid (LB
film) interfaces. The molecules studied were dfetient structure and shape. They can be
broadly classified into two types viz., (a) azobenzene nudéscand (b) derivatives of dis-
cotic molecules. The molecules were synthesized in ouitumst To study the ultra-thin
films of these molecules at air-water interface, we have ssedce manometry and Brew-
ster angle microscopy techniques. We have used atomicriuiczescope (AFM) extensively
in different modes to extract information on surface topograpbyanoscale electrical con-
ductivity of the LB films. In chapter 1 we have described thpeximental techniques along
with a brief introduction to the Langmuir monolayers and LBn8. Since a few of the
materials studied were mesogenic, we have also given aibtietluction to liquid crystals.

In chapter 2, we have presented our studies on the assemblyrganization of novel
H-shaped mesogenic dimer molecule, 12D1H (Bis[5-(4’-detyloxy benzoyloxy)-2-(4"-
methyl phenylazo)phenyl] adipate). Figlile 1 shows the étanstructure of the molecule.

The material 12D1H exhibited stable monolayer. Surface ameatry and BAM studies

Xil
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Figure 1. Chemical structure of the H-shaped molecule, 22D1

showed that the monolayer exhibited coexistence of gas @amdléensity liquid phase at
large A,,. On compression, the monolayer formed uniform low densifyidl phase a#,
of 2.10 nn¥ before collapsing at aA,, of 1.84 nn? with a collapse pressure ofSLmN/m.
Figure[2 shows the — A, isotherm of 12D1H monolayer taken in dark. The wetting be-
havior of the 12D1H LB film transferred onto hydrophilic angdnophobic substrates was
studied using AFM. LB film transferred onto a mica substratal@ted monolayer domains
(Figure[3). From the AFM image and— A, isotherm we infer that the ester groups of
12D1H are anchoring the molecules at the surface. FIJurevsthe schematic diagram of
the organization of the molecules at the interface. Figlsbdws 3D view of the AFM to-
pography image on a hydrophobic silicon substrate. We fiatltte bilayer transferred onto
a hydrophobic silicon substrate, dewetted to form nangléts of size of about 100 nm.
Our analysis of the AFM images indicated that the dewettirag@ss is through spinodal
dewetting. Controlled dewetting of the films of azobenzemmpounds can have potential
applications in optical devices, biochip technology anchioroelectronics.

In azobenzene materials, molecular conformation can begethfromtransto cis state
or cisto trans state by photoisomerization. This property of reversibtdeoular isomeriza-

tion has been utilized in developing photosensitive dev|dgl5] and wetting surfaces[6].
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Figure 2: Figure shows the surface pressufe-drea per moleculeA,) isotherm for the
12D1H monolayer in dark compressed with constant barrieedp
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Figure 3: AFM image of 12D1H monolayer on hydrophilic micdstrate.
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Figure 4: Schematic representation of the arrangement tdaules at air-water interface.
This is based on the limiting area aD2 nn¥ obtained fromr—A,, isotherm and the height of
3.8 nm obtained from the AFM image of the monolayer film on a hyptiitbc mica substrate.

Here the ester groups of the molecule are in contact withrveatdace and the alkyl chains
are protruded into air.

Figure 5: 3D view of AFM image of small droplets on a hydropieatilicon substrate (X, Y
and Z scales are in nm).
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Figure 6: Figure shows the surface pressufe-érea per moleculeA,) isotherm for the
monolayer in the presence of UV light of wavelength 365 nm.

For many such applications, understanding the kineticsarhirization reaction on illumi-
nation of ultraviolet (UV) or visible light in thin film is imprtant. In chapter 2, we present
our studies on theffect of UV)visible light on the Langmuir monolayer of 12D1H. We find
that the monolayer in the presence of UV lighis{12D1H monolayer) is even more stable
with a collapse pressure about three times higher to thdteofrionolayer in darkt(ans-
12D1H monolayer). Figurdd 6 shows the- A, isotherm of the 12D1H monolayer obtained
in the presence of UV light of wavelength 365 nm. We have aksrdbed our studies on
the kinetics oftrans to cis isomerization of the azobenzene molecules under the ilami
tion of UV light in the low density liquid phase of the Langmunonolayer. We find that
the isomerization of therans-12D1H molecules to formis-12D1H leads to increase in the
surface pressure of the monolayer. Figure 7 shows the \ariaf 7 as a function of time
(t) for three diterent values ofA,. From our analysis, we find that thians to cis isomer-
ization reaction shows deviation from the first order kiogtiWe attribute this deviation to

the simultaneous photoisomerizationtodins isomers to forncis isomers and the reverse

XVi



W

N
an

N
o

m(t) (MN/m)

=
o P

100 200 30

o

t(s)

Figure 7: Variation of surface pressure as a function of tiorehree diferent target area
per molecule,); (i) 1.87 nn? (open circles),i{) 1.92 nnt (filled circles) andii) 1.96 nn¥
(triangles), under the illumination of UV light. The corpssdingr; values areif 2.67
mN/m, (ii) 2.03 mN'm and (ii) 1.83 mN'm, respectively.

thermal isomerization of the metastalls isomers to forntransisomers. We find that the
rate equation written by considering a first order kinetmstfans to cis photoisomeriza-
tion reaction and a second order kinetics ¢ to trans thermal isomerization reaction is
in agreement with the rate equation obtained from the ewpmrial data. The second order
kinetics mechanism for thermal isomerization reactiortisfisomer to formtrans isomer
Is similar to the Lindemann-Hinshelwood mechanism for themolecular reactions at low
concentration of the reactanks [7, 8].

In chapter 4, we describe our studies on the monolayer of elmwer of disk shaped
triphenylene moiety, terephthalic acid bis-[6-(3,6,71lI0pentahexyloxy-triphenylen-2-
yloxyl)-hexyl] ester (tp-dimer), at air-water interfadeigure[8 shows the chemical structure
of the molecule. We find that the material tp-dimer forms reigtiale monolayer at air-water
interface. Ther — A, isotherm obtained by compressing the monolayer at a ratel6f 0
nnm?molecule*min~ and at a temperature of 4G is shown in Figur€]9. FiguledlO shows
the Brewster angle microscopy (BAM) image of tp-dimer mayel exhibiting coexistence

of gas and low density liquid phase, uniform phase and ceddstate. From the — Ay,
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Figure 9: Surface pressure)(— area per moleculeéd,) isotherm for tp-dimer monolayer at
15°C. The monolayer was compressed with a rate.b® @ntmolecule*min-?.

Figure 10: BAM images of the tp-dimer monolayer dtelient area per molecule. (a) Shows
coexistence of gas phase (dark region) and liquid condepisase (grey region) &, of
3.00 nn¥. (b) Shows uniform phase &t, of 1.70 nnt. (c) Shows the collapsed state/fqt

of 1.61 nn?. The scale bar in each image represents500
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Figure 11: (a) Shows variation of collapse pressutg &s a function of strain ratey() at
25°C. The solid line represents the power law #i§ £ Clatl/”) to the data points. (b) Shows
the variation of Inf) as a function of IT. The monolayer was compressed at a rate b 0
nn?molecule®mint. Solid line represents the straight line fit to the data oint
isotherm, BAM andE| value, we infer that the monolayer when compressed witheaaft
0.10 nnfmolecule*min~t, exhibited coexistence of gas and condensed phase at kg v
of A, (above 180 nnt). Below theA,, of 1.80 nnt the monolayer exhibited uniform con-
densed phase and collapsed afarof 1.63 nnt with a collapse pressure of ZImN/m.

We have studied the collapse of the tp-dimer Langmuir mgormeoslat air-water interface
as a function of compression rate and temperature. We findhbeacollapse pressure in-
creases with increase in compression rate. We consideutfaes pressure of monolayer as
stress and compression of monolayer as strain. The stri@nsraalculated from the com-
pression rate. Our analysis indicate that the strain ratelased to the collapse pressure by
a power law. Similar power law has been reported in the cas@aegmuir monolayers of
dendrimers[[9] and alkanethiol molecul&sl[10]. Figure }teows the variation of collapse
pressure as a function of strain rate at a temperature @.25ur studies on thefiect of
temperature on the collapse pressure showed that the self@essure decreases with in-
crease in temperature. Assuming the Arrhenius temperdgpendence of the strain rate,
we have calculated the activation energy for the collapseafolayer from the variation of
In() as a function of AT (Figure[1I{0)). The calculation of activation energy ygettie
value of 1586 kJmol.
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Figure 12: Chemical structure of AQD6 molecule. The anthiagne core is connected to
six triphenylene moieties by dodecyloxy chain through etimkage. The triphenylene is
substituted with five pentyloxy chains.

In chapter 5, we have studied the Langmuir monolayer and LBsfibf a star shaped
liquid crystalline oligomer made up of disk shaped moietlesxatriphenylene substituted
anthraguinone (AQD®6). The molecule has a central core afrele deficient anthraquinone
which is connected to six disk shaped, electron rich trighteare moieties by flexible alkyl
chains. Figur€2 shows the chemical structure of the AQDIeoudte. We find that the ma-
terial AQD6 forms stable monolayer. Figurd 13 showsitheA,, isotherm. From the — A,
isotherm,|E| value and BAM images, we infer that above Ap of 7.0 nn?, the monolayer
exhibited coexisting gas and, Iphase and between07nn? and 62 nn? it exhibited a uni-
form L, phase. The LB film transferred onto the mica and gold coatémbsisubstrates
were studied using AFM. The limiting area of the moleculeha Langmuir monolayer and
height of the LB film obtained from AFM studies suggest tha amthraquinone moiety is
in face-on configuration on the substrate and the triph@myteoiety is in edge-on configu-
ration extended away from the substrate. We have studieelé¢ic&rical conductivity of the

AQDG6 monolayer transferred onto a gold coated silicon sabestising current sensing AFM

XX
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Figure 13: Surface pressure){area per moleculed,) isotherm of the AQD6 monolayer at
air-water interface at a temperature of@4 0.1°C.

(CSAFM). The AQD6 monolayer film between the tip and the satbstforms metal-film-
metal junction. The AQD6 monolayer introduces a potenttier for the electron transfer.
Our analysis of the current)~voltage ¥) characteristics indicated that the electron trans-
fer across the film is through a tunneling process. Furtletha bias voltage is increased
gradually, we find a transition in the tunneling mechanisunfdirect tunneling to injection
tunneling, which is also known as Fowler-Nordheim tunregliigure1#).

In chapter 6, we report our studies on the polymers of trigleare moiety and an-
thraquinone moiety. Here the polymer of triphenylene (Ts@lectron rich and the polymer
of anthraquinone (Agp) is electron deficient. Figliré 15 shdve chemical structure of the
polymers, Trp and Agp. We find that the Trp and Agp moleculemfstable monolayer at
air-water interface. Figufedl6 shows the A, isotherm of Trp and Aqp molecules. The Trp
monolayer exhibited gas phase at high area per molecule.o@pression, it transformed
into uniform low density liquid phase at ak, of 19 nn?. At an A, of 14 nn? the mono-
layer collapsed with a collapse pressure @& G:6N'm. The monolayer of Aqp exhibited
coexistence of the low density liquid {L.phase and gas phase for high value®\gf On

compression the monolayer smoothly transformed to an tmifg phase. The Aqp mono-

XXi
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Figure 14: Variation of In(/V?) as a function of 1V showing injection tunneling regime (A)
and direct tunneling regime (B) separated by a dashed liogatithmic increase of lih(\V?)
can be seen for direct tunneling and the linear decay ofWf) can be seen for injection
tunneling. The dashed line shows the transition point.
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(a) Triphenylene polymer (b) Anthraquinone polymer

Figure 15: Chemical structure of (a) triphenylene polyniep) and (b) anthraquinone poly-
mer (Agp). The molecular weight of Trp was about, 385 and that of Agqp was about

13,691.
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Figure 16: Surface pressug{area per moleculég,) isotherm of Trp (blue curve) and Agp
(red curve).
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Figure 17: AFM topography image of LB £jq,re 18: AFM topography image of LB
film of the material Trp on a hydrophilic &1 of the material Agp on a hydrophilic

mica substrate. mica substrate.

layer collapses at aA,, of 9.2 nn? with a collapse pressure of abous8nN/m. The LB
films of Trp and Agp transferred onto solid substrates weundist using AFM. Figuré&7
shows an AFM image of the Trp monolayer transferred onto adpfdlic mica substrate
at a surface pressure of 5 fiil AFM studies of the Trp LB film on the hydrophilic mica
substrate and the limiting area value obtained fromsthe A, isotherm suggest that the
triphenylene moieties in the Trp monolayer are in edge-anfigaration. Similarly, from the
AFM topography images of the LB film of the material Aqp traarséd onto a hydrophilic
mica substrate (Figufel8), we infer that the anthraquimoamties of the Agp molecules
are in edge-on configuration on the substrate.

In chapter 7, we report the nanoscale electrical condugtstudies carried out on the
ultrathin films of novel liquid crystalline polymers of ttignylene and anthraquinone. The
triphenylene polymer (Trp) is electron rich and the anthiragne polymer (Agp) is electron
deficient. Monolayers of these materials were transferydcBtechnique onto a gold coated
silicon substrate. Current sensing atomic force micros§@$AFM) was employed to study

the nanoscale electrical conductivity of the LB films. We fiitht the electron transfer
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Figure 19: Variation of as a function oV for the triphenylene polymer monolayer. The
data represented by the open circles is fitted tol theV relation (solid line). The barrier
height of the film obtained from the fit parameter wag2eV.
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Figure 20: Variation of as a function ol for the anthraquinone polymer monolayer. The
data represented by the open circles is fitted tol théV relation (solid line). The barrier
height of the film obtained from the fit parameter wa85leV.

through metal-Trp-metal and metal-Agp-metal junctions wWaough direct tunneling.

We have analyzed tHe-V characteristics of the Trp (Figur€l19) and Agp (Fidure 2@) fil
by using thel — V relation for metal-insulator-metal junction suggestediyymons [[111].
We find that the barrier heigh$() for metal-Trp-metal and metal-Aqp-metal junctions was
about 248 eV and 195 eV, respectively.

In summary, this thesis describes our studies on the Larrgmanolayers and Langmuir-
Blodgett (LB) films of azobenzene molecule and derivativiesomne discotic molecules of
novel structures. The monolayer film of H-shaped azobendener (12D1H) at air-water

interface and its wetting properties on the hydrophilic apdrophobic substrates were stud-
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ied. We find that the bilayer film of 12D1H transferred onto diophobic substrate dewetts
by spinodal dewetting to form droplets. We have also desdribe kinetics ofransto cis
isomerization on illumination of ultraviolet light. Ourwsties on the Langmuir monolayer
of tp-dimer showed that the collapse pressure of the morolisgreases with increase in
strain rate and they are related by a power law. The nanosked#ical conductivity studies
of AQDG6, Trp and Aqgp films were studied using CSAFM. The LB filfnAQQD6 molecule,
which has both electron deficient anthraquinone moiety #&xtren rich triphenylene moi-
ety, showed a transition from direct tunneling to injectionneling mechanism as the applied
bias voltage is increased. Our studies on the Langmuir nageo$ and LB films of Trp and
Agp molecules showed that the discotic moieties were in-@ageonfiguration. Though the
Trp molecule is electron rich and Agp molecule is electrofictent, our CSAFM studies
on the metal-Trp-metal and metal-Agp-metal junctionsc¢atid that the charge transfer was

through direct tunneling.
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Chapter 1

Introduction

1.1 Amphiphiles

Molecules containing hydrophilic (water loving) part andlhophobic (water hating) part are
known as ‘amphiphiles’. Typical examples for amphiphiliolecules are long chain fatty
acids like stearic acid (zHzsCOOH). The carboxyl (-COOH) group of the fatty acids acts
like hydrophilic part and the alkyl chain acts like hydroplopart. Other class of organic
molecules containing a hydrophilic group like -gBH, -CN, -COO-, -CONH, -CH=NOH,
-C¢H4OH, -CH,COCH;, -NHCOCH;, etc., along with a balancing hydrophobic group can
also be amphiphilid]1]. Amphiphiles are abundantly founahature. In biological systems,
amphiphiles play a very important role infiirent activities. The lipid molecules (like phos-
pholipids), steroids (like cholesterol) and proteins afevaexamples of amphiphiles found
in biological systemd<]Z13].

When amphiphilic molecules are put on the water surfacehyldeophilic part anchors to
the water surface due to its interaction with the water mdéex The hydrophobic part of the
molecules stay away from the water. If the molecules posspssper balance of hydrophilic
part and hydrophobic part, they spread over the water sutfaéorm a stable monolayer.
Figure[I) shows a cartoon of an amphiphilic molecule andthematic representation of
amphiphiles spread at air-water interface.

The stability of monolayers formed by amphiphilic molesutiepends on various fac-



Hydrophobic part

Barrier
Hydrophilic Water
part

Figure 1.1: Figure shows a cartoon of an amphiphilic mokeend the schematic represen-
tation of amphiphiles spread at air-water interface.

tors like interaction between the hydrophilic group andphase, interaction between the
hydrophilic groups and also interaction between the hyldobgc groups. The hydrophilic
group of an amphiphile can interact with subphase by fornmydrogen bond with water

molecules, or by the charge transfer process.

1.2 Liquid crystals

Liquid crystals are a state of matter which has propertieerimmediate to that between lig-
uids and crystals]4]. They share the properties of liquildshigh mobility of molecules and
they also exhibit few of the properties of crystals like atetional and positional ordering
in one or two dimensions. Since they have properties intdiaie between that of crystals
and liquids they are also called as intermediate phases sophases. Figufe1.2 shows the
schematic of the organization of molecules in crystal pHagad crystal phase and isotropic
phase. In crystal phase, the molecules have long rangeqgmadiand orientational order. In
the liquid crystal phase, the molecules have orientatior@gér and partial or no positional
order. In the isotropic phase, the molecules do not have agring. The materials ex-
hibiting liquid crystal phases are known as mesogens. Tlsagens in the liquid crystalline
phase belong to a class known as soft condensed matter, edngbrises of variety of phys-

ical states that can be easily deformed by thermal stressiseional fluctuations. Liquid
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(a) Crystal (b) Liquid crystal (c) Liquid

Figure 1.2: Figure shows the schematic representationeobtanization of molecules in
(a) crystal phase, (b) liquid crystal phase and (c) isotrppiase.
crystalline molecules have anisotropy in their structuriinctionality or both[[5]. They can
be broadly classified into two categories: (1) thermotraipjgid crystals, where the liquid
crystal phase formation is temperature dependent andd2plyic liquid crystals, where the
liquid crystal phase formation depends on solvent and adraigon. Thermotropic liquid
crystals find applications in electro-optic devices (likeptays), temperature and pressure
sensors. These systems are also of interest from the pobasié research as they exhibit
rich phase behavior and phase transitions. Lyotropicdiguystals are also of great interest
since they play an important role in the biological systefijs [

Depending on the molecular ordering, thermotropic andgmt liquid crystals are fur-
ther classified into dierent phases. Since this thesis contains the studies onrtiedi
thermotropic liquid crystals, a brief description of varsothermotropic liquid crystals is

given.

1.2.1 Calamitic liquid crystals

Rod like molecules (also known as calamitic molecules) wigid core and flexible chains
can exhibit liquid crystal phases. Such liquid crystalskar@wn as calamitic liquid crystals.

Common phases exhibited by these materials are explained.be
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Figure 1.3: Figure shows the schematic representation tdaular organization in the ne-
matic phase exhibited by calamitic molecules.

Nematic phase

In nematic liquid crystal phase, the molecules have onlg lange orientational order and
no positional order. This is the least ordered liquid cryshease. The word nematic comes
from the Greek worechematos meaning thread. It refers to certain thread like defeciepast
observed in this phase under the polarizing microscopeardiit molecules when cooled
from isotropic phase can form nematic phase by spontane@ergation of their long axis
approximately parallel to a preferred direction. The pmefé direction is called the director
and is represented by an apolar unit vectoFigure[.B shows the schematic representation

of nematic phase exhibited by calamitic molecules.

Cholesteric phase

The cholesteric (or chiral nematic) liquid crystal phasexiibited by mesogenic molecules
which are chirﬂ in nature or by nematic liquid crystals doped with small ditgrof chiral
molecules. FiguréIl4 shows the schematic diagram of stmicif cholesteric phase. In
this phase all the molecules on an average arrange paatet tdirectom just like in the
nematic phase. However, the asymmetry in the constituefgcules causes a slight and

gradual spontaneous rotation of the director. The diretdscribes a helix with a specific

1An object or molecule is said to be chiral if it does not supgdse onto its mirror image.

4



Figure 1.4: Figure shows the schematic representation asteric phase exhibited by
calamitic molecules. The arrow in the diagram represeritgliah length.

temperature dependent pitch (Figlrd 1.4).

Smectic phase

In smectic liquid crystals, the molecular organization trasslational order in one dimen-
sion and liquid-like positional order in other directiormectic liquid crystals are layered
structures with specific interlayer spacing. Within a lafer molecules possess liquid like
order. The long molecular axis on an average is orientedclely along one directiomj.

If nis parallel to layer normal then the smectic phase is knowsnasctic A phase and if
makes an angl&) with the layer normad it is known as Smectic C phase. Figures T]5(a) and
[L.5(b) show the schematic representation of smectic A aretsenC phases exhibited by
calamitic molecules, respectively. Depending on the maéwrientational ordering in the
layers, smectic liquid crystals are further classified iBinectic B, Smectic E and Smectic
F phases.

In addition to calamitic molecules, there are moleculesaoious shapes and high degree
of structural anisotropy which also exhibit liquid cryspidases. Most common among them
are disc shaped molecules and bent-core molecules. Dipedinaolecules exhibiting liquid
crystal phase was first discovered in 1977 [7]. They are aftgnterest for many technolog-
ical applications and have attracted many researchers gea discovery. In the following
subsections we give a brief introduction to the phases @ellitby disc shaped mesogens

(discatic liquid crystals).
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(a) Smectic A phase (b) Smectic C phase
Figure 1.5: Figure shows the schematic representation l&aular organization in (a) smec-
tic A phase and (b) smectic C phase, exhibited by calamitieoutes.

1.2.2 Discotic liquid crystals

Molecules with flat, rigid, disc shaped core and flexible paitt the periphery can exhibit
liquid crystal phases called discotic liquid crystals. Ha#f-organization of the molecules
due to interaction between the discotic cores, leads todimaedtion of various liquid crys-
tal phases[]8]. The discotic core is usually made of flat atanrang to which flexi-
ble parts like alkyl chains can be attached. Various araraires with diferent molec-
ular architectures have been reported to exhibit discdimsp. Examples of cores used
to synthesize the discotic liquid crystals are benzenphémylene, anthraquinone, hex-
abenzocoronene, phthalocyanine, decacyclene, tricytlagoline, dibenze[g,p]chrysene,
phenanathro-phenazine derivativieé< 8, 9] etc.,.

