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Abstract 
 

 
 
 
 
 

Nematic liquid crystals (LCs) are anisotropic materials, whose long orientational order and 
high fluidity help to direct molecular assembly and amplify interfacial events into easily 
observable optical signals. Owing to the environment-sensitive fast response of LCs, they 
have been substantially studied to understand different complex biomolecular events at the 
interface. The self-assembly of surfactants, polymers, and other amphiphilic molecules at 
the nematic LC-aqueous interface, as well as the subsequent optical and orientational 
transitions in LC, have been extensively studied over the past few decades. In our project, 
we are trying to investigate various interfacial phenomena at aqueous-LC interfaces, using 
the polarised optical microscope (POM), that triggers orientational ordering transition of 
liquid crystal in the presence of the self-assembly of a nonionic surfactant tetra (ethylene 
glycol) mono-n-dodecanoate (Surf-LTE) and its cleaved fragments to understand the 
underlying mechanisms of such interactions. Keeping the goal of sustainable chemistry in 
mind, we are working with an eco-friendly bio-degradable nonionic surfactant system 
(Surf-LTE) that was synthesized in our lab. We have determined the critical micelle 
concentration (CMC) of Surf-LTE using the fluorescence probe method (DPH assay). Next, 
we have performed a set of polarized optical microscopy (POM) experiments and observed 
that Surf-LTE could spontaneously assemble at aqueous-LC interfaces to induce 
homeotropic orientations of the LC mesogens. The stability of such anchoring transition 
was also checked by varying the pH and salt concentration of the aqueous medium. In 
presence of a targeted stimulus (enzymes such as lipase) cleavage of the ester bond 
triggered a surface-driven ordering transition to a planar alignment of LC mesogens leading 
to a macroscopic bright optical signal. The optical response of precleaved moieties and 
cleaved fragments at the aqueous-LC interfaces was also found to be similar.  
      The results of our study so far exhibit a straightforward and broad approach to the 
rational design of nonionic surfactant systems that can be used to program stimuli-
responsiveness into nematic LC-aqueous interfaces. The results provide an easy readout of 
interfacial events over time without the use of complex instruments and it is also label-free. 
The results of this study can have further applications in drug delivery thus enhancing its 
potential in the advancement of therapeutics.  
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Chapter 1  
 

Introduction 

1.1 Liquid Crystals 

The two most common condensed phases of matter are solids and liquids. The major 

difference between them lies in their order; while solids possess both positional and 

orientational order, liquids possess none. Liquid crystals (LCs) are an intermediate state of 

matter that shares the properties of both solids and liquids.1 LCs possess many physical 

attributes similar to liquids, major of which is mobility; at the same time, LCs also have 

anisotropic physical properties (such as optical, electrical, magnetic anisotropy, etc.) 

similar to solids due to the presence of order. Thus, the LCs are also called mesophases and 

the molecules exhibiting such properties are termed mesogens.  

     Temperature is a measure of randomness. With increasing temperature, the random 

molecular motions increase and the attractive intermolecular forces decrease thus resulting 

in a phase transition.2 

 

 

 

 

 

 

Figure 1.1. Cartoon illustration of the temperature dependent phases of a LC material. 

Redrawn from reference [9]. 
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The liquid crystalline phase was observed in 1888 by Friedrich Reinitzer, an Austrian 

botanist and chemist.3 He discovered that cholesterol benzoate had two distinct melting 

points. A turbid liquid phase was observed at 145.5ºC which changed into a clear liquid 

state at 178.5ºC upon further heating. He then discussed his findings with the German 

physicist Otto Lehmann. Lehman carried out further optical characterization studies of the 

turbid phase under a polarizing microscope. He concluded that the turbid phase exhibited 

properties of both solids and liquids and thus coined the term ‘Liquid Crystal’.4 

 

 

1.1.1. Classification of LCs 

Thermotropic and lyotropic LCs are the two major types of LCs that can be found in nature. 

For thermotropic LCs, the mesophase formation is dependent on temperature, while in the 

case of lyotropic LCs the mesophase formation is dependent on the choice of solvent and 

concentration. Based on the shape of the mesogen molecules, the thermotropic LC can be 

further classified into three categories, which are calamitic LC (prolate, rod-shaped 

mesogens), discotic LC (oblate, disc-shaped mesogens) and bent-shape LC (nonlinear, bent 

shaped mesogens). The detailed classification is shown below in the chart.5  

Figure 1.2. Chemical structure of cholesterol benzoate. 
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In this thesis, we have worked with 5CB, which is a thermotropic nematic LC. It exhibits 

the LC phase near room temperature (24ºC-35ºC).  