The discotic molecules can self-organize due to stridng Il interaction between the
aromatic cores and form column like structures. The lendtie flexible peripheral sub-
stituents will determine the intercolumnar distances. égalfy, the intercolumnar distance
vary between 2 4 nm. The strondl — IT interaction between the cores results in the high
charge mobility along the column axis as compared to thegeharobility in the direction
perpendicular to the column axis. This high anisotropy i@ tharge mobility results in
quasi-one dimensional conductivity behavior [8]. Becaofthis property, discotic liquid

crystals find applications in devices like fielffext transistor, light emitting diode and photo



voltaic solar cell[ID]. Hence these materials are knowneas generation of organic semi-
conductors. Other applications where these molecules eaof ppotential use are liquid
crystal displays, sensors and memory devices [11].

Like calamitic molecules, the discotic molecules also biarious liquid crystal phases
depending on the organization of molecules. These ligwdtal phases can be broadly

classified into following two categories.

Discotic nematic phase

This phase is similar to the nematic phase exhibited by déilatiquid crystals. In this
phase the molecules have only long range orientationar dmateno positional order. The
molecules more or less stay parallel to each other and h#iveanslational and rotational
freedom about their short axis. Their long axes which sparpthne of discotic core orient
parallel to a general plane. If the discotic molecules areatn nature or if chiral dopant
Is added into discotic liquid crystals, the material mayibitithiral discotic nematic phase.
Here, similar to the cholesteric phase, there is a gradwadgdin the direction of orientation
of the short axis. Also, in some discotic liquid crystalg tholecules may self organize into
column like structures. Such a phase is called nematic awdmphase. In this phase, the
columns themselves do not have any long range positionalobdt have long range ori-
entational order. Figuife-1.6 shows the schematic repraemtof various discotic nematic

phases.

Discotic columnar phase

In discotic columnar phase, the molecules stack themsé&viesm column like structures,

which organize in a two dimensional lattice. The molecutesdch column do not have long
range positional order. Depending on the lattice formedhleycblumns the columnar phase
can be classified into various categories viz., hexagoeatangular, oblique and lamellar
phases. In columnar hexagonal phase, the columns orgarazsvo dimensional hexagonal

lattice. The columnar rectangular phase is characterigedeorectangular lattice formed by



(a) Nematic phase (b) Chiral nematic phase (c) Nematic columnar phase

Figure 1.6: Figure shows the schematic representationsebtic nematic phases exhibited
by disc shaped molecules. (a) Shows nematic phase (b) slinatdiscotic nematic phase
and (c) shows nematic columnar phase.

the columns. In columnar oblique phase, the columns organia lattice with oblique unit
cell. The columnar lamellar phase has the columns arrangteeilayered structure. In all

the cases the peripheral flexible parts like alkyl chaingd&erdered. Figurel.7 shows the

schematic representation of these phases.

1.3 Langmuir monolayers

Amphiphilic molecules possessing properly balanced hykitac group and hydrophobic
group can form insoluble monolayers at air-water interfaa® explained in section 1.1.
Such mono-molecular films are known as Langmuir monolay&@ngmuir monolayers
can be prepared by dissolving amphiphilic molecules in atilelsolvent and spreading the
dilute solution over the water surface drop by drop. Thetielaolvent evaporates and the
molecules spread spontaneously over water surface wittopidic group in contact with
water and hydrophobic group staying away from the water.gbaunr monolayers can be
used as a model for the studies on the properties of two-difneal systems. Also a wealth
of useful information about molecular sizes and intermoli@cforces can be obtained from
the studies of monolayers on the water surface.

In analogous to the phases exhibited by the matter in bulkgirauir monolayers ex-
hibit various two-dimensional phases depending on thertbdynamic condition$[12]. The

phase transitions in the Langmuir monolayers can be broughby changing the thermo-

8



(a) Hexagonal phase (b) Rectangular phase (c) Oblique phase

(d) Lamellar phase

Figure 1.7: Figure shows the schematic representationradugdiscotic columnar phases
exhibited by discotic molecules. (a) Shows hexagonal ph@$eshows rectangular phase,
(c) shows oblique phase and (d) shows lamellar phase.
dynamic parameters like surface density of the amphiphibiéecules, temperature etc. An-
other parameter used in the study of Langmuir monolayetseistirface pressure)( It is
defined as the élierence in the surface tension of water with and without mayerl When
the surface density of the amphiphilic molecules is inaedds/ compressing the monolayer,
the area per moleculé{) decreases. The phase transitions in the Langmuir monslaye
can be studied from the variation sfas a function ofA,, at a constant temperature. This
technique is called surface manometry and the detailedisisen of it is given in the next
section. Apart from the thermodynamic parameters destabeve, other factors that could
affect the phases exhibited by the Langmuir monolayers are godaps, subphase, pH of
the subphase, compression rate, ionic strength and hyrfillit

Langmuir monolayers are of considerable industrial imgooee. It has been found that
on spreading them on the water surface, dramatic reductitdmei evaporation rate of water
occurs. Langmuir monolayers mimic biological membranes stadies on the monolayers

of biological molecules will help in understanding the ftionality of biological systems.

9
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Figure 1.8: Schematic diagram of the experimental set uphiosurface manometry.

Polypeptides like salmon calcitron are used in the bone d&ion and understanding its
properties at interfaces will have useful implicationshe treatment of osteopathies. The
inside of the human lungs are lined by alveolar fluid consgstif amphiphiles like phospho-
lipids. These amphiphiles maintain and regulate apprtgpsarface tension in the lungs and
protect the lungs from collapsing. The deficiency of such laipigles may lead to breathing
problems. The lining of amphiphiles in the lungs can be satad in-vitro by Langmuir

monolayers and studies have been carried out in this dorefI3].

1.3.1 Surface manometry

The phase transitions in Langmuir monolayers can be stuafeslirface manometry. In
this technique, the monolayer is compressed uniformly betwthe moving barriers and the
surface pressure of the monolayer is measured as a fundtsumface density of molecules
at constant temperature. Figlrell.8 shows a schematicadiagf the experimental set up
for the surface manometry. We have used a Nima trough (M&ddlM) which is made up
of teflon. The barriers are driven by a DC motor. The speed eb#rriers can be varied

between 1- 100 cnfmint. The surface pressure was measured using Wilhelmy method. |
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this method a filter paper was cut to a known dimension (1 cmigthvand 2 cm in length)
and cleaned by rinsing it in chloroform. The dried filter papdich acts like a Wilhelmy
plate was suspended from the sensor head (tensiometeg) aisinok and was immersed
into the subphase. The water rises into the filter paper aedsime time it equilibrates. In
the Wilhelmy method, the force due to surface tension of miat¢he direction parallel to
the surface normal is measured. The sensor generates &cedegmal proportional to the
force acting on the filter paper, which is calibrated usirgdard weights. The sensitivity of
the sensor was.D mN/m. The surface pressureof the monolayer, which is the fiierence

between the surface tension of water with and without mgomolélm is given by,

=Y —7Y (1.1)

where,y, is the surface tension of pure water ands the surface tension of water with
monolayer. Pure water at 20 has a surface tension value ofdN/m.

Thern value depends on the surface density of molecules. Hentke asirface density
of molecules is increased by compressing the monolayerdsgtvihe barriers, the value
usually changes. Area per moleculg,j which is inverse of the surface density and ihe
values are simultaneously measured as the barriers arednmw®mpress the monolayer.
The temperature of the system is kept constant. A typicahtran of = as a function ofA,,
also known ag — A, isotherm is shown in Figufe~1.9. Traditionally, Langmuirmotayers
can exhibit the following phases: Gas (G) phase, low derigjtyd phase (L) phase, high
density liquid (L) phase, and solid (S) phase as the surface density of thecuhedeis

increased by compressing the monolayer. These phasesavssid below.

Gas (G) phase

At very highA,, the monolayer shows zero or negligilalealue. In this phase, the molecules
in the monolayer are far enough from each other so that they exatively little or no force

on one another. This phase is called gas (G) phase. Thernet&tipn of ther — A, behavior

11



Surface pressure

Area per molecule

Figure 1.9: A typicalr — A, isotherm indicating various phases in a Langmuir monolayer
The symbols G, L, L,, S and C represent gas phase, low density liquid phase, leigh d
sity liquid phase, solid phase and collapsed state, ragphctThe kink in the isotherm is
associated with a phase transition and the plateau regiassisciated with a co-existence
region.

of gaseous monolayers can be done in analogy with the kittetary of 3D ideal gad1].

The following equation of state can be written for the 2D gaage.

7Am = koT (1.2)

where, k, is the Boltzmann constant and is the absolute temperature. Deviation from
equatior_LR has been reported for most of the monolayetsuBe of the assumption that
the molecules occupy a little area. It was shown that the cutds in the gas phase lie flat
over the surface and occupy significant area. Also it wasnasduhat there is no interaction
between the amphiphilic molecules. However, as the morolsycompressed, there will
be some long range weak interaction between the moleculks Idd to the addition of

correction terms to the equation of state. Equalfioh 1.2 fieativith these van der Waals

12



correction factors is given below.

(m + a/AZ)(An — b) = ko T (1.3)

where,a incorporates interaction between the molecuteskes into account the excluded
area. The monolayer phase is usually characterized by tliespmnding compressional
modulus [E|) values [14]. The compressional modulus of a monolayer eandiculated
using the following expression.

= Am((%) (L.4)

The|E| value for the gas phase will be negligible.

Low density liquid (L ;) phase

The low density liquid (L) phase, also known as liquid expanded phase, is an inteateedi
phase between gaseous and condensed phasesr dTig, isotherm in this phase show
considerable curvature. In this phase the molecules adonaly arranged as in the gas
phase, but they are closer and interact with each other. yHephobic portions of the
molecules are lifted from the water surface and have a rarat@ntation. TheE| value for

this phase is in the range of 52- 50 mN'm.

High density liquid (L ,) phase

In high density liquid (L) phase, also known as liquid condensed phase, the molerales
closely packed with quasi-long range positional order. fiwdecules in this phase may be
tilted with respect to the monolayer plane. There are manpnts of the L, phase. These
phases can be classified depending on the molecular orderthgrientation. At low surface
pressure the phases likg &nd L, may appear. In Lphase the molecules have a collective
tilt towards a nearest neighbour (NNL[15] 16]. 16 jthase the molecules are tilted towards
next-nearest neighbour (NNN)]17]. Tk value of this phase is in the range of 10@50

mN/m.
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Solid (S) phase

At high surface pressure, the monolayer may exhibit twoltedticondensed phases, viz.,
super liquid (LS) phase and solid (S) phase. The X-rdiyatition studies of the LS phase
indicates a hexagonal structurel[L8] 19]. During compogsiie viscosity of the monolayer

suddenly drops as soon as this phase occurs. Hence it id saper liquid phase. This phase
has very low compressibility.

Solid (S) phase is a highly incompressible phase with clgserk arrangement of the
molecules[[20]. Here the hydrophobic part of the molecutesat tilted and they interact
with each other strongly as the distance between the m@gaery low. This phase shows

positional correlations larger than 50 nm. Hence it is dalde D crystal.

Collapsed state

On compressing the monolayer in the solid phase, the m@saukthe monolayer will come
out into the third dimension. This is referred as collapséhefmonolayer and the surface
pressure at which the monolayer collapses is known as ca@lpgessurert). After collapse,
the film either forms three dimensional crystallites or nfajers depending on the nature of
molecules and subphase.

The stability of the monolayers at air-water interface canrteasured in terms of equi-
librium surface pressure. This is the surface pressure ettwthe monolayer coexists with
its bulk phase at the air-water interface. Equilibrium aoef pressure of a material can be
measured by placing a speck of crystallite on the water serféhe molecules from the bulk
crystallites elude out and form a monolayer at the interfgmentaneously. After a certain
period of time, the system reaches an equilibrium state eviier rate of elution of molecules
from crystallites is equal to the rate of molecules bindimghie crystallites. The variation in
surface pressure with time shows an initial increase iraserpressure, due to the formation
of the monolayer, before reaching a saturated value. Tleadat value of the surface pres-
sure corresponds to an equilibrium state and is called ibquiin surface pressure (ESP).

The ESP values of some amphiphilic molecules like steaiit, actadecanol and dipalmi-
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toyl phosphatidylcholine are., 343 and 1 mNMm, respectively[[21]. The materials with

higher ESP values form more stable monolayer.

1.3.2 Brewster angle microscopy

Brewster angle microscope commonly known as BAM, can be tsgisualize the phases
exhibited by the monolayer at air-water interfacel [22,[28]2Z5]. When a light is incident
on an interface at an angle equal to Brewster’s angle, thectetl light will have almost zero
in-plane polarizationg-polarization) component. This phenomenon can be founadwine
light is reflected by a denser medium.

The Brewster’s angle for an interface depends on the réfeactdices of the rarer and
the denser media and is given by the following expression.

(N2
O = tan 1(n—1) (1.5)

where,n; andn, are the refractive indices of the rarer and denser medipectisely.

In our experimental setup, thepolarized laser beam of wavelength 600 nm is incident
on the water surface at Brewster's angle.{88 Hence, the reflection from the pure water
surface will be zero. In the presence of the monolayer, tiragve index of the interface
changes and the Brewster angle condition is no more satiskteid results in the non-zero
p-polarized component in the reflected light. The reflectghtlfalls on a polarizer (which
allows only p-polarized light to pass through) before getting detectg@ ICCD camera.
The presence op polarized component in the light reflected by the monolayer §ives
the contrast. FigurBEZLL1LO shows the schematic diagram ofeedder angle microscope.
The reflectivity at the interface is dependent on the facliesthickness, roughness and
anisotropy of the monolayer. Domains witttérent orientation or tilt of the molecules will
give rise to diferent contrasts, thus helping us to visualize thEedent phases exhibited by

the monolayer.
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Figure 1.10: A schematic diagram showing the principle ofrav&ter angle microscope.
0y is the Brewster angle of water with respect to air. Blackpstepresents the monolayer
domain and the light reflected from this region will hgwpolarized component, which will

be detected by the CCD camera. No light is reflected from tgemnehaving pure water

surface, resulting in contrast between the regions withvatitbut film.

1.4 Langmuir-Blodgett films

Langmuir monolayers can be transferred onto a solid subsisang the Langmuir-Blodgett
(LB) technique [[25]. The possibility of transferring thes®nolayers onto dierent solid
substrates at the desired monolayer phase was first demi@oshy Katherine Burr Blod-
gett [27]. This method can be used to get thin films of highigmted molecules. Here, a
substrate is lowered vertically through a monolayer soittd@ips into the subphase (water)
and then withdrawn. During this process the film gets transfieonto the substrate. In
order to maintain constant conditions during the procedsaofsfer, the surface pressure is
kept constant by compressing the monolayer between tworrgdarriers. Multiple layers
of the film can be deposited by dipping substrates in manyesydDne dipping cycle con-
sists of lowering of substrate (down stroke) and withdraah substrate (upstroke). The
deposition of film on a substrate depends on the nature ofratibs[28]. If the substrate has

hydrophilic surface, one layer of the film is coated in firgiing cycle (during upstroke). In
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Figure 1.11: Schematic representation of the Langmuidgétt (LB) deposition. (a) The
monolayer film gets transferred onto the hydrophilic swdistduring upstroke and (b) the
second layer of the monolayer film gets transferred ontoubstsate during the downstroke.
the subsequent dipping cycles two layers of the film will @asferred. If the substrate has
hydrophobic surface, two layers of the film will be coated nealipping cycle (one during
downstroke and another during upstroke). In the downstrileemolecules deposited will
have their hydrophobic groups oriented towards the suiestithe upstroke, the molecules
deposited will have their polar groups oriented towardssiliestrate. During repeated dip-
ping cycles, the polar groups of the new layer adheres to e groups of the previous
layer during upstroke and the hydrophobic groups of the @&werlstick to the hydrophobic
groups of the previous layer during down stroke, in accardamith the expected behavior
of amphiphilic molecules. FiguieZTIl1 shows the processBéieposition.

There are many consequences of the molecular orientatipendence on the dipping
direction [28]. The initial layer can be deposited during tipstroke only if the substrate
surface is hydrophilic in nature, since the hydrophobils taill prefer to attach to the sub-
strate during the down stroke. Similarly, the first layer bardeposited during down stroke
only if the substrate surface is hydrophobic in nature. Hamwethe energetics of the am-

phiphilic interactions limits our ability to engineer rampd structures. Although monolayer
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transfer generally occurs during both upstroke and dowskst(Y-type deposition), in few
instances depending on the film-substrate interactiompgigpn can also occur only during
the down stroke (X-type) or only during upstroke (Z-type).

The dficiency of the LB transfer can be measured in terms of transtey (r). It is
defined as the ratio of the decrease in Langmuir monolayéaciarea during transfer to

the total surface area of the substrate,

Decrease in Langmuir monolayer surface area
T =
Total surface area of the substrate

(1.6)

According to a convention, aof unity is indicative of an ideal deposition. If the depamsit
process is ideal, then the molecules would have been simgigferred from the air-water
interface to the solid substrate without any change in thefiatures. This may not be the
case many times. Often during transfer, the film gets moddigzito various reasons. LB
transfer is a complicated process in which the amphiphgeerally attempt to reach a new
thermodynamic minimum as they experience interactionis it solid substrate. If the den-
sity of the molecules change during the process of trarsikens = 1 will not be indicator of

a defect free film. In few cases like in the monolayers of fattigl salts, the molecules on the
water surface can be compressed into a nearly close packed Buring the LB transfer of
such monolayers, the details of molecular packing may ahauagthey still remain densely
packed. In such cases, thdtdrence in packing density before and after transfer will be a
few percent at most, equivalent to the typical uncertairfity measurements.

LB films have been proposed for various commercial appbeatiranging from anti-
reflection coating to soft X-ray monochromator. But theyéaever found their way to
the market in a significant way. Nevertheless, the scientitierest in LB films remains
strong even after more than 70 years because this technitpre a simple way to build
supramolecular assemblies with well-defined moleculargement and orientation along
with a good control over thickness. LB films are extremelyfulse exploring fundamental

interactions of amphiphilic molecules, chemical reactiom confined geometries and can
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also be used as model biological systems.

1.4.1 Atomic force microscope

Scanning probe microscopes (SPM) like atomic force mi@psgcan be used to get the
surface morphology and topography information with verghhresolution. In SPM, an
image is created by scanning the surface of sample with g shpaand measuring some
highly localized tip-sample interaction as a function o$gion. In atomic force microscope
(AFM), the force between the tip and the sample is measuredfasction of position. In
scanning tunneling microscope (STM), the tunneling curpbetween the conducting tip and
the sample is measured as a function of the position. Bieraty developed STM in 1981 at
IBM Zurich Research Laboratory, Switzerland][29]. It wae flist SPM capable of directly
obtaining 3D images of solid surfaces with atomic resohlutid\lthough the technique of
measuring tunneling current gives topography and condtctnformation of the surfaces,
STM had a drawback that it can be used only for conductingasad. To overcome this,
in 1985, Binniget al. developed AFM to measure ultra-small forces { uN) between
the AFM tip and sample surfacg30]. AFM do not require corithgcsubstrate unlike in
STM. This expands the use of SPM for all kinds of surfacesreetive of their mechanical,
optical and electrical properties. This makes AFM a veles#biol to carry out the studies in
various fields including soft matter like biology. We havedsommercial scanning probe
microscope (model: Picoplus, Molecular Imaging) for alf &M studies.

As mentioned in the previous paragraph, in AFM, the forcevben the tip and the sam-
ple is the source of image. AFM cantilevers and tips are hsoade up of silicon or silicon
nitride as it is easy to microfabricate these materialsgisstablished techniques. The radius
of the tip on the cantilever is usually a few tens of nanonset€he force between the tip and
the sample is calculated from the deflection of cantilevat ttcurs due to the tip-sample
interaction. The deflection in the cantilever is given by Kee law, F = —k.z, whereF
is the force between tip and samplg,is the stifness of cantilever andis the cantilever

deflection. The deflection in cantilever is detected usingical beam deflection method,
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Figure 1.12: Typical variation of force versus tip-sampkahce in an atomic force micro-
scope. The dierent regimes with decreasing tip-sample distance arershow
where a laser beam is reflected from the back of the cantitavier a split photodiode de-
tector. The sub-angstrom deflections can be detected agrefdne, forces of picoNewton
can be measured. A more recently developed method to mesucantilever deflection is
through a piezoelectric layer on the cantilever, that tegssa voltage upon deflectidn ]31].
When the tip approaches the sample surface, it experieraresus interaction forces.
Figure[T TP shows typical force versus tip-sample distancee as tip approaches the sam-
ple surface. When the tip is far from the sample (more thaprif) the interaction between
the tip and the sample is negligible and no cantilever defliectill be detected. The first in-
teraction encountered by the tip as it approaches the sasthle to the damping air film. At
this distance, air is squeezed between the tip and the saumiéee during each down stroke
of the tip. This pumping#ect dampens the tip motion to some extent. The air film damping
phenomenon is exclusive to the oscillating cantileversitact mode AFM and STM tips
do not have this phenomenon. When the tip is at a distance-d.1 nm from the sample
surface, electrostatic forces become dominant. Eleettiodiorces are either attractive or

repulsive depending on the charge on the tip and sample.igt@andes 206- 10 nm the tip
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experiences the surface tensidfeets. This &ect results from the presence of condensed
water vapor on the sample surface. This is an attractivefaod can pull a tip down to-
wards the sample surface and it is strong enough to indentredérials. To overcome this
problem oscillating cantilevers are employed. In ordemiage very delicate samples, the
cantilever and the sample are entirely immersed in a liggndthat the damage due to the
surface tensionfeect is prevented. When the tip comes further close to the keasopface
at a distance of few angstroms, van der Waals forces causalaatiaction between the
atoms in the tip and sample surface. On further bringing ifheloser to the surface, the
tip experiences strong repulsion due to coulombic repalBoce. At this point the tip is in
contact with the sample. The coulombic force arise from texlap of the electron shells
from atoms on the tip and sample. These forces are very stotdurther intrusion of the
tip into the sample is prevented. Forces greater than thiisnake mechanical distortion of
sample or tip or both. Sometimes the tip may be permanenthadad[[32].

Depending on the interaction between the tip and the sankglevdn der Waals attrac-
tive forces, electrostatic forces, magnetic forces, adhdsrces and frictional forces, many
modes of AFM are developed to characterize various pragsedf a sample like electri-
cal [33], mechanical[134] and chemichl[35] properties,ddidon to getting the topography

image.

Contact mode AFM

In the contact mode AFM the tip is in contact with the samplée Tnteraction forces be-
tween the tip and sample causes the cantilever to defleatspadisally according to Hooke’s
law and this deflection is directly measuredl[36]. A feedbacip directly monitors the force
between the tip and sample by adjusting the cantilever-Eadigtance. The Z-position of
the cantilever attached to the piezo is changed to keepamrdistance (and force) between
the tip and sample. Figuie—Tl13 shows the schematic diagfaheaontact mode AFM.
Usually in the contact mode, the tip is very close to the samspiface and the interaction

between them is due to repulsive forces. The spring consfahe cantilever used in the
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Figure 1.13: Schematic diagram of contact mode AFM.
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contact mode AFM is less than 1 N/m. The force gradient acting between the tip and
sample is in the range-110 nN'nm. The force has to be chosen appropriately by adjusting
tip-sample distance to get good contrast in the image ancceedamage to the sample.

In addition to the topography image, contact mode AFM alsegithe lateral forces
between the tip and sample. The friction between the tip antpe during scanning results
in torsional deflection of the cantilever. This deflectiom ¢&e measured using laser beam
deflection method. The lateral displacement of the lasembedlected from the back of
cantilever leads to the intensityftérence of the laser beam received in the left hand and
right hand sets of quadrants of photo diode detector. Thmdeaused to measure the relative
frictional force acting on the tip.

Capillary forces acting on the tip due to moisture condeosanay lead to high noise
levels. This can be eliminated by scanning the sample uigled| Solvents like propanol
and butanol are popular although greater understandingnaf interactions has permitted
the use of a wide range of solvents. Contact mode AFM is apjateifor scanning only the
hard and flat surfaces because even under very low force temmg]iit exerts a significant
shear or lateral force on the sample. Hence this mode is matbgel for imaging sample
which is dynamic or weakly attached to the substrate, as laighal forces can damage the
sample surface. These problems are overcome by using theiARiN-contact mode as

explained in the next section.

Non-contact mode AFM

In non-contact mode AFM, attractive forces which are of loaigge are used to monitor the
tip-sample interaction. These attractive forces are wetdaan the repulsive forces detected
in the contact mode and hencdfdrent techniques are required to utilize thén [36]. In the
non-contact mode AFM, the cantilever is deliberately ediby an electrical oscillator (see
Figure[I.IT#). As the cantilever approaches the samplecgyrthe tip-sample interaction
reduces the amplitude of cantilever oscillation. The atagé of the oscillations can be kept

constant at a fixed cantilever-sample distance. The saroplace is scanned at constant
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Figure 1.14: Schematic diagram of non-contact mode AFM.
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Figure 1.15: Typical force versus tip-sample distance euman atomic force microscope.

amplitude using a feedback loop. The change in the Z-posiiothe cantilever to keep
the amplitude at the fixed value gives the topography inféiona In addition to this, the

phase dierence between the oscillation of cantilever and extereakrécal oscillator can

be used to dierentiate areas on the sample surface witfedgnt stifness, adhesion and
viscoelasticity. There are two main types of non-contaclendFM: First is the intermittent
contact mode AFM and second is the true non-contact mode AFM.

In the intermittent contact (or tapping) mode AFM, the timboes up and down (taps) as
it scans over the sample surface with amplitude of about M@Amthis mode, the interaction
between the tip and sample is dominated by the repulsivesofsee Figure_L.15), which
dampens the cantilever oscillations. Intermittent cantacde reduces the lateral force on
the sample because the tip spends less tinE’ s) on the sample surface. Hence delicate
samples such as networks of molecules can be imaged witbeertesdistortion.

In true non-contact mode AFM, the oscillating tip never toes the sample surface. It
hovers few nanometers above the surface with an oscillatigplitude of only about 5 nm.
The relatively long range van der Waals attractive forcas/éen tip and sample produces

a dampening féect on the oscillating cantilever. So when the separatitwdsen the AFM
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tip and sample is reduced, the amplitude of the cantileveillasgon falls. This dfect is

used by the instrument software at each image point to detectonstruct the topography
of the surface. In this mode of AFM there is least or no defdiomaand shear on the
sample surface. Hence it is a suitable mode of scanning LB fiilnget high contrast images,

although other modes are also occasionally used.

1.4.2 Current sensing atomic force microscope

Current sensing AFM (CSAFM) allows detailed analysis ofrithaoscale electrical conduc-
tivity of sample on a conducting substrate, along with thmtgraphy analysis of the sample
surface. Here the cantilever and the tip are coated with dwzimg material like platinum
or gold. The tip is scanned over the sample surface in comacte [37]. By applying
a voltage bias between the substrate and conducting tipsrantdlow is generated. This
current is used to construct a spatially resolved condiigtinage. The simultaneously
obtained topography and current images enable us to ctaréla surface topographical
features with the electrical conductivity properties. bidaion to this, one can also get
current()—voltagel/) characteristics of the sample by holding the tip in conteith the
sample surface and applying a voltage ramp between tip dslrate.

In our CSAFM setup (Molecular Imaging), the tip was kept airtual ground and bias
voltage was applied to the substrate. Fidurell.16 showstensatic diagram of our exper-
imental setup. By selecting an appropriate value for theefdretween the tip and sample,
the surface is scanned by maintaining constant tip-sanopte f This is crucial as the am-
plitude of the current signal obtained from the CSAFM is stjlg dependent on the force
applied to the surface. The current signal from the cargilév collected by a pre-amplifier
of sensitivity 1 nAV. The operational range of the pre-amplifier used was fromh 1q10

nA.
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Chapter 2

Langmuir monolayer and
Langmuir-Blodgett films of a novel

mesogenic H-shaped azobenzene dimer

2.1 Introduction

The study of monolayer films of molecules witHtdrent shapes is of interest to understand
the packing of molecules based on their structure and irdlexcalar interactions at air-water
interface [1[2]. These films can be transferred onto solidsates for studying the physical
properties which are important for some device applicatioBtable and defect free films
are required for many technological applications, whilatoalled wetting and dewetting
processes are important for producing thin film micro-gtrting for microelectronics, opti-
cal devices and bio-chip technology [3]. Wetting of films osulbstrate depends on factors
like the surface treatment given to the substrate and theaaf the material in the film.
Molecules with diferent architecture have been used to study such propektiesng them
azobenzene molecules are of special interest as photaizatnen reaction can bring in-situ
changes in the molecular architecture resulting in intergdehavior([4]. Additionally, the
molecules with azobenzene group find application in photdraeical device<[5]. Liquid

crystals containing azobenzene group are promising naégeior devices involving pho-
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tomechanics[]6], optical switching and image storing bseanf their high resolution and
sensitivity [7].

In this chapter, we present the studies on the monolayerepiep of a novel
H-shaped mesogenic azobenzene dimer, Bis[5-(4’-n-ddokegy benzoyloxy)-2-(4"-
methylphenylazo)phenyl] adipate (12D1H) at air-water aimesolid interfaces. The mono-
layer at air-water interface was studied using the techesai surface manometry and Brew-
ster angle microscopy (BAM). The film was transferred ontdrophilic and hydrophobic
solid substrates by Langmuir-Blodgett (LB) technique. Wadting behavior of the LB film
on the solid substrates was studied using atomic force sgopy (AFM). The film trans-
ferred onto hydrophobic silicon substrate dewetts to yre@do-droplets. Our analysis of
AFM images indicated that the dewetting of the film to form oxanoplets was through the

mechanism of spinodal dewetting.

2.2 Experiment

The material 12D1H was synthesised by Prajapati and \Validt[&as purified by column
chromatography over silica gel and recrystallized fronaath. The material was character-
ized by infrared, ultraviolet (UV) - visible and NMR specscmpy. The purity of the sample
was found to be better than 99.9%. Figlrel 2.1 shows the cla¢msiicture of 12D1H
molecule. The azobenzene groups in the molecule makestibgdmsitive. The UV-visible
spectroscopy studies of the material in chloroform showesbeption peaks which causes
the transition frontrans to cis state and vice versa. Liquid crystalline properties were in
vestigated using a Leitz Laborlux 12 POL microscope equippéh a Mettler FP82HT hot
stage.

Films of 12D1H were studied at air-water and air-solid ifgees using techniques of
surface manometry, BAM and AFM. The surface manometry stidiere carried out using
Nima trough (Model: 611M). The trough was enclosed in an @&hum box to prevent am-

bient light, air drag and contaminants. Ultra-pure deiediwater (millipore water, MilliQ)
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Figure 2.1: Chemical structure of 12D1H molecule (left)aSpfilling model of the 12D1H
molecule (right).

was used as subphase. Dilute solution of 12D1H prepared iifCHfPade chloroform (con-
centration= 0.125 mgml) was spread at air-water interface using a micro syriktggilton)
to form a monolayer. The temperature of.@4 0.1°C was maintained by circulating wa-
ter in the trough using a temperature controller (Model: ,kRRBabo). The monolayer was
compressed at the rate of about4 nnfmolecule*min=. Wilhelmy method was used to
measure the surface pressure. BAM studies were carriedsog a MiniBAM (NFT, Nan-
otech).

For studies on the monolayer of 12D1H molecules which aréqsemsitive, care was
taken to minimize theféect of ambient light. Since it is known that UV light inducesans
to cistransition in the azobenzene group, the solution of 12D1Bl stared in dark (absence
of ambient light) for more than 12 houis [9], before formihg tonolayer. The experiments
were carried out by placing the Nima trough in the aluminum inathe dark room to study
thetrans-12D1H monolayer.

The LB films of 12D1H were prepared by transferring the mopetaon two diferent
substrates, (a) freshly cleaved mica and (b) 1,1,1,3,%&mhethyldisilazane (HMDS) coated

silicon. HMDS coated silicon substrate was prepared bygusia following proceduré [10].
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Polished silicon wafers were treated with boiling piranbluson (3:1 ratio of HSO, and
H,O,) for about five minutes. Then the wafers were thoroughlyrebelaby rinsing in ul-
trapure water. The dried wafers were then rinsed with clidono before keeping them in
the HMDS solution in chloroform for about 12 hours. Self asbked monolayer of HMDS
formed on the silicon surface makes the substrate hydraph®he surface is then repeat-
edly rinsed with chloroform to remove the free sticking nwolles of HMDS. Finally before
using the substrate for transferring the LB film the substistleaned with ultrapure water.
The transfer of the monolayer of 12D1H in ttrans state was carried out by LB tech-
nique at a surface pressure of 1 f)mM\with a dipping speed of 2 mfmin. One layer of the
film gets transferred onto the hydrophilic mica substratena dipping cycle (consisting of
one down-stroke and one upstroke). The transfer of the filouwed during the upstroke.
For HMDS coated silicon which is hydrophobic substrate, tyeers of the film get trans-
ferred in one dipping cycle. The transfer occurred bothrduthe down-stroke and upstroke
of the substrate. We find that both on freshly cleaved micaam#iMDS coated silicon,
the transfer ratio was better thar8B. The LB films were characterized by AFM (Model:
PicoPlus, Molecular Imaging) in the acoustic AC mode (imigtent contact mode). The

spring constant of the cantilever used was 3N

2.3 Results

The material 12D1H was studied under the polarizing miapsc On cooling from the
isotropic state, the sample transformed to a mesophasé@t Bhder the crossed polariz-
ers the mesophase showed schlieren texture which is chastict of the smectic C (SmC)
phase. On further cooling, the material transformed to statljne state at £%. Differential
scanning calorimetry (DSC) studies were also carried ogbtdirm the isotropic to SmC
transition temperature (Figufe_R2.2). On heating the santipéecrystalline phase melted to
the isotropic phase at about°’® On cooling the sample from the isotropic phase the DSC

trace showed a peak at about'&lcorresponding to the transition from isotropic to SmC
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Figure 2.2: Variation of heat flow as function of temperatobtained from the dierential
scanning calorimetry study of the material 12D1H, showhegghase transitions.

phase.

2.3.1 Surface manometry

Surface pressurer]—area per moleculeA,) isotherm of the monolayer in the darkgns-
12D1H) is shown in Figure2.3. At largk, the isotherm shows zero surface pressureA#t
of about 250 nn?, the surface pressure starts increasing. There is a ssmejnihe surface
pressure af,, of 2.10 nnt. The monolayer collapsed at &g, of 1.84 nn? with a collapse
pressure of B mN/m. The limiting area measured from the isotherm was founcetalimut
2.01 nnt. On further compression after collapse, there was a granci@ase in the surface
pressure. The stability of the monolayer was checked byihglithe barriers at constaAt,
and monitoring the change in the surface pressure as adanatitime. It was found that

above theA,, of 1.84 nnt surface pressure did not vary with time. This indicates that
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Figure 2.3: Figure shows the surface pressujedrea per moleculeA(,) isotherm for the
12D1H monolayer in dark, compressed with constant barpeed.

monolayer was stable fa,, greater than B84 nnr.

2.3.2 Brewster angle microscopy

The monolayer film at air-water interface was studied usiAyRluring compression. Fig-
urelZ4 shows the BAM images of the monolayer in dark fdiedént values oA,. At large
Anm, coexistence of dark and bright regions (with smooth phasadiary) was observed (Fig-
ure[Z:4(d)). On compression, the monolayer forms an unifmight phase (Figurg 2.4{b)).

On further compression, in the collapsed region, BAM imagjeswed three dimensional

(3D) crystallites (Figuré Z.4(k)).

2.3.3 Atomic force microscopy

The LB films transferred at a surface pressure of 1/mMnto the hydrophilic mica and
hydrophobic HMDS coated silicon substrates were studigtgusFM in the acoustic AC

mode. The bare substrates were also studied by the AFM. diiiirshows the topography
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(a) 252 nn? (b) .91 nn?

(c) 0.91 nn?

Figure 2.4: Brewster angle microscope images of the 12D1Hatager in dark for various
area per molecule at air-water interface obtained on cossprg the monolayer. (a) Shows
coexistence of gas phase (dark region) and low densitydigbhase (bright region) &, =
2.52 nn¥. (b) Shows the uniform low density liquid phasefat= 1.91 nn?. (c) Shows the
collapsed state with[3 crystallites (bright spots) a,, = 0.91 nnt. The scale bar in each
image represents 5Q0n.
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Figure 2.5: AFM images of the bare substrates. (a) Showsoihegtaphy image of bare
hydrophilic mica substrate. The line profile yields a RMSghness of the substrate to be
about 015 nm over the scan range o X 5 um. (b) Shows the topography image of the
bare hydrophobic HMDS coated silicon substrate. The linélpryields the RMS roughness
of the substrate to be aboutl® nm over the scan range ofd X 5um.
images of the bare substrates of hydrophilic mica and hydrbjgc HMDS coated silicon.
The line profile on the topography image of the bare mica satesyielded a RMS roughness
of about 015 nm. The AFM topography image of the 12D1H film on hydroghitica
substrate transferred by the LB technique is shown in Figiie The line profile across the
domains yielded the height of@nm.

In the case of HMDS coated silicon which behaves as a hyditmplsobstrate, two lay-
ers of the film get transferred in one dipping cycle, that iewlhe substrate was dipped

and taken out of the subphase. The AFM topography image ofEBh&lm is shown in

Figure[Z¥. The image shows large domain coexisting withllsaméform droplets (Fig-

ure[Z.7(d)). Figurf Z.7(p) shows the small droplets andrE{gu7(c) shows a large domain
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Figure 2.6: AFM image of 12D1H monolayer on hydrophilic mgtébstrate. Here the film
was transferred at a surface pressure.0friN/m. (a) Shows the domain size of about 3
um and (b) shows the domain size of aboutrit. The line profile on the domains yields an
average height of.8 nm.
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at higher magnification. The height of the large domain otgdifrom the line profile was
7.6 nm. The height of the small droplets varied between 10 nnOtarh with an average

size of about 100 nm (Figufe Z.7b)).

2.4 Discussion

Surface manometry studies showed that the material 12DfrHsfetable monolayer at an
air-water interface foA,, greater than B4 nn?. The uniform phase corresponding to the
steep increase in the surface pressure (betwgdéh-21.84 nnt) can be characterized by the
compressional modulugH]). The values ofE| can be calculated from the— A, isotherm
using equation,

dr

E| = A’“(E) 2.1)

Here, (%) is the rate of change of surface pressure as a function of@eanclecule.
Figure[Z.8 shows the variation E| as a function ofA,, for the 12D1H monolayer in dark
(absence of ambient light). The maximum value|Bf is about 22 mim at 187 nnt.
According to the criteria given in the literatufe [11] 12jetmonolayer with maximuni|
value between 18 mN/m to 50 mNm corresponds to the low density liquid,{Lor liquid
expanded phase. From the- A, isotherm,|E| value and BAM images, we infer that the
monolayer exhibited the coexistence of gas and low denijtyd phase at higif\,,. On
compression, the monolayer transformed into uniformpbhase atA,, of 2.1 nn? before
collapsing at 184 nn¥ with a collapse pressure ofSLmN/m. The small collapse pressure
can be attributed to the absence of strong polar group ankl etean-chain interactions. The
limiting area of 201 nn¥ corresponds to the estimated area per molecule (using Ghamd
3D) where the two ester groups of the molecule are in cont#étt water and the alkyl
chains and azobenzene group are protruded into air (HigHje Bere, the molecules have
the freedom to orient their aliphatic chains irffdrent directions. This is similar to the

monolayers of fatty acids with carbon-carbon double bortéraliphatic chain. The carbon-

carbon double bond will disturb the packing of the molecutbgh leads to a more expanded
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Figure 2.7: AFM images of 12D1H transferred a@ inN/m on to hydrophobic silicon sub-
strate. (a) 1@m scan range image showing the coexistence of droplets fafransize and a
bilayer domain (top right). (b) Bm scan range image showing droplets of about 100 nm size
with height distribution of 10 nm to 50 nm. (c) 500 nm scan ®igage showing bilayer
film with a height of 76 nm.
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Figure 2.8: Figure shows the variation of compressional uhal(E|) as function of area
per molecule A,,)) for the 12D1H monolayer in dark.

phasel[[2].

The AFM images of the monolayer film transferred onto a hyHiapmica substrate
showed domains of height®@nm (FigurdZ16). The film was transferred at a surface pressu
of 1. mN/m. The height obtained from the topography image correspomdhe estimated
height of the molecule when the two ester groups are in comtéic the hydrophilic mica
surface and the alkyl chains and azobenzene group are gedtinto air. This indicates
that the organization of molecules on the mica substraterigas to that at the air-water
interface. The changes in the orientation of aliphatic mham the molecules at interfaces
as compared to their bulk conformation, have been repontéaei monolayers of other odd
shaped molecules like bent core molecules [13].

The AFM studies of the film transferred onto the HMDS coatédmi substrate showed
large domain coexisting with the small droplets. The hegjlihe large domains was about
7.6 nm which corresponds to the bilayer film. The height of theptits varied between 10
nm to 50 nm. Figur€Z10 shows the 3D view of the AFM topograiphgge of the small
droplets on the hydrophobic silicon substrate and the sparding Abbot curve. Abbot

curve gives the height distribution of the droplets on thdase of the hydrophobic silicon
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Figure 2.9: Schematic representation of the arrangemenbtecules at air-water interface.
This is based on the limiting area aff nn¥ obtained fromr— A, isotherm and the height of
3.8 nm obtained from the AFM image of the monolayer film on hydhibp mica substrate.
Here the ester groups of the molecule are in contact withrveatdace and the alkyl chains
are protruded into air.

substrate. It can be seen that some of the droplets havelat ki 50 nm.

From these images we conclude that the bilayer film, traresdesn to the hydrophobic
silicon substrate, dewetted to form smaller droplets ajdaiheight. The direction in which
the droplets are aligned appear to be along the small grokeddatures which are usu-
ally present on the hydrophobic silicon substrates (FifLis€b)). Formation of such small
droplets was not observed in the case of film on mica substr&ecently Hashimoto and
Karthaus have reported micrometer size droplets formedemetting [14]. They demon-
strated that by adjusting the thickness of the film the di@mand height of the droplets can
be controlled.

We attribute the formation of nano-droplets to the postdfarnreorganization of the film.
For a thin liquid film on a non-wettable solid substrate, thma fivill be unstable[[1b] and it
may rupture. So the formation of droplets is likely due todleevetting of the bilayer film of
12D1H on hydrophobic silicon. The unstable film on a rougidssibstrate can rupture with
two possible mechanisms; (i) spinodal dewetting and (Wetéing due to substrate rough-
ness. In the case of spinodal dewetting the unstable film ohdissibstrate develops surface
fluctuations of various wavelengths. Fluctuations with @laagths greater than the critical

wavelength {.) are amplified in the field of repulsive interaction betwelea film and the

non wettable surface at the expense of fluctuations with lwagéhs smaller than the critical

43



Height [nm]

i

40 60
Bearing Area [%]

l
1C

o
N
o

Figure 2.10: (a) 3D view of AFM image of small droplets on hyglnobic silicon substrate
(X, Y and Z scales are in nm). (b) Abbot curve showing the sigrfaeight as a function of
percentage bearing area.
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wavelength. This leads to the rupture of the film. The criteavelength {.) is called criti-
cal spinodal wavelength. In the case of non-wettable smswaltistrate, the critical spinodal
wavelengthl. is determined by the surface tension of the fluid. The dontinavelength
(Am) of the spinodal dewetting is the wavelength of the fastegildied fluctuation and is re-
lated to the critical spinodal wavelength, asAm = 1. V2. The developed fluctuations with
dominant spinodal wavelength determines the structureeoflewetted films. The dominant
spinodal wavelength can be estimated from the direct measent of the average distance
between the patterns of the dewetted film. Vologtial. have studied the criteria for the two
possible mechanisms, based on substrate-film interadfiéhs

We have analyzed the AFM images of the bare hydrophobicosilsubstrate and the
film transferred on this substrate using the “WSxM 4.0 Dep€el@” software. From the
roughness analysis we find that the RMS roughness of the bbstrate is around.08 nm
(Figure[Z.5(0)). The power spectral density (PSD) functéthe AFM data can be used
for the calculation of the periodicity of the surface sturetof the substrate. The variation
of PSD as a function of wavenumber for the bare substrate eth@vmaximum at 614
um~1, which yields a value of 608 nm for the dominant wavelengtthefsurface roughness.
The dominant spinodal wavelength,{) of the film was calculated from the average distance
measured between the neighboring droplets and it was fauneldbout 350 nm. The critical
spinodal wavelengthi{ = 1,/ V2) was about 247 nm. According to the criteria given by
Volodin et.al [17], if the wavelength of the substrate rongss is much larger than the critical
spinodal wavelengthi() of the film, then spinodal dewetting of the film can be obsdrve
In our case, we find that the wavelength of the substrate grfaughness (608 nm) to be
about three times larger thay (247 nm) of the film. Hence, the mechanism of dewetting
of 12D1H bilayer film on a hydrophobic silicon substrate canaltributed to the spinodal
nature.

The techniques like electrowetting based microactuataynnfanipulation of droplets
ranging from nanolitres to microlitres in volume have beboven by Pollack et. al]18].

Similar nano-dewetting structures were reported in uhia-films of polystyrene polymer
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on silicon substrates with fierent oxide thicknesses |19]. They observed nanoscaldesmp
coexisting with mesoscopic drops. fl&rent structures can be observed during dewetting,
depending on the mechanism and kinetics of the rupture ofilthe20]. The nanoscale
droplets of the material with azobenzene can also be mi@oipolated byrans-cis photoi-

somerization.