1.1.2. Nematic LCs 

The nematic phase is the least ordered and simplest LC phase, which belongs to the class 

of thermotropic LCs. The terminology nematic comes from the Greek prefix ‘Nematos’, 

which primarily means thread-like. This is due to the observed optical textures of this phase 

under crossed polars. Both calamitic and discotic LCs can generate nematic LC phase, but 

they are different from each other and thus immiscible. The nematic mesogens possess a 

long-range orientational order but no long-range positional order. Nematic mesogens can 

exhibit uniaxial or biaxial symmetry.6 5CB is an example of prolate-like mesogen and 

exhibits the simpler uniaxial symmetry. Here, the mesogens tend to align themselves in a 

preferred orientation along a single director, which is a vector of unit length and is denoted 

by �̂�. The mesogens can freely rotate along the long axes without any preferred 

arrangements along the two ends of the mesogens (which are not chemically equivalent). 

Thus �̂� and −�̂� are equivalent.7   

 

Liquid Crystals (LCs)

Calamitic LC Discotic LC Bent-Shaped LC

Nematic LC Cholesteric LCSmectic LC

Lyotropic LCThermotropic LC

Figure 1.3. Classification of LCs. 
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While director (�̂�) defines the average orientation of the mesogens, the degree of order 

within the phase is described by the order parameter 𝑆, which is defined as  

𝑺 =
𝟏

𝟐
〈𝟑 𝐜𝐨𝐬𝟐 𝜽 − 𝟏〉 

 

           (1) 

Here, 𝜃 represents the average deviation angle formed between the mesogen 

axes with the director.  

𝑆 = 0; For the case of isotropic liquid phase, where all molecules are in 

statistical distribution 

𝑆 = 1; For the case of crystalline solids, where all the molecules are aligned 

parallel to the director 

0.7 > 𝑆 > 0.3; For the case of nematic phases of LCs 

 

The LC mesogens tend to orient themselves in a certain direction to minimize the surface 

free energy when confined within a surface. This certain orientation is denoted by the 

nematic director, termed as ‘easy axis’. Any external disturbance at the surface causes the 

average orientation of mesogens to deviate from the easy axis. The average new orientation 

of the mesogens is denoted by a surface director.8 The amount of energy required for this 

deviation is known as ‘Surface Anchoring Energy’ (𝑊𝑎) and can be described using the 

following equation; 

Figure 1.4. (a) Chemical structure of 5CB. (b) The average deviation angle (θ) formed 

between the mesogen axes with director is shown. (c) Schematic of a nematic 

mesophase depicting long-range orientational ordering. Redrawn from reference [9]. 

 

𝜃

(a) (b) (c)
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𝑺 = 𝑺𝟎 +
𝟏

𝟐
〈𝑾𝒂 𝐬𝐢𝐧𝟐(𝜽𝒔 − 𝜽𝒆)〉 

 (2) 

Here,  

𝑆   =  Total interfacial free energy 

𝑆0  =   Interfacial free energy independent of the orientation of the mesogens 

𝑊𝑎 =   Surface anchoring energy 

𝜃𝑠   =   Orientation of surface director 

𝜃𝑒   =   Orientation of easy axis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the nematic LC phase, the value of 𝑆 lies in the range of 10-3 to 10-2 mJ/m2. Due to such 

low interfacial energy, nematic LCs have been extensively used in the design of stimuli-

responsive interfaces for applications in biosensing. 

 

 

Figure 1.5. Orientation of nematic LC at the interface. Redrawn from reference [9]. 
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Another interesting property of the LCs is birefringence, which also acts as a major 

contributing factor in LC-based biosensing applications.9 The mesophase of a uniaxial 

nematic LC exhibits optical anisotropy or birefringence. This phase has two principal 

refractive indices, which are as follows; 

 Ordinary index (𝑛𝑜): The refractive index is perpendicular to the optical axis. 

 Extra-ordinary index (𝑛𝑒): The refractive index is parallel with the optical axis. 

Birefringence is defined as 

∆ =  𝒆 −  𝒐 (3) 
 

For 𝑛𝑒 > 𝑛𝑜; the material is known as optically positive. 

Similarly, for  𝑛𝑜 > 𝑛𝑒; the material is known as optically negative.  