2.5 Conclusions

We find that the novel material Bis[5-(4’-n-dodecyloxy bewlbxy)-2-(4"-methyl pheny-
lazo)phenyl] adipate (12D1H) is amphiphilic and forms &ahonolayer at air-water inter-
face. Surface manometry and BAM studies showed that the lapercexhibited coexistence
of gas and low density liquid phase at layg On compression, the monolayer formed uni-
form low density liquid phase aA\, of 2.10 nnt. At an A, of 1.84 nn? the monolayer
collapsed with a collapse pressure & tinN/m to form 3D crystallites. AFM studies of the
LB film transferred onto the hydrophilic mica substrate sadwiomains of height.8 nm.
This corresponds to the height of molecules with their egteups attached to the substrate
and the alkyl chains and azobenzene groups protruded intdlaé¢ limiting area obtained
from ther — A, isotherm also indicated similar configuration of the molesiat air-water
interface. This suggests that the film was transferred dr@atica substrate without much
change. AFM studies of the LB film on hydrophobic silicon duhi® showed domains co-
existing with small droplets. This indicated that the 12Dhkithyer film transferred onto
the substrate, dewetted to form nano-droplets of size afitab@0 nm. Our analysis of the
AFM images indicated that the dewetting process is thropgiosial dewetting. Controlled
dewetting of the films of azobenzene compounds can have tpadtapplications in optical

devices, biochip technology and in microelectronics.

46



Bibliography

[1] V. M. Kaganer, H. Mohwald, and P. DuttRev. Mod. Phys. 71, 779 (1999).

[2] Gareth Robertsl.angmuir-Blodgett Films, Plenum Press: New York and London,

(1990).

[3] C. A. Rezende, L. T. Lee, and F. Galembebkcroscopy and Microanalysis 11, 110
(2005).

[4] Ignes-Mullol Jordi, C. Josep, A. Rosa, C. Joaquim, R. BapR. M. Teresa, and S.
Francescl.angmuir 21, 2948 (2005).

[5] J. B. Christopher, Jun-ichi Mamiya, Kevin G. Yager, aramiki Ikeda, Soft Matter 3,
1249 (2007).

[6] Y. Yu, M. Nakano, and T. Ikeda\ature 425 145 (2003).
[7] T. lkeda, and O. Tsutsumgcience 268 1873 (1995).
[8] Bharat Kumar, A. K. Prajapati, M. C. Varia and K. A. Sureshngmuir 25, 839 (2009).

[9] J. Crusats, R. Albalat, J. Claret, Ignes-Mullol, Joahd F. Sague,angmuir 20, 8668
(2004).

[10] R. K. Gupta, and K. A. Sureskuro. Phys. J. E 14, 35 (2003).

[11] D. J. Dervichian)J. Chem. Phys7, 932 (1939).

a7



[12] M. Broniatowski, S. I. Macho, J. Jr. Minones, and Dynaicz-Latka,J. Phys. Chem.
B 108 13403 (2004).

[13] N. Duff, J. Wang, E. K. Mann, and D. J. Lacksangmuir 22, 9082 (2006).
[14] Y. Hashimoto, and O. Karthaud,Colloid Interf. Sci. 311, 289 (2007).
[15] S. Kumar, and O. K. Matad. Colloid Interf. Sci. 273 581 (2004).

[16] P. Volodin, and A. KondyurinJ. Phys. D: Appl. Phys. 41, 065306 (2008).
[17] P. Volodin, and A. KondyurinJ. Phys. D: Appl. Phys. 41, 065307 (2008).
[18] M. G. Pollack, A. D. Shenderov, and R. B. Faigb Chip 2, 96 (2002).

[19] P. Muller-Buschbaum, P. Vanhoorne, V. Scheumann, an&tdmm,Europhys. Lett.
40, 655 (1997).

[20] Gunter ReiterPhys. Rev. Lett. 68, 75 (1992).

48



Chapter 3

Kinetics of trans-cisisomerization of

azobenzene dimer at air-water interface

3.1 Introduction

In azobenzene materials, molecular conformation can begdthfromtrans to cis state or
cisto trans state by isomerization using the techniques like, illurtioraof ultraviolet (UV)

or visible light [1] or by applying an electric field][2]. llination of UV or visible light

on the Langmuir monolayers and Langmuir-Blodgett (LB) filoisazobenzene molecules
may result in thdrans-cis or cis-trans molecular isomerization and can be studied by sur-
face pressuré]3] or electrochemical measuremEghts [4% @roiperty of reversible molecular
isomerization has been utilized in developing photosaesitevices[[5, 6] and wetting sur-
faces [T]. For many such applications, understanding thetiis of isomerization reaction
in thin film is important. Yim and Fuller have shown that thansto cis photoisomerization
reaction in Langmuir monolayers of azobenzene moleculadirst order reactiori]8]. Liu

et al. have studied theisto transthermal isomerization of azobenzene molecules in the LB
film and found that the isomerization follows the first ordaretics [4]. There are examples
of deviation from first order kinetics in the casetodins to cis photoisomerization reaction
of azobenzene molecules in thin films of polymier [9]. Howewersuch reaction kinetics

have been reported at air-liquid interface.
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In the previous chapter, we have reported our studies onZbd i monolayer in dark,
where the molecules were inans state. When UV light of wavelength 365 nm is illu-
minated, thetrans-12D1H molecules isomerize tas state €is-12D1H). In this chapter,
we report our surface manometry studies of the monolaydnarptesence of UV light of
wavelength 365 nm. We find that the monolayer in the preseht&/dight (cis-12D1H
monolayer) is even more stable with a collapse pressureaitdbree times higher to that of
the monolayer in darkifans-12D1H monolayer). We also report our studies on the kisetic
of transto cisisomerization of the azobenzene molecules under the ilatian of UV light
in the low density liquid phase of the Langmuir monolayerraba-water interface. We find
that thetransto cisisomerization shows deviation from the first order kinetigdike those
reported for the condensed phase of the azobenzene monfdhy€he deviation from the
first order kinetics can be shown as a net result of the simettas photoisomerization of
trans isomers to forncis isomers and thermal isomerization @& isomers to formtrans
isomers. We find that the rate equation written by consideaifirst order kinetics fotrans
to cis photoisomerization reaction and a second order kineticsifxo trans thermal iso-
merization reaction fits well with the rate equation obtdifrem the experimental data. The
second order kinetics mechanism for thermal isomerizagaction ofcis isomer to form
transisomer is similar to the Lindemann-Hinshelwood mechanisnttie unimolecular re-

actions at low concentration of the reactanfs [10, 11].

3.2 Experiment

3.2.1 Monolayer studies

The material 12D1H was synthesized by Prajapati and Vaddlapurity of the sample was
found to be better than 99% [112]. The surface presstreafea per moleculed,) isotherm
was obtained using Nima trough (611M). The trough was eedas an aluminum box to
prevent air currents and ambient light. Wilhelmy method wssd to measure the surface

pressure. The stock solution of the 12D1H material prepiawrdte HPLC-grade chloroform
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Figure 3.1. Schematic diagram of the Langmuir trough wité kiigh pressure mercury
source and aluminum reflectors.

was kept in the dark for more than 12 hours, to ensure thatsdlatithe molecules are in the
trans state {rans-12D1H). Surface manometry was carried out in the dark talyet-Ay,
isotherm of therans-12D1H monolayer. To get the-A,, isotherm of the monolayer with
molecules in theis state €is-12D1H), the monolayer was spread and compressed from the
gas state under the illumination of the UV light of 365 nm wawngth. The monolayer was
compressed at the rate of aboutdnntmoleculemin~?. All the experiments were carried

out at the temperature of 240.1°C.

3.2.2 Isomerization studies

The schematic diagram of the setup used to study the kiredftissmerization of the 12D1H
monolayer is shown in Figufe=3.1. A standalone high presseury lamp of 100 W was
used as a source of UV light of wavelength 365 nm and visilgbtlof wavelength 430
nm. Interference filters (Edmund Optics) were used to setexiight of required wave-

lengths. The intensity of the radiations was abot @Wcnt2. Aluminum sheets were
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Figure 3.2: Figure shows the surface pressujedrea per moleculeA(,) isotherm for the
monolayer in the presence of UV light of wavelength 365 nm.

used as reflectors. For th@ansto cisisomerization studies in the low density liquid phase,
the monolayer ofrans-12D1H was compressed to a target area per moleéyea(d then
illuminated with the UV light of wavelength 365 nm. The presef isomerization changes
the surface pressure of the monolayer at this congtanthe experiment was repeated for
three diferent values of, in the low density liquid phase of the monolayer. Kinetié¢s o

isomerization was studied by measurings a function of timet.

3.3 Results

3.3.1 Surface manometry

In the presence of UV light the 12D1H molecules will be in ttie state. Ther — Ay,
isotherm of the monolayer of 12D1H containing azobenzenamobtained in the presence

of UV light of wavelength 365 nm is shown in Figure3.2. Thetleym showed zero surface
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pressure for amy, greater than B0 nn?. At an A, of 2.30 nn¥, ther increased sharply.
The monolayer collapsed withaof 6.6 mN/m at anA,, of 1.71 nn¥. The stability of the
monolayer in the presence of UV light was checked by holdinggliarriers at constant,
and monitoring the surface pressure as a function of time.fikdethat the monolayer in
the steep region of isotherm is stable. The limiting area olecules in the monolayer was
measured by extrapolating the steep region of the isotherpero surface pressure and it

yielded a value of 20 nnr.

3.3.2 Brewster angle microscopy

Figure[3.B shows the BAM images of tkiss-12D1H monolayer at variou&,,, The BAM
images showed the coexistence of gas and liquid phasg gteater than B0 nn? (Fig-
ure[3:3(@)). In betweeA, of 2.30 nnt and 171 nn¥, the BAM image showed uniform
phase (Figurg 3.3(b)). Below ag, of 1.71 nn? BAM images showed collapsed state of the

monolayer (Figurg 3.3(c)).

3.3.3 Kinetics of isomerization

When UV light of wavelength 365 nm was illuminated on the mlager oftransisomer at

a target area per molecug, the surface pressure of the monolayer increased with thde a
then saturated to a valugy. On illuminating visible light of 430 nm on the monolayereth
surface pressure decreased with time. Repeated cycleteaiatlve UV and visible light

leads to increase and decrease of the surface pressures(Bigit

3.4 Discussion

Surface manometry studies show that the 12D1H indBestate forms stable monolayer
at air-water interface. The phase corresponding to the seggon in the isotherm can be

characterized from the compressional modul&$ {alue of the monolayer in the presence
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Figure 3.3: Brewster angle microscope images of the 12D1kfirauir monolayer in the
presence of UV light of wavelength 365 nm at various area pseaule. (a) Shows coex-
istence of gas phase (dark region) and low density liquigelfaright region) af,,=2.60
nn?. (b) Shows the uniform low density liquid phase of the mogetaatA,,=1.90 nnt. (c)
Shows the collapsed state of the monolayeA&t0.70 nn?. The scale bar in each image
represents 500m.
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Figure 3.4: Figure shows the variation in the surface presgy as function of timet) on
alternately illuminating with UV and visible radiation admg monolayer. Here the experiment
was carried out at aA, of 1.92 nnt.
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Figure 3.5: Figure shows the variation of compressionaluhad(E|) as a function of area
per molecule A,,), for the 12D1H monolayer in the presence of UV light of wavejth 365
nm.

of UV light. The|E| value can be calculated using the relation,

E = Am(jT”m) (3.)

The maximum value ofE| was equal to 34 mhh at 179 nn? (Figure[35). This value
corresponds to the low density liquid phase of the monolalfeom ther — A, isotherm,
BAM and |E| values, we conclude that tlees-12D1H monolayer exhibited low density lig-
uid phase between th&, of 2.15 nn? and 171 nn?, before collapsing at a surface pressure
of 6.6 mN/m.

Then — A, isotherm of the 12D1H monolayer in the presence of UV lighttileed signif-
icant changes as compared to the A, isotherm of 12D1H in dark. The collapse pressure

increased to a value three times to that of the monolayer iik. dahis indicated that the
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12D1H molecules have undergone a transition ftoans to cis conformation. The increase
in the collapse pressure of monolayer in the presence of g lio about three times to
that of the monolayer in the dark can be attributed to the avgad packing of the molecules
in the cis state. Here, the change in the dipole moment of 12D1H maeafiér isomer-
ization [T3], results in strong anchoring of this-12D1H molecules on water surface. This
increases the stability of thetes-12D1H monolayer.

Repeated illumination of the UV light and visible light rétsal in the increase and decrease
of the surface pressure respectively, as a function of tide.have studied the kinetics of

isomerization of théransisomers to forntisisomers.

3.4.1 Kinetics studies

Kinetics of a reaction can be studied by measuring the ratbarfige of concentration of one
or more reactants (or product§)[11]. For isomerizatiorctiea studies of the azobenzene
dimers in the monolayer at an air-water interface, rate ahge of the mole fraction of one of
the isomerstfans-12D1H orcis-12D1H) has to be measured as a function of time. We have
obtained the rate of change of mole fractiontiains-12D1H molecules in the monolayer
from surface pressure measurements. We employed a methddrsio the one used to
study the kinetics of bulk reactions, where, the partiabpoees of the reactants or products
in the vapor phase are measuried [11].

Fortransto cisisomerization studies, the monolayertcdns-12D1H in the low density
liquid (L1) phase was illuminated with the UV light of wavelength 365, mha target area
per moleculeA; (point A in the isotherm in Figure—3.6). Photoisomerizatadrirans to cis
isomer results in the increase of surface pressure with éintesaturates to a value of;.
Figure[3Y shows the variation afas a function of for three diferent values of\. It can
be seen that they depends on the value é§. Therg was less than the surface pressure
(m2) of thecis-12D1H monolayer corresponding to the saMépoint B in the isotherm in
Figure[3.6). This may be due to theférence in packing of the molecules in ttie-12D1H

monolayer obtained by two procedures; (1) illuminatingghs phase and compressing it to
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Figure 3.6: Surface pressure){area per moleculeA) isotherms of tharans-12D1H
monolayer (continous line) arails-12D1H monolayer (dashed line). For the kinetics studies
of thetransto cisisomerization, thérans-12D1H monolayer was illuminated with UV light
(365 nm) at a target area per molecude(point A(A,x5)). This results in the increase of
surface pressure of the monolayer with time and satura@satie ofry (point C(A,st)).
Molecular structure of 12D1H is shown at top right of the figur
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Figure 3.7: Variation of surface pressure as a functionroétior three dterent target area
per moleculed,); (i) 1.87 nn? (open circles),i{) 1.92 nnt (filled circles) andifi) 1.96 nn¥
(triangles), under the illumination of UV light. The corpesdingr values areij 2.67
mN/m, (ii) 2.03 mN'm and (ii) 1.83 mN'm, respectively.
the Ly phase, (2) illuminating therans-12D1H monolayer already in the Iphase.

The dfective surface pressure of the monolayer at tithafter illumination of UV light,

can be written as the sum of surface pressures due to thedandivsomerstfans andcis)

and the surface pressure component arising from the paokitng molecules, i.e.,
n(t) = my (1) + me(t) + mp(t) (3.2

Here,n(t) is the measured fkective) surface pressure of the monolayer at the targetparea
moleculeA; after timet of illumination of UV light, = (t) is the surface pressure component
due to thetrans isomer,z.(t) is the surface pressure component due tocteésomer and
np(t) is the surface pressure component due to ffexeof packing of molecules. The term
mp(t) is the result of packing éierences between tligans andcis isomers in the monolayer.
We assume that this term is proportional to the mole fraatidhecisisomers. Considering

the surface pressure component duéréns isomer to be proportional to the mole fraction
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of transisomer and the surface pressure component due taslsomer to be proportional

to the mole fraction o€isisomer in the monolayer, we have from equafion 3.2,
a(t) = Ty (), + Te(t)rg + mp(t) (3.3)

Here, Iy (t) is the mole fraction otransisomer at time, I'¢(t) is the mole fraction otis
isomer at timd, n, is the surface pressure of the monolayer of guaas isomer atA; and
ng is the surface pressure of the monolayer of prisgsomer atA;. my(t) is assumed to be
proportional to thd¢(t) and hence it can be written &s(t)r,, wherer}, = ng — 7. In the
present casg;, is a negative quantity (Figute_3.2). Thus titeetive surface pressure of the

monolayer turns out to be,
n(t) = Ly (O + Te(t)rg + Ce(t)ry, (3.4)
Sincely (t) + I',(t) = 1, equatiofi3}4 yields the following expression,

n(t) — ng — 71'?)] (3.5)

[y (t) = [—o

O
Ty — Mg — T

We define the term;(t) = Ii(t)x7 as “partial surface pressure” of the isomér = tr or c).
The partial surface pressuretodinsisomer at timé is given byr (t) = 'y (t)75,. Substituting
Iy (t) from equatior 315, we get the following expression for tlaetipl surface pressure of
transisomer.

n(t) —mg — ﬂ‘[’)] (3.6)

_ 0
Trtr(t) - ﬂ-tl’ [ o o o
ﬂtr _7TC _ﬂ'p

The values ofry; andng can be obtained from the isotherms of ptnans-12D1H and pure
cis-12D1H monolayers, respectively. Experimentally we haeasured(t) as a function of

t for three diferent values of (Figure[3.Y). The value of, can be obtained by the relation
Ty = et — 7, Whereng for a given value of,, is obtained from FigureZ3.7. Using these
values, we can calculatg, (t) from equatiori-316. The calculated valuestpft) are plotted

as a function of (Figure[3.B).
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Figure 3.8: Calculated partial surface pressureafsisomer  (t)) plotted as a function of
time for three diferent values of\; (i) 1.87 nn¥ (open circles),i{) 1.92 nn? (filled circles)
and {ii) 1.96 nn? (open triangles). Continuous line is computed using equBFT to fit the
data.

For a first ordetransto cisisomerization reactiong, (t) (which is proportional td (t))
should be an exponential function of tinié [8]. However froigufe[3B, we find that the

7y (t) data could not be described by exponential function. Orother hand the curves can

be fitted to a equation of the type:

a

(1) = 1+ bt

+C (3.7)

Herea, b andc are the fit parameters. The correlation ff@éent for the fit was found to be
better than 9.
To obtain the rate equation for thieans to cis isomerization reaction we filerentiate

equatior-3J7 with respect to tim@nd express it in terms af; (t),

drrye (1) B b, 2bc bc?
a. _aﬂ'tr(t)"‘ a e (1) — a
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Since,my (t) = Ty (D75,

dry(t)  brg , ..  2bc bc?
2 = () + () - (3.8)

Kinetics model

Thetrans to cis photoisomerization of azobenzene molecules at air-waterface has
been reported to be a first order reactibh [8]. Theramato trans isomerization in the LB
film was also reported to be a first order reaction [4]. Howewethe case of thin film of
polymer containing azobenzene, Mihal. reported thatrans to cis photoisomerization
deviates from the first order kinetids [9]. They have rembtteat thetrans to cis photoi-
somerization followed first order kinetics upto 86 % coni@rsand then deviated from the
first order kinetics. To explain the non-first order reactithrey proposed a kinetics model
considering the influence of free volume distribution in ploéymer matrix on théransto cis
isomerization. Interestingly, in our system the deviatieas observed from the initial stage
itself. In our system since the molecules are in th@hase at an air-water interface, the free
volume available for the azobenzene moiety is greater thawttical volume required for
the isomerization. Hence the isomerization reaction igestricted by the free volume dis-
tribution unlike in the case of the azobenzene molecul@ptd in the solid polymer matrix.
In equatior=31B, th&2 (t) term suggests that there is another reaction followingrseorder
Kinetics, simultaneously proceeding in the opposite diveco that of the photoisomeriza-
tion. The reverse reaction may be the thermal isomerizatidghe metastableisisomer to
form transisomer [4].

Under the illumination of UV light on thérans-12D1H monolayer, the net rate of the
iIsomerization reaction depends on two processes: (a) Bbaterization ottrans isomers
to form cis isomers and (b) thermal isomerization of ttie isomers to fornmtrans isomers

by colliding with other molecules. The rate of changdrahs isomers is thus given by the
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following rate equation[10],

dly (1)
dt

= —K Ty (t) + Koot Te(®)y (1) (3.9)

where,k is the rate constant for photoisomerization reactiotraris isomer andky, is the
rate constant for the thermal isomerization reaction otthesomer. Sincé'.(t) = 1-T'y (1),
we have,

T - a2 (0 + o ~ T () (3.10)

This equation shows that the rate of change of mole fractidhexransisomer is governed
in the initial stages of isomerization reaction by the fisstit and in the later stages by the
second term. Eventually the two terms will become equalltiesuin a steady value for
[y (t). Equatior 300 is similar to equatibnB.8, except for thestant term which is negligi-
ble (~ 10°%). Hence, the above kinetic model of isomerization can émple experimental
result. Solving equatidn_3.110 fd¥, (t), we get,

I, Ak

B = G ok — AR — e

(3.11)

Here, Ak = ks — k andT’, is the concentration dfansisomers at = 0. Since before the
illumination of UV light all the molecules are imans state we havé&, = 1. Equatior3111
is fitted with the experimental data and the rate constaetsaculated from the fit param-
eters. Figur€3]19 shows variationIgf as a function of. The continuous line shows the fit
according to equatidn3.JL1. along with the fitted curve. &dbbives the values of the rate
constants calculated for thredidrentA.

We have proposed a simple model which takes into accountdrentll isomerization
of the cis isomers to fornmtrans isomers. Since, in our system the monolayer is in the L
phase, we assume that there is no orientational orderingecizobenzene moieties of the
cisisomers.

Studies on the kinetics dfansto cis photoisomerization reaction in azobenzene contain-
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Figure 3.9: Calculated mole fraction whnsisomer (7 (t)) plotted as a function of time for
three diferent values of\; (i) 1.87 nn¥ (open circles),i{) 1.92 nn? (filled circles) and i)
1.96 nn¥ (open triangles). Continuous line is computed using equBELL] to fit the data.

Table 3.1: Values of rate constanksafidks, ) for transto cisisomerization at dierent target
area per moleculeX).

A Ty e K Keol
(nn?) | (MN/m) | (MN/m) | (s) | (sh)
1.96 0.69 2.70 0.0456| 0.0465
1.92 0.99 3.18 0.0474| 0.0483
1.87 1.54 3.98 0.0326| 0.0335
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ing fatty acid molecules at an air-water interface, havereg the rate constant valuégp

be 950x 102 st and 355x 1072 s7* for nearest neighbour tilt (NN) phase and next nearest
neighbour tilt (NNN) phase, respectively [8]. Thdfdrentk values for the two phases, show
the influence of the molecular packing and structure of thaatayer on the rate of photoi-
somerization. Thé& value obtained for our system is of the same order of magaiftidble

1) and somewhat in between that of NN and NNN phase of the daitymonolayer.

The considerable contribution of the thermal isomerizatd the cis isomers towards the
kinetics of isomerization of 12D1H molecules unlike in tlagty acids can be attributed to
the monolayer phase. In the case of fatty acidscibesomer in the nearest neighbour phase
(NN phase) and next nearest neighbour phase (NNN phaségtisedy more stable than the
12D1Hcis isomer in the I, phase. In the Lphase of the monolayer, the molecules have
more degrees of freedom and hence there will be high prababilcisisomers getting ex-
cited by collisions. On the other hand, the NN and NNN pha$éstty acid monolayers are
condensed phases and the molecules in these phase hawvelsetatv degrees of freedom,
resulting in the higher stability of the metastabigisomers.

In our system, the rate equation shows thatdisdo trans thermal isomerization reac-
tion follows the second order kinetics. This is similar te tindemann-Hinshelwood mech-
anism for unimolecular reactions_J11,]14] at low concemrabf reactants. Lindemann-
Hinshelwood mechanism is a two step reaction mechanisin[13}t, First, a reactant
molecule with large number of degrees of freedom, gets atetivby colliding with other
molecules. Thisis a bimolecular event involving two molesu Then the activated molecule
decays to form the product. This is a unimolecular event. Auezall rate of the reaction is
determined by the slower reaction step. In the present tdas¢hermal isomerization @is
iIsomers involves two steps: (a) Formation of the activatedsomers and (b) decay of the
activatedcis isomers to forntransisomers. In the L phase of the monolayer, the collision
frequency of the molecules is less and hence the formatitirecctivateaisisomers will be
slow as compared to the decay of activated molecules. Hdme&rmation of the activated

cisisomers will be the rate determining step. The activatiothetis molecules by collision
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is a bimolecular event and hence the reaction will have diveeaond order kinetics. In

many devices which make use of thin film of azobenzene m#egay., the photomechan-
ical devicesl[], kinetics of isomerization plays an impmittrole. We have shown that the
reverse thermal isomerization of metastabeisomers in the low density liquid phase can
contribute towards the overall reaction rate. Thea$ects have to be considered for making

devices with desired applications.

3.5 Conclusions

Our studies on the monolayer in the presence of UV light sldosignificant changes in the

n — Ay, isotherm as compared to the monolayer in dark. The collapesspre of the mono-
layer in the presence of UV lightis-12D1H monolayer) was about three times higher than
the monolayer in darktfans-12D1H monolayer) indicating that thees-12D1H monolayer

is more stable than thieans-12D1H monolayer.

We have studied theeansto cisisomerization of mesogenic azobenzene dimer (12D1H)
under the illumination of UV light at an air-water interfac&Ve have employed a novel
approach to analyze the experimental results. From ougsisalwe find that thérans to
cis isomerization reaction shows deviation from the first orkiaeetics. We attribute this
deviation to the simultaneous photoisomerizatiortrahs isomers to forncisisomers and
the reverse thermal isomerization of the metastatidésomers to forntransisomers. Our
analysis indicates a first order kinetics fmans to cis photoisomerization reaction and a
second order kinetics for the thermal isomerization reactf cis isomers to formtrans
isomers. The mechanism of thermal isomerization is sinl#éne Lindemann-Hinshelwood
mechanism for unimolecular reactions at low concentratbneactants. In our system,
the thermal isomerization reaction has two steps i.e., &ion of activatedis isomers by
collision of cisisomers with other molecules and then the decay of activatadomers to
form transisomers. The formation of activatetsisomers is slow as compared to the decay

of the activatedtisisomers, and hence the former step governs the rate ofeaa&ince the
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formation of activated@isisomers is a bimolecular event, the thermal isomerizagaiction

has an overall second order kinetics.
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Chapter 4

Stress-strain relation in the Langmuir
monolayer of a novel dimer of disc

shaped molety

4.1 Introduction

Films at air-water interface are ideal model systems fahyghg some physical properties in
two-dimension (2D). Here étierent 2D phases can be obtained by compressing the mono-
layer between two moving barriers| [1]. The monolayer cao &l compressed from an
uniform phase to the collapsed state wherein the molecolé@sgthe third dimension (3D).
The mechanism of the collapse depends on factors like theepbfahe monolayer, pH and
ions present in the subphaBg[]R, 3]. It is known that the coseldmonolayer can collapse by
forming 3D crystallites, or by forming multilayersi[4]. Albugh the physical properties of
a material in two dimensional system can bffetent from the bulk, the concepts developed
to describe the bulk materials can be extended to descriygrtiperties of 2D systems. For
example, in the study of the monolayer rheology the bulk iooim concepts have been
applied to monolayer$]5]. Similarly, using constitutiviuations based on the stress-strain
models of bulk solids, Kampdt al. [6] related the experimental parameters of an insoluble

monolayer to study the collapse behavior.
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In this chapter, we report our studies on the monolayer of\@lndimer of disk shaped
triphenylene moiety, terephthalic acid bis-[6-(3,6,71lI8pentahexyloxy-triphenylen-2-
yloxyl)-hexyl] ester (tp-dimer), at air-water interfack.is known that molecules with disk
shaped moieties can take either face-on or edge-on configuia air-water interface de-
pending on the area per molecule and surface pressure [ify 8je edge-on configuration
the molecules can assemble into columns with the columnpaxadlel to the interface. The
self-assembly of the molecules containing discotic corétm column-like structures is
attributed to the stron@l — II interaction between the aromatic rings. The intermoleacula
distance in these columns will be abou8® nm. Such films transferred onto the solid sub-
strates are of importance as they have high degree of ampyatr conductance. The electri-
cal conductivity along the column will be higher as comparethe conductivity across the
columns. These systems behave like quasi 1-dimensiondluctors and can have potential
applications[[B_10]. Hence understanding the stabilittheffilm under diferent conditions
of temperature and strain is important.

We have studied the collapse of the tp-dimer Langmuir mgormeoslat air-water interface
as a function of compression rate and temperature. We findhbeacollapse pressure in-
creases with increase in compression rate. We consideutfecs pressure of monolayer
as stress and compression of monolayer as sfrain [6]. Tai sate is calculated from the
compression rate. For metals and polymers, it has beentegpitnat the strain rate has Ar-
rhenius temperature dependence and the yield stresstisdétathe strain rate by a power
law [11,[12]. We find that in the case of monolayer of tp-dintle strain rate is related to
the collapse pressure by a power law, but in the absence stigflow region unlike those
reported for Langmuir monolayers [6,113]. Our studies oneffiect of temperature on the
collapse pressure showed that the collapse pressure gdesneéh increase in temperature.
Assuming the Arrhenius temperature dependence of thenstte, we have calculated the

activation energy for the collapse of monolayer.
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4.2 Experiment

The material tp-dimer was synthesized by Sandeep Kumar atd Gupta. The purity
of the material was found to be better than 99% by NMR, IR aediehtal analysis tech-
niques. The Langmuir monolayer of the material tp-dimer stadied by surface manometry
and Brewster angle microscopy (BAM) techniques. The sotutf tp-dimer was prepared
in HPLC grade chloroform with a concentration of about thgml. Surface manometry
studies were carried out using a Nima trough (Model: 611Mra-pure deionized water
(MilliQ) of resistivity 18 MQcm and pH of 57 was used as subphase. The freshly made
solution was spread on the subphase using a microsyringesdlent was allowed to evap-
orate for 15 minutes before compressing the monolayer legtvixgo moving barriers. To
study the &ect of compression rate on the collapse pressure of momplagespeed of the
barriers was varied in the range of-7100 cnfmin~t. This corresponds to a compression
rate of the monolayer in the rangel0 — 1.50 nn?molecule*min=t. The temperature of the
subphase was controlled by circulating water through thegin using a temperature con-
troller (Julabo, Model: F25). The monolayer was studiediffecent temperatures in the
range 15- 32°C. The BAM studies were carried out using MiniBAM (NFT, Naech) and
the images were obtained using a frame grabber.

The Langmuir-Blodgett (LB) films of tp-dimer were preparea twydrophilic and hy-
drophobic substrates. The double-side mirror polishadosil wafers were used as hy-
drophilic substrates. They were cleaned by sonicating ihéiling piranha solution (mix-
ture of concentrated }$0, and HO, in 3 : 1 ratio) for about five minutes. The cleaned
wafers were then repeatedly rinsed with fresh milliporeaevéiefore transferring the film.
One layer of the film gets transferred during one dippingeycl

The hydrophobic substrates were obtained by preparingassémbled monolayer of
hexamethyl disilazane (HMDS) on polished silicon waferegglained in the experiment
section of chapter 2. The cleaned hydrophobic silicon satest were then used to transfer

the film by LB technique. Two layers of the film get transferoedo a hydrophobic substrate
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Figure 4.1: Surface pressure{area per moleculeX) isotherm of tp-dimer monolayer at
15°C. The monolayer was compressed with a compression raté@h@tmolecule*min-?.

in one dipping cycle. The transfer of the film was carried dw@t surface pressure of 5 N
with a dipping speed of 2 mfminute.

The atomic force microscope (AFM) studies (Molecular InmggiModel: Picoplus) were
carried out to characterize the LB film of tp-dimer. The saenpas scanned in the acoustic
AC mode using the cantilever of spring constant of about 3@ Bind resonance frequency

of about 175 kHz.

4.3 Results

4.3.1 Surface manometry

The surface pressurer)-area per moleculeA,) isotherm obtained by compressing the
monolayer with a speed of 0 nn?molecule'min-! and at a temperature of 45 is shown

in Figure[4.1.. At largéAn, the isotherm shows zero surface pressure.al$tarts increasing

73



Figure 4.2: BAM images of the tp-dimer monolayer &telient area per molecule. (a) Shows
coexistence of gas phase (dark region) and liquid condgytsesk (grey region) &, of 3.00
nn?. (b) Shows uniform phase &, of 1.70 nn?. (c) Shows the collapsed state/s} of
1.61 nn?. The scale bar in each image represents500

at A, of 1.80 nnt. After the sharp rise im, a kink is observed in the isotherm at Ap of
1.63 nn?, suggesting a phase transition. Below this area per maethe surface pressure
of the monolayer held at constaff, decreases sharply with time. This indicates the col-

lapse of monolayer. The limiting areA) obtained by extrapolating the steep region of the

isotherm to zero surface pressure wagsinnt.

4.3.2 Brewster angle microscopy

The phases exhibited by the monolayer at various area pexculel as the monolayer is
compressed between the moving barriers were observed agAd/. The BAM images at
An, greater than B0 nnt showed the coexistence of dark and grey regions (Figurel.2(
Uniform phase was observed betweenAhef 1.80 nnt and 163 nn? (Figurd4.2(H)). At an
A of 1.63 nn? bright 3D crystallites appeared from the uniform grey ph@sgure[4.2(d))

which continued to grow with further increasesin This indicated a phase transition from
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Figure 4.3: AFM image of the LB film of tp-dimer on a hydrophikilicon substrate. (a)
Shows the monolayer film transferred at a surface pressufenol/m. The line profile
yields an average thickness of the film to be abo&tin. (b) Shows the film transferred at
the surface pressure of 15 il Here the particles of size-24 nm were observed.

the uniform phase to the collapsed state. On expanding tharfithe collapsed state, the

monolayer was not restored. This suggests that the coltzpke film was irreversible.

4.3.3 Atomic force microscopy

The LB film transferred onto a hydrophilic silicon substrates studied using an AFM. The
transfer ratio of the film was about 90%. Fig{ire 43(a) shdwesAFM topography image of
the monolayer film transferred onto a hydrophilic silicobstuate at a surface pressure of 5
mN/m. The line profile on the topography image yielded the heajlthe film to be about
1.5 nm. Figurd 4.3{) shows the topography image of the filmsfiemed onto a hydrophilic
silicon substrate at a surface pressure of 15mmNHere 3D crystallites of height between

2 — 4 nm were observed.

75



Height (n

TLAIAr e

o 1 > 5
Position (um)

Figure 4.4: AFM image of the LB bilayer film of tp-dimer on a gghobic silicon substrate.
Here the film was transferred at a surface pressure of BxrmNhe bilayer film (marked as
A) of height of about & nm was observed along with the droplets (marked as B) ohheig
varying between 5 15 nm.

Figure[4% shows the AFM topography image of the LB film on arbptiobic silicon
substrate transferred at a surface pressure of BvmNOn the hydrophobic surfaces the
transfer occurs during the down stroke and as well as dunpsgroke of the substrate and
hence two layers of the film get transferred in one dippindecyd@ he transfer ratio was
about 80% during both downstroke and upstroke of the substr®@FM image shows the
film coexisting with the droplets of varying size. The lineflie on the topography image
yielded the height of the film to be about3m. The height of the droplets varied between
5 - 15 nm as given by the line profile in Figure}.4.
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Figure 4.5: Variation of collapse pressurg)(as a function of compression rate((tit) at a
temperature of 29&5 K.

4.3.4 Hfect of compression rate and temperature on the collapse of

Langmuir monolayer

We have studied thefiect of compression rate on the collapse of tp-dimer Langmoino-
layer. The monolayer was compressed at various rates from,atorresponding to the
coexistence of gas and condensed phase. We find that withdfease in compression rate,
the collapse pressured increases. Figurle4.5 shows the variation of collapsespresas
a function of compression rate at a temperature 6289815 K). Similar behavior was
found in the monolayers of dicarboxylic aci@s]14]. The degence of the collapse pressure
on compression rate indicates that the monolayer is in astadtie state. This is also evi-
dent from the very low equilibrium spreading pressure ofrtiaerial tp-dimer at air-water
interface.

The dfect of temperature on the collapse of Langmuir monolayersuadied from the
n — Ay isotherms. Ther — A, isotherms were obtained for various temperatures by com-
pressing the monolayer with a constant compression ratefindi¢hat with the increase in

temperature of monolayer the collapse pressure decrdagese[4.6 shows the variation of
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Figure 4.6: Variation of collapse pressurg)(as a function of temperatur@). Here the
monolayer was compressed at a rate.@bhnfmoleculemin?.

the collapse pressure as a function of temperature. Heradhelayer was compressed at a
constant compression rate afl0 nn?molecule*min-t. Similar behavior has been reported

in the Langmuir monolayers of systems like oligomérs [15] finoroalkaned[16].

4.4 Discussion

The = — A, isotherm and BAM images suggest that the monolayer exkilmtexisting
gas and liquid like phase &, greater than B0 nn?. Below theA,, of 1.80 nn¥, the
monolayer exhibited uniform phase before collapsing.68 hnt. The phase exhibited by
the monolayer in the uniform region can be characterizedchbycbmpressional modulis|
of the monolayer. ThiE| value can be calculated from the A, isotherm using the relation,

B - Am(jT”m) (4.1)

Here, dr/dAy, is the change in surface pressure with area per moleculeoholayers, the
low density liquid phase has a maximum valugiBfin the range 1% — 50 mN'm. The

condensed phase of the monolayer has a maximum vallig| af the range 106- 250
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Figure 4.7: Compressional moduliyis| as a function of area per moleculd.{ for
the tp-dimer monolayer at 16. The monolayer was compressed with a rate 400
nn?molecule*mint.

mN/m [18,[17]. Figurd4l]7 shows the variation |& as a function ofA, for the tp-dimer
monolayer. HerelE| exhibits a maximum value of 157 njid at anA,, of 1.63 nn¥. This
value of|E| indicates that the uniform phase in the monolayer of tp-dicoeresponds to the
condensed phase. From the A, isotherm, BAM andE| value, we infer that the monolayer
(compression rate of D0 nn¥molecule'min~?) exhibited coexistence of gas and condensed
phase at large value &, ( 1.80 nn¥). Below theA,, of 1.80 nn?, the monolayer exhibited
uniform condensed phase and collapsed afamf 1.63 nnt with a collapse pressure of
117 mN/m.

The estimated length of the molecules (using ChemDraw) viasita5 nm. If the
molecules are stacked into columns duélte IT interaction between the triphenylene moi-
eties, the intermolecular distance in a column will be alf®84 nm. Thus the estimated
molecular area will be about? nn?. Comparing this value with tha, value (175 nnr),
we infer that the molecules are in the edge-on configurat®milar configuration of the

molecules has been reported for the monolayer of tripheeydscotic moleculé18].
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The equilibrium surface pressure (ESP) of the tp-dimerrawater interface obtained by
putting a speck of the crystallite on the water surface wasial mN/m. The very low
ESP can be attributed to the weak hydrophilic group in theitper molecule which reduces
the interaction between the subphase and the moleculescoftesive forces between the
molecules in the tp-dimer crystallite imposes an energyidraior the molecules to go into
the air-water interface from the 3D solid phase. If the stefiension of the subphase is not
suficient to overcome these cohesive forces, the moleculesdwwefer to stay in the 3D
solid phase and the material exhibits low or zero HSP [19].

The AFM image of the LB film transferred onto a hydrophilia®in substrate is an-
alyzed to understand the molecular organization. The nayeoltransferred at a surface
pressure of 5 mpin showed a film of uniform coverage. The line profile on the pphy
image yielded the thickness of the film to be abo& im. The estimated diameter of the
triphenylene moiety (using ChemDraw) is abol am. Hence the height obtained from the
AFM topography image suggests that the triphenylene nesieti the molecules are in the
edge-on configuration and the hydrophilic ester groupsmaehaed to the silicon substrate.

Figured4.8(@) and 4.8{b) show the molecular structure eftphdimer and the schematic

diagram of the organization of molecules, respectivelye Tiimiting area obtained from the
n — Ay isotherm indicates similar configuration of the moleculearaair-water interface.
This configuration is favored as it maximizes flie- I1 interaction between the triphenylene
moieties. The film transferred at a surface pressure of 1Fms¥owed particles of height
varying between 2 to 4 nm. This suggests that the film wasfeees in a collapsed state.
Surface manometry studies also indicated that the Langmairolayer collapses at &,

of 1.63 nnt.

The AFM image of the LB film transferred onto a hydrophobicsih substrate showed
the coexistence of droplets and film. On hydrophobic sutestriavo layers of the film will
be transferred in one dipping cycle. The line profile on th@otgraphy image yielded the
film thickness to be about3 nm. This height corresponds to the bilayer thickness of the

tp-dimer film. The height of the droplets obtained from threelprofile varied between 5 to
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Figure 4.8: (a) Molecular structure of tp-dimer with lengththe molecule according to
standard bond lengths and angles. (b) Schematic diagramirgithe organization of the tp-
dimer molecules with the triphenylene moieties in the edgeonfiguration. The estimated
molecular area for this configuration is abotit hn?.
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15 nm. The coexistence of droplets and bilayer film indicttasthe bilayer film transferred
onto the hydrophobic silicon substrate dewetted to fornpldts. Similar behavior has been

reported for azobenzene moleculed [20] and it has beenmiegesi] chapter 2.

4.4.1 Hfect of compression rate on the collapse pressure

We have studied theffect of compression rate on the collapse pressure of the taklas
monolayer. The collapse process can be considered as déixatioh of the monolayer under
stress. On compressing the monolayer the stress in the ey@rdhcreases. At collapse
pressure, the monolayer relaxes by the formation of my#is or 3D crystallites, wherein
the molecules go into the third dimension. The relaxatiaretior the monolayer depends
on the molecular processes involved in the collapse prodet®e relaxation time is of the
order of or greater than the time of observation (inverseoafgression rate), the monolayer
will be compressed to high surface pressures before itpsdis. Hence the collapse pressure
increases with increase in compression raté [21] for mebéstmonolayers. Our studies
on the tp-dimer also showed increase in the collapse pessithe compression rate is
increased.

In our case, during the collapse, the monolayer breaks dovierin 3D crystallites. We
find that on expansion, the collapsed state was not reversilthe monolayer state. Hence,
the transformation from the condensed phase monolayeetihtbe dimensional crystallites
during the collapse is similar to the transformation fromsék region to the plastic region in
bulk materials[[1B]. With this analogy, Kamgf al. [B] suggested that the surface pressure
can be identified as the monolayer stress. The molecularratieamonolayer can be related
to the monolayer strainy) by the expressiony = 1— (A/A), where A is the molecular area
at timet and A is the initial molecular area. The strain ratg)(obtained from the above

expression is given by the relation,

o= - (4.2)
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Figure 4.9: Variation of collapse pressurg)(as a function of strain ratey() at 29815 K
(25°C). Both X andY axes are in logarithmic scale. The solid line representptiveer law
fit (r. = C10;'") to the data points. The fit parameter yields the value @f be 1114. The
error involved in the surface pressure data are indicated.

Here (dd)/(dt) is the compression rate. The strain rate can be calculededthe compres-
sion rate using equatidn4.2. TAevalue is obtained from the liftfbarea (i.e., onset of the
uniform condensed phase) in the A, isotherm. Figur&419 shows the variation of collapse
pressure as a function of strain rate at a temperature @ 259815 K). We find that the

data can be fitted with a power lall [6] given by the equation,
e = Cra" (4.3)

HereC, is constant at a given temperature.

The value oh calculated from the fit was about 14. In our system, the monolayer does
not exhibit a plastic flow region (a plateau region after thenoiayer collapse in the — Ay,
isotherm). In literature, the power law relation betweee tollapse pressure and strain

rate has been reported in the Langmuir monolayers of deed@} and alkanethiol[13]
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which exhibit the plastic flow region. We find that the valuenaibtained for tp-dimer is of
the same order as that reported for the dendrimer and alkahetonolayersii ~ 13). In
bulk, similar power law relation between strain rate andaststress has been reported for
polymers [12[2P], where the constadt is called theconsistency andn is called power-
law index. The deformation mechanism for linear polymershi@ plastic flow region is
known and the power law relation can be attributed to thereaiftideformation mechanism.
The insdticient experimental evidence to determine the nature oaps# in the monolayer
makes it dificult to understand the power law relation between the stegand collapse
pressure for the case of Langmuir monolayér [6]. Hence, muatysof power law relation in

the absence of plastic flow region is important.

4.4.2 Hfect of temperature on the collapse pressure

In the tp-dimer monolayer, we find that the collapse pressi@@eases with increase in
temperature when the monolayer is compressed with a fixathstite. For the monolay-
ers of dendrimers [6] and alkanethi@l [13] molecules, it baen reported that the strain
rate shows an Arrhenius temperature dependence. We halyzethaur experimental
data by considering the strain rate to have Arrhenius teatpey dependence of the form
ay < expl—e/(RT)} [L3], wheree is the activation energy for the collapse of monolayer,

is the universal gas constant afnds the absolute temperature. With this assumption, rear-
ranging equatio4l 3 and by adding the temperature depeaddihe strain rate, we get the
following:

i = Czﬂgexp(—R—i_) (4.4)

Here,C, is a constant. In order to get the valuespéquatioi 4} is linearized and rearranged

to get the following expression,

In(re) = %m(c'at) + % (4.5)
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Figure 4.10: Variation of Int.) as a function of 1T. The monolayer was compressed at a
rate of 010 nntmolecule*mint. Solid line represents the straight line fit to the data oint
The slope of the lineg/nR), was about 71 x 10°.

Here,C’ is a constant. The variation of ) as a function of 1T yields a straight line.
From the slope/nR, we can obtain the activation energy) for the collapse of monolayer.
Figure[Z.1D shows the variation of theAg) as a function of 1T. The data points are fitted
to a straight line. The activation energy obtained from tbpesof the straight line was equal
to 1586 kJmol. The activation energy is the measure of energy reqdaethe molecules
in the 2D monolayer to escape into the third dimension. Th&aon energy reported
for the monolayer of dendrimer and alkanethiol were 5%8nkl [6] and 108 kimol [13],
respectively. The value depends on many factors like interaction betweenrtighghilic
molecules, their interaction with the subphase and the aresim of the collapse.