Due to this optical anisotropy property, when light passes through the LC medium, the 

velocity of light differs from each other along the perpendicular and parallel directions with 

respect to the optical axis. Thus we observe different colored textures of the LC medium 

under crossed polars.                                         

1.1.3. Principle of LC-based Biosensing 

A biosensor detects substances that are either hazardous or essential to life by converting 

any biological signal to an electrical signal. An ideal biosensor should be simple (any 

layman can easily understand without the help of an expert), quick, highly sensitive, 

quantitative and inexpensive.10 Abbott et al. first introduced LCs into the field of biosensing 

as it exhibits many properties that make it a perfect candidate for being an ideal biosensor.11 

Optical axis

Figure 1.6. Cartoon illustration of mesogens showing optically positive (left) and 

optically negative (right) behavior. Redrawn from reference [53]. 
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The combination of various physical properties such as optical anisotropy (birefringence), 

surface anchoring energy, and elasticity makes it a perfect tool for optical sensing. In the 

past few decades with the help of extensive studies, LCs have emerged as a powerful tool 

in the field of biosensing. The interaction between the LC mesogens at the interface with 

different analytes under special environmental conditions lead to a change in the 

orientational order of the LC and the signal is transmitted through bulk (up to a hundred 

micrometers) through co-operative interactions resulting in a change in the optical 

appearance under crossed polars. Based on the orientational and optical properties of the 

LCs, both lyotropic (water-based) and thermotropic (oil-based) LCs have shown promising 

results as biosensors. As most thermotropic LCs are immiscible with water, they interact 

with various analytes through distinct LC-water interfaces. Amongst the two major 

thermotropic LC-based biosensor formats, we have worked with the planar freestanding 

liquid crystal films throughout this thesis. The design of this type of sensor is shown in 

figure 1.7. 

 

 

DMOAP Coated Glass Slide

20 μm

283 μm

55 μm

̴ 3 mm

DMOAP Coated Glass Slide
Gold TEM Grid

5 CB

air

Top View

Side View

Figure 1.7. Cartoon illustration of the experimental set up for creating LC-aqueous 

interface. Redrawn from reference [9]. 
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Here, LC is suspended in a gold TEM grid (20 μm thick). The grid is supported on a glass 

substrate that has been chemically modified with a hydrophobic substance (silanes such as 

DMOAP, OTS). This coating aligns the LC mesogens perpendicular to the surface, which 

is known as homeotropic or vertical alignment. When the top surface of LC is in contact 

with air, again homeotropic anchoring is promoted, thus leading to a uniform vertical 

alignment of the director throughout the bulk and results in an optical dark appearance 

under the crossed polars. When the supported LC film is submerged in an aqueous medium 

to make a uniform aqueous LC interface, interactions with water molecules align the LC 

mesogens parallel to the substrate, which is known as the planar alignment. Thus a hybrid 

configuration is generated throughout the bulk and results in a bright appearance under the 

crossed polars. At the addition of amphiphilic molecules such as surfactants in the bulk 

medium, a dark appearance is again observed, which is consistent with the Homeotropic 

alignment of the LC.12 The changes in the optical appearance due to changes in orientational 

order of LC can be easily visualized using a polarised optical microscope (POM). The 

working principle of POM is described in the following figures (1.8 & 1.9). 

 

 

 

 

 

Figure 1.8. Cartoon representation of the working principle of a polarized optical 

microscope equipped with crossed polarizers. Change in the optical signal depends on 

the anchoring transition of LCs.  

Polarized Optical 
Microscope (POM)

dark

bright

LCWhite Light

polarizer analyzer

LCWhite Light

polarizer analyzer
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Thus LC-based biosensing provides a label-free detection method with very low detection 

limits (up to nM), high sensitivity, and easy optical readout without the requirement for any 

complex instrumentation. 

1.2. Surfactants 

Surfactant (abbreviated from the term surface active agent) is a substance that reduces the 

natural forces that occur between two phases, such as surface tension between air and water, 

interfacial tension between oil and water, and so on. Surfactants are amphiphilic molecules 

thus they can be absorbed at different interfaces (air/water or oil/water).13-15At the interface, 

the surfactant tries to align itself such that the lyophobic part remains in the air or oil phase, 

while the lyophilic part stays in the aqueous phase. When a surfactant moiety is dissolved 

in water, the polar head group interacts strongly with water molecules through dipole-

dipole or ion-dipole interactions, assisting in solvation, while the hydrophobic group 

distorts water molecules' structure by breaking intermolecular hydrogen bonds. To 

minimize such distortion the surfactant moiety orients itself at the air-water interface in a 

manner such that the hydrophilic head group remains in contact with the aqueous medium 

and the hydrophobic part is oriented away from it. Thus the amphipathic structure of the 

surfactant allows it to concentrate at the surface of the aqueous medium thereby reducing 

the surface tension of water. 

Figure 1.9. Rrepresentative POM images and corresponding cartoon illustrations of the 

LC ordering in contact with air, water, and surfactants in the aqueous phase. Redrawn 

from reference [54]. 

DMOAP Coated Glass Slide

air

DMOAP Coated Glass Slide

aqueous medium

DMOAP Coated Glass Slide

surfactants added
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1.2.1. Classification of Surfactants 

Depending upon the nature of solvents and physical parameters the chemical structure of 

the lyophobic and lyophilic parts of the surfactant varies.14,16,17 For the case of highly polar 

solvents (such as water), the hydrophobic moiety can contain siloxane or hydrocarbon, or 

fluorocarbon chains, whereas in a less polar medium some of the above-mentioned moieties 

may not be suitable. Similarly, ionic or highly polar groups may act as lyophilic parts for 

more polar solvents (e.g. water), whereas they can behave as lyophobic moieties for the 

case of nonpolar solvents such as heptane. 