Studies on the alkanethiol monolayer at air-water interfsitowed Arrhenius tempera-
ture dependence of strain rate at high temperatures and\mbenius temperature depen-
dence of strain rate at low temperaturgs! [13]. In our systi® Arrhenius temperature

dependence was found throughout the temperature rangedtslin the case of Langmuir
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monolayer of dendrimer§][6].

4.5 Conclusions

The novel dimer of disk shaped triphenylene moieties (tpedt) spreads at air-water inter-
face to form a monolayer. Surface manometry and BAM studigisated that the monolayer
exhibited coexistence of gas and condensed pha&g gteater than B0 nn?. In between
the A, of 1.80 - 1.63 nn? the monolayer exhibited uniform condensed phase..83 hnt
the monolayer collapsed. The limiting area valuegZglnn?) obtained from the isotherm
suggests that the triphenylene moieties in the moleculénaitee edge-on configuration at
air-water interface. The monolayer film transferred ontg@rbphilic silicon substrate in the
condensed phase was studied using AFM. The line profile otogagraphy image showed
the height of the film to be.k nm which is close to the value of the diameter of the tripheny
lene moiety. This indicates that the triphenylene moietigbe molecule are in the edge-on
configuration on the hydrophilic substrate. The AFM studiethe LB film transferred onto
a hydrophobic silicon substrate showed a coexistence aydilfilm with droplets of size
varying between 5 15 nm. This indicated that the bilayer film on the hydrophatlicon
substrate dewetted to form droplets.

We find that the collapse pressure of the tp-dimer monolay@eases with increase in
compression rate at a given temperature. Our analysis @xperimental data showed that
the strain rate is related to the collapse pressure by a plawerOur studies on thefkect
of the temperature on the collapse showed that the collapssyre decreases with increase
in temperature. We have analyzed the data by using the bul&titative equations and
assuming the Arrhenius temperature dependence of tha sitai. Our analysis yielded an

activation energy of 158 kJmol for the collapse of the monolayer.
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Chapter 5

Direct to injection tunneling transition in
the Langmuir-Blodgett film of a novel

star shaped liquid crystalline oligomer

5.1 Introduction

Organic materials with electron rich and electron deficggoups are interesting because of
their unique electrical properti€s [1, 2]. Thin films of teewaterials find technological ap-
plications in the field fect transistors, light-emitting diodes and photovoltagides [3[4].
For such applications, the molecules must be well orderdurirfilm [5], since the structure
and morphology of the film are important in fabricating theides. The Langmuir-Blodgett
(LB) technique is a convenient method to prepare thin filmrgiaic molecules with good
ordering and orientation[6]. Molecular ordering can alscobtained by the process of self
organization. Combination of the phenomenon of self ogtion along with the LB tech-
nique can give well oriented and highly ordered thin filiiis [d]this context, the amphiphilic
discotic molecules are interesting, sincelhell stacking of the disk shaped cores in the LB
film can result in the formation of two dimensional anisotoogtructures([8,19]. The LB film
of discotic molecules with dlierent cores like anthraquinorie [4], triphenylené [10,[ 7], 1

and phthalocyaninéT13] have been studied. The anthrageiniety is electron deficient
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Figure 5.1: Chemical structure of AQD6 molecule. The argbnaone core is connected to
six triphenylene moieties by dodecyloxy chain through etimkage. The triphenylene is
substituted with five pentyloxy chains.

whereas the triphenylene moiety is electron rich.

We have studied the Langmuir monolayer and LB films of a staped liquid crystalline
oligomer made up of disk shaped moieties, hexatriphenygerstituted anthraquinone
(AQDS6). FigurelRll shows the structure of the AQD6 molecdlee molecule has a cen-
tral core of electron deficient anthraquinone which is cateetto six disk shaped, electron
rich triphenylene moieties by flexible alkyl chains. Thesalesules with electron rich and
electron deficient moieties, can have interesting eledtpmoperties when organized in thin
film. The limiting area obtained from the surface pressueager molecule isotherm and
the AFM topography images of the LB film suggest that the @tfhinone moiety is in face-
on configuration on the substrate and the triphenylene mesiate extended away from the
substrate in edge-on configuration. We have studied thescait®electrical conductivity
of the LB film on a gold coated silicon substrate using a cursemsing atomic force mi-
croscope (CSAFM). The monolayer film between AFM cantilayerand substrate forms

a metal-film-metal junction, where the monolayer film inwods a potential barrier for the
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electron transfer. Our analysis of the currdpt\oltage ¥) characteristics indicated that the
current flow across the junction is through electron tumggelFurther, as the bias voltage is
increased gradually, we find a transition in the tunnelingma@ism, from direct tunneling

to injection tunneling, which is also known as Fowler-Naetth tunneling.

5.2 Experiment

The material AQD6 was synthesized by Sandeep Kumar and Hig¢yB[14]. It was pu-
rified by repeated column chromatography and the purity vediebthan 99% as indicated
by NMR, IR and elemental analyzer techniques. The Langmomatayer film at air-water
interface was studied by surface manometry and Brewstde angroscopy (BAM). The
surface manometry studies were carried out using a Nimatr¢\odel: 611M). Ultra-
pure deionized water of resistivity greater than 18d&m (millipore water, MilliQ) and pH
5.7 was used as subphase. The AQD6 solution in chloroform @dration=0.1 mgml)
was used as spreading solution. The monolayer was comgresse rate of about 22
A2molecule*min . The experiments were carried out at a temperature df 24.1°C.
The BAM studies were carried out using MiniBAM (NFT, Nandtgc

The LB film of AQD6 molecules was prepared by transferring ii@nolayer onto dif-
ferent solid substrates like mica, hydrophilic silicon gyodd coated silicon. The mica sheet
was freshly cleaved before the transfer of the film. To oblgidrophilic silicon substrates,
the polished silicon wafers were treated with boiling pivarsolution (3 : 1 ratio of concen-
trated sulphuric acid and hydrogen peroxide) for about 5 e transfer of the monolayer
was carried out at a surface pressure of 4/mNwith a dipping speed of 2 mimin. Mica
sheet, hydrophilic silicon and gold coated silicon are bythilic substrates and one layer of
the film will be transferred onto them in one dipping cycler(sisting of one downstroke
and one upstroke). The transfer of the film occurred durirgjroge. Surface morphology
and thickness of the LB film were obtained from the atomicdargcroscope (AFM) studies

(Model:PicoPlus, Molecular Imaging). The film was scanmethe acoustic AC mode using
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silicon cantilevers of average resonance frequency 175aktdzspring constant of 31/M.
The nanoscale electrical conductivity of the AQD6 monotay® a gold coated silicon
substrate was studied using CSAFM. An advantage of CSAFMaisit provides a simple
method to study the metal-molecule-metal junction. Anpotvantage of using CSAFM is
that it gives simultaneous topography and current imageshwdan be correlated to under-
stand the electrical properties of thin film. Platinum cdaggicon cantilevers with a spring
constant in the range of@ — 0.8 N/m were used. The tip radius was about 30 nm. The
conducting tip and the gold coated silicon substrate aettiko metal electrodes separated
by the AQD6 monolayer film. The bias voltage was applied tosthigstrate and the tip was
kept at virtual ground. A preamplifier with an operationaiga of 1 pA to 10 nA was con-
nected to the tip to measure the current. The noise levelrisysiem was about 10 pA and
a current higher than this value was measurable. The film ea®®d in the contact mode
with a constant force and the topography and current images acquired simultaneously.
The force applied by the tip on the film and the bias voltageeswere suitably chosen so
that the film does not get damaged during the scan.IFh¥ characteristics were obtained
by holding the tip over the desired position on the film. Dgrin- V measurements, the feed
back loop was enabled to keep the force between the tip andfibfixed value. All the
measurements were carried out in ambient conditions at paeature of 25C and relative

humidity of ~ 30%.

5.3 Results

The material AQD6 was studied under a polarizing microscdjee material, a room tem-
perature mesophase melts to isotropic phase on heatin@t€1@n cooling from isotropic
phase, the sample transformed to a mesophase &€ Bl continued to be in the mesophase
tillabout 15C. The X-ray characterization of the mesophase indicatdle molecules are
stacked one above the other to form a hexagonal columnae pisigally observed in the dis-

cotic liquid crystals[[14].
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Figure 5.2: Surface pressur@{area per moleculed,) isotherm of the AQD6 monolayer
at air-water interface at a temperature of(®®4 0.1°C.

5.3.1 Surface manometry

Surface manometry studies showed that the material AQD&da@ stable monolayer at
air-water interface. Surface pressurg—-area per moleculeA(,) isotherm of the AQD6
monolayer at air-water interface is shown in Figuré 5.2.a8g&A,, the isotherm shows zero
surface pressure. On compression, arouchit? ther value sharply increases. At &g, of

6.2 nn?, the monolayer collapsed with a collapse pressure of ab8unhi/m. The stability

of the monolayer was checked by holding the barriers at ataob&,,, and monitoring the

n as a function of time. We find the monolayer to be stableXgvalues above .@ nnv.
The limiting area per moleculd,, which gives the area occupied by the molecule in the

monolayer, was .8 nnv.
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Figure 5.3: BAM images of the AQD6 monolayer affdrent area per molecule. (a) Shows
coexistence of gas (dark region) and low density liquig fihase (grey region) &, = 7.60
nn?. (b) Shows uniform k. phase a#\,, = 6.65 nnt. (c) Shows the collapsed state (bright
striations in the grey background) At, = 4.40 nn¥. The scale bar in each image represents
500um.

5.3.2 Brewster angle microscopy

The BAM studies showed the phases exhibited by the AQD6 nayeolat diferent A,
values (Figuré€Xl3). Figufe 5.3|a) represents the BAM insdargeA,, showing the coex-
istence of dark and grey regions. Betwegnvalues of 70 nn? and 62 nn?, the monolayer
exhibited uniform phase (Figufe 5.3(b)). On further corspien, the monolayer collapsed
exhibiting bright striations in the grey background (Figfax3(c)).

5.3.3 Atomic force microscopy

The LB films of AQD6 monolayer on the solid substrates of mind aydrophilic silicon
were studied using AFM in the acoustic AC mode. The transfgo rof the film on a hy-

drophilic mica substrate was about 85%. Fidguré 5.4 show#\Ed topography image of
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Figure 5.4: AFM topography image of AQD6 monolayer on a hpthibic mica substrate.
Here the film was transferred at a surface pressure of AtmNhe image was obtained in
the acoustic AC mode. The line profile on the image yields aname height of 3 nm.
the monolayer LB film on the mica substrate. The line profilerdtae film in the topography
image yielded a height of.8 nm.

The AQD6 monolayer film transferred onto a hydrophilic gili¢ had the transfer ratio
of about 70%. Figure8l5 shows the AFM topography image oL®8dilm on the silicon

substrate. The line profile on the topography image yieldeeight of about 3 nm.

5.3.4 Electrical conductivity using current sensing AFM

The ability of the CSAFM to simultaneously get surface tappdy and electrical conduc-
tivity makes it a convenient tool for studying thin film propes. We have employed this

technique to study the electrical conductivity of the AQD6érmlayer transferred onto a gold
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Figure 5.5: AFM topography image of AQD6 monolayer on a hpthibc silicon substrate.

Here the film was transferred at a surface pressure of AtmNhe image was obtained in
the acoustic AC mode. The line profile on the image yields aname height of 3 nm.
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coated silicon substrate. The AQD6 monolayer film betweertithand the substrate forms
metal-film-metal junction. Positive bias voltage ofi0/ was applied to the substrate and
the tip was kept at virtual ground. The film was scanned in thaact mode with a con-
stant force of 3 nN. Figurle 3.6 shows the topography and thregeonding current images.
The height of the film measured from the line profiles drawnhtentopography image was
about 34 nm. Figurd 5.6() shows the current image of the film. Inorgiwithout the film,
the line profiles show high current value. In the regions cedevith the film, the average
current obtained from the line profile was abolg @A.

We have carried out tHe-V measurements by keeping the conducting tip in contact with
the film with a constant force of 3 nN. The tip was kept at a @lground and the voltage
ramp of-1.0 V to +1.0 V was applied to the gold coated silicon substrate with a sate of
1 Hz. Figurd5lJ7 shows a typicktV curve. At low voltages, the current gradually increased
and at high voltages there was a rapid increase in the curféwt forward and the reverse

bias had a small currentiget of about 206- 25 pA at zero voltage.

5.4 Discussion

Surface manometry and BAM studies indicated that the mgeolexhibited coexistence of
gas and liquid phase &, greater than D nn?. Between theA,, of 7.0 nn? and 62 nn¥
the monolayer was in a uniform phase and it collapsed &.aof 6.2 nn? with a collapse
pressure of 8 mN/m. The uniform phase exhibited by the monolayer can be ctaraed
by calculating the compressional modul{§) using the relation,

dr
|E| = Amm (5.1)

Here, dr/dA,, is the variation ofr as a function ofA,,. Figure[5.B shows the variation of
|[E| as a function ofA,,, The compressional modulus has a maximum value of 32nmN
which corresponds to low density liquid {Lphase of the monolayer [15,]116]. Hence, from

the r — A, isotherm,|E| value and BAM images, we infer that above AR of 7.0 nn¥,
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Figure 5.6: CSAFM images of AQD6 monolayer transferred @nlyydrophilic gold coated
silicon substrate. Here the film was transferred at a suiaessure of 4 mjn. The film
was scanned in the contact mode with a constant force of 3 asltive bias of &4 V was
applied to the substrate. (a) Shows the topography imag&hdws the current image. (c)
Shows the line profiles on the topography (dotted line) amceotiimages (solid line) at two
positions, A and B. The line profile on the topography imageds an average height o3
nm for the film. The line profile on the current image yields aarage current of.5 nA in
the region covered with the film.
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Figure 5.7: Typical — V characteristics of the AQD6 monolayer film on a hydrophilacy
coated silicon substrate. The tip was held at virtual groamd a voltage ramp was applied
to the substrate with a scan rate of 1 Hz. The filled circlesesgt forward voltage scan
and the open circles represent reverse voltage scan.
the monolayer exhibited coexisting gas andghase and between07nn? and 62 nn? it
exhibited a uniform L phase.

The LB film of the AQD6 monolayer transferred onto substratdsydrophilic mica and
hydrophilic silicon at a surface pressure o 4nN/m is studied using an AC mode AFM.
The line profile on the topography image of the AQD®6 film on loytrilic mica substrate
shows domains of height8nm. The length of the triphenylene moiety substituted with
alkyl chains (pentyl chain) is estimated (using ChemDraMd about 2 nm. The length of
the alkyl chains (dodecyl chain) connecting the triphenglmoieties with the anthraquinone
core is estimated to beZ2lnm. Thus, the total length of triphenylene moiety and atkdins
is expected to be abouiZBnm. This value is close to the height of the domains obtaliroed
the AFM topography image. Hence we suggest that the antimagel moiety is in face-on
configuration on the substrate and all the triphenylene tnesiare extended away from the
substrate in edge-on configuration. Similar conformatioihe molecules has been reported

for the Langmuir monolayer of molecules with electron ridphenylene core connected to
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Figure 5.8: Variation of compressional modul{E§) as a function of area per molecul,).
The maximum value gE| is about 32 miXm atA, of 6.2 nn?. This value ofE| corresponds
to a low density liquid (L) phase of the monolayer.
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Figure 5.9: Schematic diagram showing the organization QDA molecules on silicon
substrate. The anthraquinone moiety (red disks) of the ecntdeas in face-on configuration
and the six triphenylene moieties (blue disks) attachetlty alkyl chains (dodecyl chain)
are in edge-on configuration.

six triphenylene moietie$ [12]. The monolayer film transdrat lower surface pressures
and diferent dipping speeds also showed similar features.

The AFM images of the LB film transferred onto a hydrophilitcgin substrate also
showed similar features. The line profile on the topograpigge yielded a height of about
3.4 nm. This suggests that the molecular conformation on tiesisubstrate is similar
to that on the mica substrate with anthraguinone moietyde-fan configuration and triph-
enylene moieties in edge-on configuration. Fiduré 5.9 shbeschematic diagram of the
organization of molecules on hydrophilic solid substrates

In the AQD6 monolayer, the hydrophilic anthraquinone mpistexpected to anchor the
molecules at the air-water interface. The area occupieth&®QD6 molecule at air-water
interface can be considered to be the area of an assembly efige-on triphenylene moi-
eties [12]. The limiting area of an edge-on triphenylend imthe Langmuir monolayer is
about 11 nn¥ [L0,[17]. Hence the area occupied by the assembly of six eddgphenylene
moieties will be about & nn?. This value is close to the limiting ared( = 6.8 nn¥) of
the AQD6 molecule obtained from the— A, isotherm. Hence the molecules at air-water
interface would be organized with their anthraquinone iinegan face-on configuration and
the six triphenylene moieties in the edge-on configuratidiis kind of organization of

molecules is further supported by the AFM studies of the LBhdiltransferred from the
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air-water interface onto hydrophilic substrates.

5.4.1 Nanoscale electrical conductivity studies

The LB film transferred onto a hydrophilic gold coated siicubstrate at a surface pressure
of 4 mN/m was studied by CSAFM. The line profile on the topography ien@ggigure[5.b)
yielded a height of 3l nm. This suggests that the organization of molecules ot gdted
silicon substrate is similar to that on the hydrophilic mécal silicon substrates. Hence we
infer that the anthraquinone moiety is in face-on configaradn the gold substrate and the
triphenylene moiety is extended away from the substrategeen configuration.

The current image obtained by scanning the LB film in contactenby applying a
sample bias of & V showed an average current value of abo&trfA in the region covered
with film. In the region which is not covered with the film, higbrrent value$ 10 nA) was
obtained. This is because in the region with out the film, ifhevill be in direct contact with
the conducting gold substrate yielding high current valDae.the other hand, in the region
covered with the film the tip comes in contact with the tripylene moieties and the current
value depends on the electrical conductivity of the metal-fnetal junction.

The nanoscale electrical conductivity of the metal-filmtah@inction was studied from
thel — V characteristics. As can be seen from Fiduré 5.7, the cuvedae increases slowly
for low applied bias voltages and then it sharply increasesdlatively high applied bias
voltages. Also there was a smalffset of current value at zero applied bias voltage. This
offset is usually attributed to the charging current of theesystapacitancé [18]. The shape
of thel — V curve strongly suggests that there is a potential barriethi® electron transfer
between the two electrodes[19].

When two electrodes are separated by a film, the electroroteanisfer across the insu-
lating film. At equilibrium the top of the energy gap of the filmill be above the Fermi level
of the electrodes. Hence the film introduces a potentialdrdoetween the metal electrodes
which impedes the flow of electrons. The potential barri¢eeds from the electrode Fermi

level to the bottom of the film conduction band. Electron $@ort between two electrodes
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separated by a potential barrier can occur by two basic nmésing. It can be either by
Schottky emission (thermionic emission) or by electromelimg. In Schottky emission, the
electrons with sfiicient energy pass over the potential barrier. When thereletdo not

have stficient energy to pass over the potential barrier, they carapsported by the mech-
anism of electron tunneling. Below we present the charaties of these two mechanisms.
We have analyzed our experimental data to find out the mesimenfielectron transfer in the

metal-AQD6-metal junction.

Schottky emission

Electron transport by Schottky emission or thermionic eimis is usually observed in the
metal-semiconductor junction]20]. In the metal-semiagstdr junction the charges are sep-
arated and a region depleted of charge carriers is formdteisgmiconductor. This results
in the potential barrier for the charge transfer across tinetjon. Figurd.5. 10 shows the
schematic energy band diagram for the metal-semicondjuetotion. Energy band diagram
for free metal and semiconductor are also shown. The cutmemigh such a junction is con-
trolled by two processes, viz., thermionic emission andidy ahd diffusion in the depletion
region. If the barrier height is considered to be thgedence between the work functions of
the metal and semiconductor, then the resulting currelt&ge relation can be written as,

o
(V) = 4”mh—Sek"ATzexp(—%) [exp(—kTeTv) - 1] (5.2)

Here, A is the contact ared], is the temperaturek, is the Boltzmann’s constang,, is the
barrier heighte is the charge of electromy* is the dfective mass of electron, aridis the
Planck’s constant.

In case of metal-semiconductor-metal junction there waéllttvo metal-semiconductor
interfaces in series. When a bias voltage is applied achesmetal electrodes, one of the
metal-semiconductor contacts will be forward biased amdatimer will be reverse biased.

If the forward bias voltage iI¥; and the reverse bias 4, then the total voltage across the
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Figure 5.10: (a) Shows the energy band diagram of metal atypensemiconductor. (b)
Shows the energy band diagram for metal-semiconductarface Herep,, and¢s are the
work functions of metal and semiconductor, respectively.isBhe Fermi energyy is the
applied voltage, Xis the electron fiinity, E. is the lowest electron energy in the conduction
band and Eis the highest electron energy in the valance band, is\the width of the
depletion layer. The Schottky barrier height is givenfgy= ¢m — ¢s + Ec — Es.

electrodes is given by = V; + V,. The current-voltage relation in such junctions is given

by the following,
exp(i) - 1
exp(2r) + 1

(5.3)

4 ek?A
| = hSekb T2exp(— P )

Equation[5.B suggests that the current value increasedlyagiilow applied bias voltages
and then saturates at high applied bias voltages. Hence i&dhottky emission, thd (dVv

decreases with increasing current.

Electron tunneling

Electron tunneling is a quantum mechanical phenomenon.e Eguarticle can penetrate
through a classically forbidden region and transfer frore olassically allowed region to
another. This behavior can be explained by the wave natutteegbarticles. Electron tun-
neling can occur when two metal electrodes are separatedtog asulating film and the

current flows between the metal electrodes. The thin insgldtlm introduces a poten-
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Figure 5.11: Figure shows the schematic energy band diagfanetal-film-metal junction

for three applied bias voltages. (&)= 0, Here the potential barrier is rectangular in shape
(b) V < ¢./e, here the barrier is trapezoidal in shape andMc} ¢./e, here the barrier is
triangular in shape.

tial barrier for the electron transfer. The energy band diagof metal-film-metal junction
with similar metal electrodes are shown in Figlire b.11. Samsnhas derived a generalized
formula for the electron tunnelingtect between two electrodes separated by an insulating
film [21]. According to his formula, thé -V relation for the tunneling through the potential
barrier of arbitrary shape is given by the equation,

4rd J2mr 4rd 20 (B + eV)

— (¢ + eV)exp| - ™

| = EA_Z pexp| - (5.4)

2rhd h
Here,eis the charge of the electroA,is the dfective electrical contact area between the tip
and the filmg is the mean barrier height,is the mean barrier widtmy* is the efective mass
of electron andh is the Planck’s constant. For very low applied bias voltage,potential
barrier is approximately of rectangular shape (Fidure @))1 Here,¢ ~ ¢, andd ~ d,

whereg, is the height of rectangular barrier adds the distance between the electrodes.

105



With these approximations21], equationl5.4 reduces to,

A2 o, ( E)Z Vexp[_ 4nd \/hzm*¢o]_ (5.5)

At intermediate bias voltage¥ (< ¢./€), the potential barrier can be considered to be
of trapezoidal shape as shown in Figlire 5.41(b). In thismegp ~ ¢, — €V/2 andd ~ d.
For the alkyl chain molecules it has been reported that thetreln transport mechanism at
intermediate bias voltage¥ (< ¢./€) is by direct tunnelingl[22]. Direct tunneling refers to
the tunneling of the electron from one electrode to the oth@hout hopping or dfusing
into the insulating medium.

In the high bias voltage regim¥ (> ¢./€), the barrier is approximately of triangle shape
and is synonymous with the injection tunneling or Fowlerd\eim (FN) tunneling[23].
Figure[5.11(d) shows the schematic energy band diagram taflfilen-metal junction for
high applied bias voltage. In this regime, by assumingdtie be approximately equal to
$./2 andd to be approximately equal i, /(eV), the following tunneling current-voltage
relation [24] can be obtained. .

_ ASVZm, exp(_ 8rd \/2m*¢§)

~ 8rhg,d2mr 3heV (5.6)

Here,m. is the mass of free electron. In injection (FN) tunneling, étectron is first injected
into the insulating medium through the triangular barriefidoe it is transported to the second
electrode.

A transition in the electron transport mechanism from tleatitunneling at low voltages
to the injection tunneling at high voltages is possible, wtiee value of applied bias voltage
is in the vicinity of the barrier height of the filfi[23]. In dict tunneling, the value of lh(V?)
logarithmically increases with/V and in injection tunneling, In¢V?) linearly decreases
with 1/V. Hence a minimum in the variation of Ifv?) as a function of 1V indicates

a transition. The bias voltage corresponding to the tremmsis called transition voltage

(Vtrans) .
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Figure 5.12: Variation of dV as a function of. Since d/dV increases with increase In
Schottky emission is not the dominating mechanism for thetedn transport.

We have analyzed tHe-V characteristics for the gold-AQD6-platinum junction. Wefi
that the derivative dV increases with increase invalue (Figuré 5. 12). Since the Schottky
emission is characterized by decrease in th&ld as the current increases, we infer that
Schottky emission is not the dominating mechanism for teetedn transfer [25]. Hence
the electron tunneling is a possible means of current flowéen the tip and the substrate
separated by AQD6 monolayer.

In order to find the barrier height of the metal-AQD6-metaiqgtion, we have further
analyzed thd — V characteristics. The variation of In{V?) as a function of 1V gives
information about the electron tunneling mechanism. Wefttiad there is a transition in the
electron tunneling mechanism as the applied bias voltagersased. Figule 5113 shows the
typical plot of In( /V?) as a function of 1V for AQD6 monolayer film for the positive bias
voltages. We have indicated the transition from the direcheling regime to the injection
tunneling regime by a dashed line (Figlire $.13). The cooeding Vians Value can be

used to estimate the barrier height)[26]. The average value @f, obtained from thirty
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In(1/V?)

Figure 5.13: Variation of In(V?) as function of 1V, showing injection tunneling regime
(A) and direct tunneling regime (B) separated by a dashes lioogarithmic increase of
In(1/V?) can be seen for direct tunneling and the linear decay of\ff) can be seen for
injection tunneling. The dashed line shows the transitiointp
independent — V curves taken at étierent locations over three sample plates was about
(0.19+ 0.02) eV.

The values of theféective mass of electron andfective electrical contact area between
tip and film can be obtained by analyzing the V data in the high voltage regime. In this
regime, In(/V?) varies linearly with 1V and they are related by the following equation,

In( I ):_[M—W)(l)+p‘e3—% (5.7)

V2 3he V)" 8rhg.d2mr

Equation[5.) represents a straight line with sloBgdnd intercept@) which are given by

the following expressions:

s _87rd \2me g3

3he

and
_ AEm
~ 8rhg,d2nmr

The values ofS andC can be obtained by fitting a straight line to thellfy(?)-(1/V) data
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in the high voltage regime. Substituting the valuesSofp,, h, e andd in the appropriate
units into the expression f@, the dfective mass of electrom) can be calculated. In our
systemd corresponds to the thickness of the film4(®m) since the tip is located just at the
surface of the film. We obtain tha* value to be (@20+ 0.004)m.. From the intercept of the
straight line, we have calculated the value of tife@ive electrical contact ared) between
the tip and the film to be (64 + 0.02) nn¥.

The Vyans Calculated for the positive and negative applied bias gelsawvere dierent.
The value oMV, 405 Obtained by applying positive bias voltage to the subs{ite, = (0.19+
0.02) V) was less than the value ¥ ;s Obtained for negative bias voltagé(,. = (0.34 +
0.02) V). Similar behavior has been reported in the case-obnjugated thiol system and
was attributed to the asymmetry in the two metal-film corstfi€®]. The molecules of AQD6
in the LB monolayer were oriented in such a way that the tmgtene moiety was in contact
with the conducting platinum tip and the anthraquinone tyoi&s in contact with the gold
substrate. Hence the electronic states at the gold subsiratinterface arising from the
coupling between the electrons of anthraquinone and goldbeidifferent from that of
the tip-film interface arising due to the coupling betweea ¢lectrons of triphenylene and
platinum [2]. This asymmetry in the potential barrier bedwehe metal electrodes results in
unequal potential drop at the two metal-film interfaces.

It should be noted that thg, value was estimated assuming the potential barrier to be of
simple geometrical shape (trapezoidal, triangle). To gatenaccurate values of the barrier
height, actual potential barrier has to be modeled by cenisig the structure and organi-
zation of the molecules. In literature, the transition ia glectron transport mechanism has
been reported only in the self assembled monolayer-a@onjugated thiol molecule§ R3]
and in the purple membrane monolayer[26]. For the alkylesyst[22], direct tunneling is
the dominant mechanism for the electron transport. Theralesaf the injection tunneling in
this case has been attributed to the high value of band gay)(Between the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molacarbital (LUMO). CSAFM

studies on the LB film of a derivative of electron rich triplysme moiety has shown that the
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electron transport is by injection tunneliig[25]. The almseof the direct tunneling in this
system was attributed to the low band gap between the HOMQ@BEIMIO in the film. The

molecular conduction behavior significantly changes ndy arith the molecular structure
but also with the molecular environment[27]. The transitio the tunneling mechanism in
our system can be attributed to the relatively low barriegihieamposed by the metal-AQD6-
metal junction for the electron transport. Our studies &e&ful in understanding the role of

the molecular architecture on the electrical conductigityltra thin films.

5.5 Conclusions

Monolayer film of a star shaped discotic oligomer made up gthanylene and an-
thraquinone moieties was studied at air-water and aidsolerfaces. At air-water interface
the material exhibits stable monolayer. At, greater than D nn? the monolayer exhib-
ited coexistence of gas and low density liquid)bhase which transformed into uniform L
phase on compression. On further compression, the monaayapsed at ak, of 6.2 nn?
with a collapse pressure ofIimN/m. The monolayer films transferred onto the hydrophilic
substrates of mica and silicon by LB technique were studieABM. The line profile on
the topography images yielded the height of the films on tleesubstrates to be abou#3
nm. The limiting area of the molecule in the Langmuir monelagnd height of the LB film
suggest that the anthraquinone moiety is in face-on cordigur on the substrate and the
triphenylene moieties are in edge-on configuration extéraeay from the substrate.

The film transferred onto a hydrophilic gold coated silicarb&rate was studied by
CSAFM. We find that the current through the film is by electrannteling. Our analysis
of thel — V characteristics shows a transition in the electron tramachanism as the ap-
plied bias voltage is increased. At low bias voltages, tketebn transfer was through direct
tunneling and at high bias voltages, the electron transées tirough injection tunneling.
The bias voltage at which the transition occurg £¥) was obtained from the Ih(V?) ver-

sus YV plot. The Vi ans Value was used to estimate the barrier hegghaf the film. From the
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analysis of thd — V data in the high voltage regime, we have calculated ffectve mass
of electronm* to be 012m. and the &ective electrical contact area between the cantilever

tip and the film to be 4 nnt.
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Chapter 6

Langmuir and Langmuir-Blodgett films
of novel mesogenic polymers of

triphenylene and anthraquinone moieties

6.1 Introduction

Polymer thin films is an emerging area driven by their enorsrteahnological potential]1].
Thin films of polymers have technological applications likghe fabrication of nonvolatile
memory devices 2], sensols [3] etc. Polymers of discotjitl crystals are finding spe-
cial interest because of their supramolecular orderingy @aocessability and spontaneous
self-organization. These can be used as functional mitdéoiadevice applications such as
one-dimensional conductors, photoconductors, lighttamidiodes([4], photovoltaic solar
cells [8], field gfect transistors 6] and gas sensais [7]. For many applieatigdtrathin films
of thickness less than 25 nm are required to get desired girep¢]. Langmuir-Blodgett
(LB) technique enables one to fabricate uniform orderedsfivith thickness of the order of
molecular length]9]. Hence, understanding the assemlalyaganization of such polymers
in Langmuir monolayers and LB films is important.

In the previous chapter, we have studied the Langmuir mgeokand LB films of a star

shaped liquid crystalline oligomer made up of electron tighhenylene moiety and elec-
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Figure 6.1: Molecular structure of (a) triphenylene polyrigrp) and (b) anthraquinone
polymer (Agp). The average molecular weight of Trp was5ll% and that of Agp was
13 691.

tron deficient anthraquinone moiety. In this chapter, werepur studies on the polymers
of triphenylene moiety and anthraquinone moiety. Here thigrper of triphenylene (Trp)

is electron rich and the polymer of anthraquinone (Agp) ecebn deficient. We find that
the Trp and Agp molecules form stable monolayer at air-wiaterface. The Trp and Aqp
monolayers on compression exhibit uniform low densityiliqphase before collapsing. Ul-
trathin films of both the materials on the solid substratesrewmepared by LB technique.
Atomic force microscope studies were carried out to charast the LB films. We find that

in the LB films of both materials, the discotic moieties war@dge-on configuration.

6.2 Experiment

The materials Trp and Agp were synthesized by Sandeep KumdaraK. Bisoyi [10]. The

purity of the materials was found to be better than 99% by NNRRand elemental analysis
techniques. Gel permeation chromatography analysis ofidaerials yielded the average
molecular weight of Trp to be 1315 and that of Agp to be 1891. Figurd &1l shows the

molecular structure of the Trp and Agp molecules. Films qf &nd Aqp molecules were
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studied at air-water interface using the surface manonagtdyBrewster angle microscopy
(BAM) techniques. The surface manometry studies wereeadhiout using a Nima trough
(Model: 611M). The trough was enclosed in an aluminum boxrey@nt ambient light, air
drag and contaminants. Ultra-pure deionized water (noitepwater, MilliQ) was used as
subphase. Dilute solutions of the materials were preparétPiLC grade chloroform. The
concentration of the Trp-chloroform solution wad® mgml and that of Aqp-chloroform
solution was QL5 mgml. The Langmuir monolayers of the two polymers were formgd b
spreading the respective stock solution at air-water fater using a micro-syringe. The
temperature of the monolayer was maintained a0 240.1°C by circulating water in the
trough using a controller (Julabo, F25). Wilhelmy methodwaed to measure the surface
pressure. The film at the air-water interface was comprdsstdeen two barriers symmet-
rically moving at a constant rate. BAM studies were carriatl wsing a MiniBAM (NFT,
Nanotech).

Films of Trp molecules were transferred by Langmuir-BlatigieB) technique onto the
hydrophilic mica and hydrophobic silicon substrates. Gnhfadrophilic mica substrate one
layer of the film will be transferred in one dipping cycle (s@ting of one down-stroke and
one up-stroke). The transfer of the film occurred during thestioke. The hydrophobic
silicon substrate was obtained by preparing the self adeeimbonolayer of hexamethyl
disilazane (HMDS) on a polished silicon wafer as explaime@hapter 2. Two layers of the
film get transferred on a hydrophobic silicon substrate ia dipping cycle. The transfer of
the film occurred both during down-stroke and up-stroke. DBéransfer was carried out at
a surface pressure of 5 MmN, with a dipping speed of 2 mmin.

Films of Agp molecules were transferred by LB technique @ahtéomica and gold coated
silicon substrates. The film was transferred at a surfacgspre of 7 mi{m, with a dipping
speed of 2 mpmin. Freshly cleaved mica and gold coated silicon substtzee hydrophilic
surface. Hence, one layer of the film gets transferred in gpeirty cycle. The transfer
occurred during the up-stroke.

The LB films of Trp and Agp molecules were studied by employamgatomic force
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microscope (AFM) (Model: PicoPlus, Molecular Imaging)li&in cantilevers with a spring
constant of about 31 ih and resonance frequency of 200 kHz were used. The AFM images

were acquired using the AC mode in ambient conditions.

6.3 Results

6.3.1 Triphenylene polymer (Trp)

The average molecular weight of the Trp was 816 [10]. Since the molecular weight
of each monomer is 770, we infer that each Trp molecule hasoappately 17 discotic
monomer units. The material Trp exhibits a birefringenceure under a polarizing mi-
croscope. On heating, it slowly transformed to isotropatesiat 89C. On cooling, a bire-
fringence texture gradually appears. The material Trpl@tehcolumnar hexagonal phase at

room temperaturé [10].

Surface manometry

Surface manometry studies showed that the Trp molecules #ostable monolayer at air-
water interface. Figuded.2 shows the surface presagre@fea per moleculed,) isotherm
of Trp monolayer. At largéd,, thesr was zero. Ther starts increasing at afy,, of about
19 nn?. After steep rise inr, the monolayer collapsed at &g, of 15 nn? with a collapse
pressure of 8 mN/m. The limiting area per moleculé\() was obtained by extrapolating

steep region of the isotherm to zero surface pressure wietthegl a value of 1.8 nnt.

Brewster angle microscopy

Brewster angle microscope (BAM) studies showed the phagabited by the Langmuir
monolayer of Trp molecules for various valuesff. For A, greater than 19 nfnthe Trp
monolayer showed dark region (Figlre 6.B(a)). This on cesgion formed uniform grey
region as shown in Figufe 6.3[b). On further compressiorhefrhonolayer, at ah, of
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Figure 6.2: Surface pressurgfarea per moleculé(,) isotherm of triphenylene polymer
(Trp). The monolayer was compressed at a rate of Zhuimi! at a temperature of 2&C.

15 nn¥, bright patches appeared in the grey region indicating age¢. This is shown in
Figure[6.3(d).

Atomic force microscopy

To understand the configuration of the Trp molecules atdid $nterface, we have carried
out the AFM studies of LB film transferred onto the hydrophitiica and hydrophobic sil-
icon substrates. We have transferred the Langmuir monotay® a hydrophobic silicon
substrate at a surface pressure of 5/mNTwo layers of the film was transferred onto it with
a transfer ratio of about95. Figurd &4 shows the AFM image of the LB film on hydropho-
bic silicon substrate. The line profile on the topographygmgields a height of about3
nm.

Figure[&) shows an AFM image of the Trp monolayer transfieorgo a mica substrate
at a surface pressure of 5 fihl The transfer ratio was about90. The AFM topography
image shows a mesh like pattern. The line profile on the taggagr image yields a height

of 1.9 nm.
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(a) 22 nnt (b) 155 nn?

(c) 102 nn?

Figure 6.3: BAM images of the monolayer of Trp molecules atater interface for various
values ofA,,,. (a) Shows dark region at &g, of 22 nn?. (b) Shows uniform grey region at an
A, of 15,5 nn?. This corresponds to the low density liquid flphase of the Trp monolayer.
(c) Shows the collapsed state with bright patches growirilgergrey region at aA,, of 10.2
nn?. The scale bar in each image represents;500
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Figure 6.4: AFM topography image of Trp LB film on a hydrophosilicon substrate trans-
ferred at a surface pressure of 5 ynN The line profile yields a height of Bnm. This height
corresponds to the bilayer thickness when the discotictiegiare in edge-on configuration.
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Figure 6.5: AFM topography image of Trp monolayer LB film onyaltophilic mica sub-

strate transferred at a surface pressure of IrmNa) Shows 1@m X 10 um scan area, (b)

shows 25 um X 2.5 um scan area and (c) showsufin X 1 um scan area. The line profile
yields a height of about.@ nm.
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Figure 6.6: Surface pressurg{area per molecule,) isotherm of anthraquinone polymer.
The monolayer was compressed at a rate of 7naimr* at a temperature of 2€.

6.3.2 Anthraquinone polymer (Aqp)

The average molecular weight of Aqp was 31 [10]. Since the molecular weight of each
monomer is 1090, we infer that each Agp molecule has approximately 1&dismonomer

units. The material Agp exhibits a birefringence texturdema polarizing microscope. On
heating, it slowly transformed to isotropic state at3&. On cooling, a birefringence texture
slowly appears. The X-ray and miscibility studies showeat the Agp exhibits rectangular

columnar phase at room temperature [10].

Surface manometry

Surface manometry studies showed that the Aqp molecules $teible monolayer at air-
water interface. Figure8.6 shows the- A, isotherm of Agp monolayer. At highA., the
surface pressure is zero. On compression, aroundthealue of 30 nM the r gradually

increases. AR\, of 11.5 nn¥ ther steeply increases before collapsing atfanof 9.2 nn?
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(b) 22 nn?

(c) 115 n? (d) 6.7 nn?

Figure 6.7: BAM images of the Agp monolayer at air-water iftee. (a) Shows the coex-
istence of grey and dark regions at 23%ntb) Shows the growing grey region at 22 fim
(c) Shows uniform grey region in the monolayer atAghof 11.5 nn?. This uniform phase
corresponds to the low density liquid )Lphase. (d) Shows the bright region at&p of
6.7 nn? corresponding to the collapsed state of the monolayer. Tale dar in each image
represents 500m.

with a collapse pressure of 8mN/m. The limiting areaA, of the molecules is obtained by

extrapolating ther — A, isotherm to surface pressure. TAghas a value of 1Z nn¥.

Brewster angle microscopy

Brewster angle microscope (BAM) studies showed the phagekited by Langmuir mono-
layer of Agp molecules at various,. The monolayer of Agp af, greater than 30 nfn
showed coexistence of grey and dark regions (Fifure §.7@)) compressing the mono-
layer, the grey region grew in size (Figiire 6.7(b)). AtAanbelow 115 nn? the monolayer
exhibited uniform grey region (Figufe 6.7(c)). On furthemgpression, the brightness of
the grey region gradually increased until the monolayeapskd at ai\,, of 9.2 nn? (Fig-
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Figure 6.8: AFM topography image of Agqp monolayer LB film on &aisubstrate trans-
ferred at a surface pressure of 7 ynN The line profile yields a height of@ nm.

ure57d).

Atomic force microscopy

To understand the configuration of the molecules at aidsalerface we have carried out
the AFM studies of LB film transferred onto the hydrophilicaaiand gold coated silicon
substrates. The film was transferred at a surface pressurendym. The transfer ratio on
both the substrates was abol8@ AC mode AFM was employed to acquire the topography
images. Figuré8l8 shows the AFM image of the Aqp monolayea dwydrophilic mica
substrate. The line profile on the topography image yieldsight of 10 nm.

Figured®.9 shows the AFM image of the monolayer transferréd a gold coated silicon

substrate. The line profile on the topography image yieldsight of about 10 nm.
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Figure 6.9: AFM topography image of Aqp monolayer LB film on @dycoated silicon
substrate transferred at a surface pressure of 7nmNhe line profile yields a height of
about 10 nm.
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Figure 6.10: Compressional modulll§ as a function of area per moleculd.) for the
monolayer of triphenylene polymer. The maximum valué¢ipfvas about 30 mjin which
corresponds to low density liquid {L.phase.

6.4 Discussion

Surface manometry and BAM studies of the Trp Langmuir moyeri@uggested that it ex-
hibited gas phase at high,, On compression, the monolayer transformed to an uniform
phase at ar\, of 19 nn¥. It collapsed at ar\,, of about 14 nm. The uniform phase exhib-
ited by the Trp monolayer can be characterized from the cesgwnal moduluiE| of the

monolayerl[[1ll]. Thé¢E| value can be calculated from the A, isotherm using the following

relation.

dA,

Figure[&. 10 shows the variation of compressional modulasfasction of area per molecule

El =Am( d”) (6.1)

for the Trp monolayer. According to the criteria given in titerature [12[-1B], the monolayer
phase with maximunfE| value in the range of 12 mN/m to 50 mNm corresponds to the
low density liquid (L) or liquid expanded phase. The maximum valuéspbbtained for the

Trp monolayers in the uniform region was 30 yfiN(Figurel6.ID). Hence we infer that the
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monolayer exhibited gas phase at high area per molecule.o@pression, it transformed
into uniform low density liquid phase at &g, of 19 nn?. At anA,, of 14 nn¥ the monolayer
collapsed with a collapse pressure & giN/m.

The limiting area of a triphenylene monomer in the edge-arfigaration [14] is about
1.1 nn? and the estimated number of monomers in the Trp is about Ifaifen from the
molecular weight). Hence the area occupied by 17 edge-phdnylene moieties is 1B
nn?. Since the limiting area for Trp molecule (88nn¥) is equal to the limiting area of
17 triphenylene monomers in the edge-on configuration, vggest that the triphenylene
moieties in the Trp molecule assemble in edge-on configurati air-water interface.

AFM images of the Trp film on hydrophilic mica substrate shdweesh like pattern.
The line profile on the topography image yielded a height afuald9 nm. This height
is equal to the estimated diameter (using ChemDraw) of ipbenylene moieties. Hence
we suggest that the triphenylene moieties are in the edgswinguration on the substrate.
This is further supported by our surface manometry studigshwyielded the limiting area
corresponding to the edge-on configuration of the triphemgImoieties. The LB film on
the hydrophobic silicon substrate showed a film of heightr3n. Since the thickness of the
monolayer film was about.9 nm, the height obtained for the film on hydrophobic silicon
substrate corresponds to the bilayer thickness.

Ther — A, isotherm and the BAM images showed that the Aqp molecules &iable
monolayer at air-water interface. At high,, the monolayer exhibited coexistence of gas
and liquid phase. Between tiAg, of 11.5 nn? and 92 nn¥ the monolayer exhibited an uni-
form phase as indicated by the uniform grey region in the BAhges. The phase in the
uniform grey region can be characterized from the composessmodulus|g|) value of the
monolayerl[[Tll]. Thé¢E| values can be obtained from the A, isotherm using equatidn .1.
Figure[&T1ll shows the variation (#| as a function ofA,, for the Agp monolayer. In the
uniform region, thgE| has a maximum value of about 52 i\ This value ofl[E| corre-
sponds to the low density liquid (L. phase of the monolaydr[12,113]. Hence we infer that

the monolayer of Aqp exhibited coexistence of the low dengjuid phase and gas phase
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Figure 6.11: Compressional modulll§ as a function of area per moleculd.) for the
monolayer of anthraguinone polymer.

for high values ofA,,. On compression the monolayer smoothly transformed to &oram
L, phase. The Agp monolayer collapses atfgnof 9.2 nn? with a collapse pressure of
about 86 mN/m.

LB films transferred onto the hydrophilic substrates of n@ind gold coated silicon were
studied using atomic force microscopy in the AC mode. The pirofile on the topography
images of the monolayer film on both the mica and gold coatiembsisubstrates yielded
a height of about 0 nm. Also, the estimated height of the anthraquinone mdigsing
ChembDraw) is about.@ nm. Hence, the height of the LB film obtained from the toppgsa
images suggest that the anthraquinone moieties in the fénmaedge-on configuration on
the substrate.

Itis interesting to note that the discotic moieties in thefllBs of Trp and Agp molecules
organizes in the edge-on configuration. The rigid aromatigsrin the polymers have de-
localizedII electrons. These cores overlap due to the stidng Il interaction, to form
two-dimensional analog of columnar phase. Fidurel6.12 shbe schematic diagram of

organization of Trp and Aqp molecules with discotic moigiie edge-on configuration.
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Figure 6.12: Schematic diagram showing the organizatiodrpf and Agp molecules.
Discotic moieties (red disks) i.e., triphenylene moietycase of Trp monolayer and an-
thraquinone moiety in case of Agp monolayer, are in the emggeeeonfiguration.

Langmuir monolayers of monomeric triphenylene derivaiveve been reported to
exhibit both face-on and edge-on configuration dependindhenarea available for the
molecules[[14]. At high value oA, the molecules were in face-on configuration. On
compression there was a phase transition from the face+tigaoation to the edge-on con-
figuration of the molecules. This was indicated by the ihgradual rise followed by a steep
increase in surface pressure of the monolayer. But in theeptestudies we find that both
the polymers exhibit edge-on configuration.

While the Langmuir monolayer of Trp molecules did not exhibe coexistence phase,
the Langmuir monolayer of Agqp molecules exhibited coexiséeof gas and low density
liquid phase at high area per molecule. The organizatiomefpolymeric discotic liquid
crystals are highly influenced by the strdrig- IT interaction between the aromatic cores. In
thin films of such molecules additional parameters like thieraction between the molecules
and subphagsubstrate and steric intermolecular interactions afferathe organization of

the molecules.

6.5 Conclusions

We have studied the films of novel liquid crystalline polysiéfrp and Aqgp, at air-water and
air-solid interfaces. The Trp was made up of electron rigthttnylene moiety and the Aqp

was made up of electron deficient anthraquinone moiety. Wethfiat the Trp molecules
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form a stable monolayer at air-water interface. At lafggthe monolayer exhibited gas
phase. On compression the monolayer transformed into lowityeliquid phase at ah,

of 19 nn?. The monolayer collapsed at &g, of 15 nnt with a collapse pressure of about
6.3 mN/m. The LB films of Trp molecules were prepared by transferthrgfilm onto the
hydrophilic mica and hydrophobic silicon substrates andisd by AC mode AFM. AFM
studies of the LB film on the hydrophilic mica substrate aralltmiting area value obtained
from ther — A, isotherm suggest that the triphenylene moieties in the Topatayer are
in edge-on configuration. AFM studies of the LB film on the hymimobic silicon substrate
yielded a height corresponding to the bilayer film with thecditic moieties in the edge-on
configuration.

Surface manometry and BAM studies showed that the mategplférms stable mono-
layer at air-water interface. At largh, the monolayer exhibited coexistence of gas and low
density liquid (L) phase. On compression, the monolayer slowly transformead uniform
L, phase before collapsing with a collapse pressure®f@\/m. The LB film transferred
onto the hydrophilic mica and gold coated silicon subssrateowed domains of heightOl
nm, which suggests that the anthraquinone moieties arege-ed configuration.

The polymers of discotic liquid crystals can have potergglications in many devices
because of their special electrical properties. Henceldwgreeal conductivity measurements
of the LB films of these materials will be interesting. In thexhchapter, we investigate
the nanoscale electrical properties of these LB films on gotidlg substrates using current

sensing AFM.
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Chapter 7

Nanoscale electrical conductivity of
monolayer films of triphenylene and
anthraguinone polymers at air-solid

Interface

7.1 Introduction

Studies on electron transport properties of the organieoudés are important to understand
and build nanoscale electronic devices. Ultrathin film gfasric molecules transferred onto
a metal substrate forms an ideal system to study the narosleadtrical properties. It has
been reported that the monolayer film of these moleculesdsetthe metal electrodes ex-
hibit nonlinear current(—voltagel/) characteristics. Such behavior of the metal-film-metal
junctions can have potential applicationsI[l, 2]. Sincedlseone decade, studies have been
carried out in this direction, to understand the chargesart through thin films of various
organic molecules. Depending on the molecule and its emviemt, the charge transport
can occur by various mechanisms [3]. The electron conduati@a self-assembled alkane-
thiol monolayer device is reported to be dominated by theatitunneling mechanismi[4].

The dominance of direct tunneling in the alkyl chains washaited to a large gap between
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the highest occupied molecular orbital (HOMO) and lowestaaupied molecular orbital
(LUMO) of the alkyl chains. Molecules with relatively low H@O-LUMO gap show a
transition in the conduction mechanism from the direct alimg at low bias voltages to the
injection tunneling at high bias voltages [5]. This has bdetussed in chapter 5 of this
thesis. In addition to the electronic configuration of thdewales, the molecular conduction
also depends on other factors like interaction of the mdéscwith metal substrate and its
interaction with neighboring moleculedfect of polarization of molecules, efd [6].

Studies on the LB film of triphenylene monolayer have shovat the charge transfer
occurs by injection (or Fowler-Nordheim) tunneling meadksan[4]. In chapter 5, we have
reported our studies on the nanoscale electrical propesfi¢he Langmuir-Blodgett (LB)
film of oligomer containing both electron rich triphenylemeiety and electron deficient an-
thraquinone moiety. In this chapter, we report the naneselgctrical conductivity studies
carried out on the ultrathin films of novel liquid crystakipolymers of triphenylene and an-
thraquinone. The triphenylene polymer (Trp) is electrah and the anthraquinone polymer
(Agp) is electron deficient. Monolayers of these materiadsantransferred by LB technique
onto a gold coated silicon substrate. Current sensing atfmraée microscope was employed
to study the nanoscale electrical conductivity of the LB &lrmn contrast to the LB film
of triphenylene monomer, the charge transfer through Rigfaimetal and metal-Agp-metal
junctions show direct tunneling. From the analysis ofltheV characteristics we obtained
the barrier height of 28 eV for metal-Trp-metal junction anddb eV for metal-Agp-metal
junction. We find the fective mass of electron for metal-Trp-metal and metal-Augtal

junctions to be about.07m, and 009m, respectively.

7.2 Experiment

Trp and Aqp were purified by column chromatography and thetypwvas better than
99% [8]. The monolayer films of both the materials, Trp and Agpre prepared on gold

coated silicon substrates by LB technique. Gold coatedosilsubstrate being hydrophilic,

134



one layer of the film gets transferred onto the substrate@dguping cycle (consisting of one
down-stroke and one upstroke). The transfer of the film aecuduring the upstroke. Here
the dipping speed was 2 mimin. The Trp monolayer was transferred at a surface pressure
of 5 mN/m and the Agp monolayer was transferred at a surface pressdnaN/m.

The electrical measurements of the film transferred ontolé gmated silicon substrate
were carried out using a current sensing atomic force mioqes (CSAFM) (Molecular
Imaging, Picoplus). Platinum coated silicon cantilevéxpgNano) having spring constant
in the range of M2- 0.8 N/m and resonance frequency in the range?b kHz were used as
conducting probes. The tip radius was about 30 nm. To getuhrertt image, the film was
scanned by keeping the tip at virtual ground and applyingnapéa bias voltage of 50 mV
to the substrate. The film was scanned in the contact modejtoracsimultaneous topogra-
phy image. A constant force of 4 nN between the cantileveanigh sample was maintained
during the scan. This value of force was carefully choserhabit was low enough not to
damage the film but shicient to maintain good contact between the tip and film. The fil
along with the gold coated silicon substrate and condudiincan be considered as a metal-
film-metal junction. To obtain the currehjfvoltagel{/) characteristics of the junction, the
conducting tip was kept at virtual ground and a voltage ramap applied to the gold sub-
strate. A preamplifier, with a sensitivity of 1 A and operational range in between 1 pA
and 10 nA was connected to the tip to measure the current. M ®mbise in our system
was about 10 pA and a current value higher than this was édiectThd —V measurements
were performed by placing the tip at the desired positiorhenfitm and carefully selecting
the force between the tip and film. After evdry- V measurement we scanned the same

region of the film to check for any damage.

7.3 Results

The ultraviolet(UV)visible spectroscopy studies of the Trp and Agp were cawigd We

have estimated the energy gapbetween the HOMO and LUMO of Trp and Agp molecules
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Figure 7.1: (a) Shows the UV-visible spectra for Trp molesul (b) Shows absorbance
squared versus the photon enelngy The curve is extrapolated to zero absorption to estimate
the Eg4 value for Trp. The HOMO-LUMO gapHg) for Trp was about J eV.

from the optical absorption curve. THg value can be estimated from the absorbance (A)
using the relatiomhy =(hv — Eg)"/2, wherehy is the photon energy[9]. Figures—¥.1 and
[Z2 show the variation of Aas a function ofi for Trp and Agp, respectively. The values of
direct optical band gap were estimated by extrapolatingdjtiear region of the curve to zero

A? value. TheE, values of 37 eV and 27 eV were obtained for Trp and Agp molecules,

respectively.
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Figure 7.2: (a) Shows the UV-visible spectra for Agp molesul (b) Shows absorbance
squared versus the photon enelngy The curve is extrapolated to zero absorption to estimate

the Eg4 value for Agp. The HOMO-LUMO gapH_) for Aqp was about Z eV.

137



g <
=
5 5
5 5|
0 L | 1 | 1 | 1 | I 0 | 1 | L | I |
0 02 04 06 08 1 0 02 04 06 08 1
Position (Lum) Position (pLm)
(a) Topography image (b) Currentimage

Figure 7.3: Current sensing AFM images of the Trp monolay®ifilm on a gold coated
silicon substrate transferred at a surface pressure of BrimNa) Shows the topography
image. The line profile yields a height ofoalnm. (b) Shows the current image. The line
profile yields an average current value of 2 nA in the regiangced with the film.

7.3.1 Triphenylene polymer (Trp) film

LB film of Trp molecules transferred onto a gold coated siisobstrate was studied using
CSAFM. FigureZB shows the topography and current imagéseofrp monolayer. The
line profile on the topography image yields an average hafh© nm. The line profile on
the current image shows variation in the current valueshérégion where the substrate is
covered with the film, the measurements yielded an avdrag&ie of 2 nA. In the regions
where there is no film the current shoots up to a high vatlugq nA).

Thel -V measurements of the monolayer film was carried out by holdi@egonducting
tip in contact with the film. The force applied by the tip on thenolayer was controlled
by a feed back loop and it was low enough not to damage the fitraufiicient to maintain

good electrical contact with the film. A voltage ramp-di.2 V to +0.2 V was applied with a
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Figure 7.4: Current(—voltagel/) characteristics of the monolayer of triphenylene polymer
on a gold coated silicon substrate.

scan rate of 1 Hz to the substrate and the tip was kept at thelground. FigurE—7Z14 shows
the typicall — V characteristics of Trp monolayer. A small currefifset of about 50 pA was

observed at zero voltage.

7.3.2 Anthraquinone polymer (Agp) film

The LB film of Agp was prepared by transferring the monolayien fonto a gold coated
silicon substrate. The film was transferred at a surfacespresof 7 mNm. Contact-mode
CSAFM was employed to study the LB film as explained in theieeEf2. Figuré 75 shows
the topography and current images of the Agp monolayer. iflegkofile on the topography
image yields a height of the film to be 1 nm. The line profile oa¢hrrent image yields an
average current value of2nA in the regions covered by the film. The region not covered
with the film showed high current value @0 nA).
Thel — V measurements of the Agp LB monolayer film were carried ouhendame

manner as in the case of Trp film. Figlirel 7.6 shows the typieaV characteristics of Agp
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Figure 7.5: Current sensing AFM images of the Agp monolay@ifilm on a gold coated
silicon substrate transferred at a surface pressure of fimnNa) Shows the topography
image. The line profile yields an average height 6frim. (b) Shows the currentimage. The
line profile yields an average current value di BA in the regions covered with the film.
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Figure 7.6: Currentj—voltagel{/) characteristics of the monolayer of anthraquinone poly-
mer on a gold coated silicon substrate.

monolayer. At low applied bias voltages the current valueaeased gradually and then it
increased rapidly at high applied bias voltages. A smalleniratset of about 50 pA was

observed at zero voltage.

7.4 Discussion

Current sensing atomic force microscope (CSAFM) studiethefTrp LB film on a hy-
drophilic gold coated silicon substrate was carried ougtitgpography and current images.
The line profile on the topography image yielded a height auald.9 nm. Since the di-
ameter of the triphenylene moieties (estimated using Chrempis also about.® nm, we
suggest that the discotic moieties of Trp molecules are geexh configuration. The lim-
iting area obtained from the — A, isotherm also indicates edge-on configuration. Similar
organization of the molecules was found in the LB film on a nsichstrate.

The line profile on the current image shows variation in theent values. Thé value
of about 2 nA was found in the region where the substrate isrealvby the film. In regions

without the film, the current shoots up to a high value sineecibnducting tip is in contact
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with the gold substrate.

In the previous chapter, we have shown that the anthraqeimooieties of the Agp
molecules in the LB film transferred onto a gold coated silisobstrate assemble in the
edge-on configuration. The height of the film was abalGtrdim. The topography image
obtained from the contact mode CSAFM also yielded a heighit@hm corresponding to
the edge-on configuration of the anthraquinone moietiebesubstrate.

The line profile on the current image obtained from the CSARMIies of the Agp film
showed varying current values. In regions without the filn@ ¢urrent shoots up to a high
value since the conducting tip is in contact with the conthgcsubstrate. In the regions
where the substrate is covered by the film, the line profilédg@ an average current value

of 2.5 nA.

7.4.1 Nanoscale electrical measurements

The nanoscale electrical conductivity of the metal-Trpahginction was studied from the
| —V measurements. THe- V characteristics showed non-linear behavior. A curréised
of about 50 pA was found at zero voltage. Thi¥set is usually attributed to the charging
current of the system capacitanCel[10]. The shape df+)é curve indicated that the charge
transfer through the metal-Trp-metal junction is throughogential barrier[[I11]. Hence the
Trp monolayer introduces a potential barrier for the chargesfer between the gold coated
silicon substrate and the platinum coated cantilever éacling to a non-linedr—- V char-
acteristics. Electron transport between two electrodpars¢éed by a potential barrier can
occur by two mechanisms: Schottky emission and electrometimg. In Schottky emission,
the electrons in the electrode have enough thermal energyrioount the potential barrier
and flow in the conduction band. Here, the electronic curseciaracterized by decrease in
the d /dV as the value oV increases. Figue_4.7 shows the variation bfd¥ as a func-
tion of applied bias voltage for the metal-film-metal jucti We find that, 8/dV increases
with increase in applied bias voltage. This suggests tleathiarge transfer is not due to the

Schottky emission. Hence we infer that the current throghunction is due to the electron
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Figure 7.7: Variation of t/dV as a function oV for the metal-Trp-metal junction. The
increase in the value oflddV as a function ofV suggests that the electron transfer is not
dominated by Schottky emission.

tunneling.

A generalized formula for the electric tunndtext between two electrodes separated
by an arbitrary potential barrier was suggested by Simnibgk [The formula holds good
for the metal-insulator-metal junction where, either thghlest occupied molecular orbital
(HOMO) level or the lowest unoccupied molecular orbital MQ) level of the insulator is
near to the Fermi level of the electrodes§. Thel —V relation for the tunneling through the

potential barrier of arbitrary shape is given by the equmtio

eA |_ 4nd \J2mrp | _ Ard /2 (¢ + eV)
| = znhaz pexp T — (¢ +eV)exp|— - (7.2)

where,e is the charge of electro is the dfective electrical contact area between tip and
film, ¢ is the mean barrier heighd, is the mean barrier widthy* is the dfective mass of
electron and is the Planck’s constant. For very low applied bias voltahge,shape of the

potential barrier can be considered to be rectangular. ,ldere$. andd ~ d, whereg, is
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the height of the rectangular barrier ashes the distance between the electrodes. With these

approximations, equatidn_f.1 reduces to,

| = m(E)ZVexp[_élﬂd— 'hzrrmJ) (72)

At intermediate bias voltage¥ (< ¢./€), the potential barrier can be considered to be
of trapezoidal shape. In this regime,~ ¢, — €V/2 andd ~ d. For ther—conjugated
molecules it has been reported that the charge transpottanesen at intermediate bias
voltages ¥V < ¢./€) is by direct tunneling[[5]. Direct tunneling refers to thenheling of
the charge from one electrode to the other, without hoppimdjféusing into the insulating
medium. In this regime, the variation of In{/?) as a function of 1V exhibit logarithmic
growth.

At very high voltages, equatidn 1.1 reduces to the injectiofrowler-Nordheim tun-
neling equation[[I3]. It has been suggested that the patdwdirier in this regime can be
assumed to be of triangular shape. In this charge transpazhamism, the charge from an
electrode is injected into the insulator by tunneling areahti is transported to the other elec-
trode. This mechanism of charge transfer is characteriyeal llmear relationship between
In(1/V?) and J/V. If the potential barrier between the electrodes is appatgpthen transi-
tion from direct tunneling to injection tunneling can beabed by varying the applied bias
voltage [%]. Detailed discussion of the charge transpaduph the metal-insulator-metal
junction is given in chapter 5.

We have analyzed thie- V characteristics of the Trp film by fitting equatibnl7.1 to the
data points. The potential barrief.j and the &ective mass of electrom’) are varied to
obtain a good fit. Figurie—4.8 shows the variation @ a function of positive bias voltage)
for the metal-Trp-metal junction. The solid line in the figuwhows the fit to the experimental
data. The fit parameters yielded itheandm* values of 248 eV and 0079 m,, respectively.
Since the applied bias voltages were less than the bariightheve conclude that the charge

transport is through direct tunneling. This was furtherfeamed by plotting In(/V?) as a
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Figure 7.8: Variation of currentl ) as a function of bias voltagé/f for the monolayer of
triphenylene polymer. The data represented by the opelesiig fitted to the equatidn].1
(solid line). The barrier height of the film obtained from fitgparameter was.28 eV.
function ofV. We find that the In(/V?) logarithmically increases with increase ifM}, which

is characteristic of direct tunneling. Because of the expental limitations, we could not
study thel — V characteristics of the film for the current values greatanthO nA.

The charge transport properties of the monolayer film of Agphe gold coated silicon
substrate were similarly studied. Figlrel7.6 shows thecipi— V characteristics of the
Agp film between two metal electrodes. The V curve was non-linear. Similar to the Trp
film, the shape of — V curve indicated a potential barrier for the charge transéween
the electrodes. Hence the charge transport in the metalPetal junction can occur either
by Schottky emission or by electron tunneling. THe¢d¥ value increases with increase
in the applied bias voltage, suggesting that the chargefieams not due to the Schottky
emission. FigurE_719 shows the variation dfdV as a function of applied bias voltage. The
potential barrier and theffective mass of electron were calculated by fitting equdfi@ntd
thel -V data. Figur€Z0 shows the variation @fs a function oV for the metal-Aqp-metal

junction. The solid line is the fit to the data. The fit parameteelded thes, andm* values
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Figure 7.9: Variation of t/dV as a function of bias voltagd/{ for the monolayer of an-
thraquinone polymer. The increase in the valuelgtliy as a function oV suggests that the
electron transfer is not dominated by Schottky emission.
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Figure 7.10: Variation of current) as a function of bias voltag&/] for the monolayer of
anthraquinone polymer. The data represented by the opele<is fitted to equation 4.1
(solid line). The barrier height of the film obtained from fitgparameter was.25 eV.
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of 1.95 eV and 09 m,, respectively. Since the barrier height of the film was gretitan the
applied bias voltage, we infer that the electron transfentgh the film is by direct tunneling
mechanism. This was further confirmed by the logarithmicgase in the In(V?) as 1V
is increased.

The value ofp, for the case of-conjugated thiol molecules between two metal electrodes
was in the range of.8 — 1.0 eV [5]. Studies on the purple membrane have reported the
barrier height to be in betweensl- 2.2 eV [14]. The height of the potential barrier and its
profile introduced by a thin film of insulator between two niefactrodes depend on many
factors like the electronic configuration of the moleculeghe film, its interaction with
the neighboring molecules and coupling of the moleculeb Wie electrode itself. Beebe
et al. [5] have reported a linear relationship between the bahégght (obtained from the
transition voltage) and the energy gap between the Fermliddvnetal €¢) and HOMO level
of insulating moleculeEyomo). They have also reported that the barrier height was less th
theE¢s — Eqomo Value. The lowering of the barrier can be attributed to ttseiagptions made
during its calculation like the assumption of simple barskapes and neglecting thifext

of image potential.

7.5 Conclusions

The electrical properties of LB films of two novel liquid ctg#line polymers, one made up of
electron rich triphenylene moiety and the other made upeftedn deficient anthraquinone
moiety, were studied. The monolayer film of the polymer fotdna¢ air-water interface was
transferred onto gold coated silicon substrate by LB tegmi Electrical measurements
were carried out using CSAFM. The gold coated silicon sabstfilm-conducting tip of
CSAFM which forms a metal-film-metal junction showed namelrl — V characteristics.
Our analysis of thé — V data showed that the electron transfer is through directetimy
mechanism. The barrier heiglt,j for metal-Trp-metal and metal-Agp-metal junctions was

about 248 eV and 195 eV, respectively. We also find that thieetive mass of electron for
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metal-Trp-metal junction was less than that of metal-Aggtahjunction.
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Summary

This thesis describes our studies on the Langmuir mondaped
Langmuir-Blodgett (LB) films of azobenzene molecule andvadgives of
some discotic molecules of novel structures. The monol@yeof H-shaped
azobenzene dimer (12D1H) at air-water interface and itsingeproperties
on the hydrophilic and hydrophobic substrates were studi#@ find that
the bilayer film of 12D1H transferred onto a hydrophobic stdie dewetts
by spinodal dewetting to form droplets. We have also deedrthe kinetics
of trans to cis isomerization of 12D1H on illumination of ultraviolet ligh
Our studies on the Langmuir monolayer of a dimer of triphengl moiety
(tp-dimer) showed that the collapse pressure of the morolagreases with
increase in strain rate and they are related by a power lave nEmoscale
electrical conductivity studies of star shaped oligome %), triphenylene
polymer (Trp) and anthraquinone polymer (Agp) films weredstd using
current sensing atomic force microscope (CSAFM). The LB ivAQD6
molecule, which has both electron deficient anthraguinoarety and elec-
tron rich triphenylene moiety, showed a transition fromedirtunneling to
injection tunneling mechanism as the applied bias voltagedreased. Our
studies on the Langmuir monolayers and LB films of Trp and Agpetules
showed that the discotic moieties were in edge-on configuratThough
the Trp molecule is electron rich and Agp molecule is elactteficient, our
CSAFM studies on the metal-Trp-metal and metal-Agp-meitatjions indi-
cated that the charge transfer was through direct tunneling
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