    The hydrophobic part of the surfactant contains often long-chain hydrocarbons, 

sometimes siloxanes or chemically modified hydrocarbon chains (halogenated or 

oxygenated). Depending on the choice of hydrophilic groups the surfactants can be 

classified as below; 18 

 

CLASS PROPERTIES EXAMPLES 

Anionic 

Surfactants 

 The surface-active group bears a 

negative charge.  

 Relatively nontoxic. 

 Most widely used type of surfactants 

for shampoos, dishwashing liquids and 

laundering.  

 

Most anionic surfactants are 

sulfates, sulfonates and soaps, 

such as sodium stearate 

(CH3(CH2)16COO-Na+), sodium 

dodecyl benzene sulfonate 

(CH3(CH2)11C6H4SO3
-Na+), 

sodium dodecyl sulfate 

(CH3(CH2)11SO4
-Na+). 

Cationic 

Surfactants 

 The surface-active group bears a 

positive charge.  

 They serve as emulsifying agents. 

 They have germicidal properties thus 

are used in making of sanitizers.  

Examples of cationic surfactants 

are; cetyl trimethylammonium 

bromide (CH3(CH2)15N+CH3)3Br-

), lauryl amine hydrochloride 

(CH3(CH2)11NH3
+Cl-), trimethyl 

dodecyl ammonium chloride 

(C12H25N+(CH3)3Cl-) etc.  

Zwitterionic 

Surfactants 

 The surface-active group bears both 

positive and negative charges.  

 They are less common than other 

classes of surfactants.  

 Their mild nature makes them ideal for 

use in personal care or household 

cleaning products.  

 

Examples of zwitterionic 

surfactants are; long-chain amino 

acids (H2NCHRCOOH), 

sulfobetaine (C13H29NO3S), 

dodecyl betaine 

(C12H25N+(CH3)2CH2COO-). 

Nonionic 

Surfactants 

 The surface-active group bears no 

apparent charge.  

 They have extensive applications in the 

field of drug delivery.  

 They have excellent grease removal 

property, thus can be used in laundry 

and household cleaning products.  

 

Most nonionic surfactants contain 

polyethylene glycol (PEG) chains. 

Examples include 

polyoxyethylene alcohols 

(CnH2n+1(OCH2CH2)mOH), polyol 

esters, polyoxyethylene esters 

( C17H35COO(CH2CH2)nH), etc.   

 

Table 1.1. Classification of surfactants. 
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1.2.2. Nonionic Surfactants 

Nonionic surfactants are a fascinating class of surfactants, which has been under intense 

investigation by researchers in both the fields of chemical kinetics and biochemistry for the 

past few decades for their unusual polymeric structural properties.19 They have vast 

applications in various fields like drug delivery, pharmaceuticals, industries such as food, 

paint, cosmetics and so on. There are two major categories of nonionic surfactants; 

polyoxyethylenes (general formula: RO(CH2CH2O)nH) and polyhydric alcohols (general 

formula: (CH2CHOH)n).     

     Nonionic surfactants are usually highly stable and are not easily affected by the presence 

of acid, base or strong electrolytes. They do not dissociate in an aqueous medium and have 

a broad range of properties depending upon the hydrophile-lipophile balance (HLB). HLB 

describes the relationship between the water-soluble and oil-soluble parts of the nonionic 

surfactant moiety and has values in the range from 1 to 30 (or higher).  

 For the case of HLB < 10, the nonionic surfactant is oil soluble (lipophilic) 

 For the case of HLB > 10, the nonionic surfactant is water soluble 

(hydrophilic) 

Surfactants with values in the range 8 < HLB < 18 are most commonly used in 

oil/water emulsions.  

      Another fundamental property of the surfactants is the formation of micelles in aqueous 

medium. In an aqueous medium, the surfactant monomers tend to form aggregates by 

orienting themselves in such a manner that the polar head groups remain in contact with 

the aqueous medium while the hydrophobic tails remain inside a core structure to stabilize 

the structure. The concentration at which the micelles start to form is known as the critical 

micelle concentration (CMC) of that specific surfactant. As these micellar structures 

behave differently from their monomer analogues they influence both solubility and 

viscosity of organic hydrocarbons and oils in aqueous medium. Depending upon the shape 

of the monomeric structures and concentration the micelles can be of different shapes, such 

as – spherical, rod-like, hexagonal, cubic and lamellar.  
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For the case of ionic surfactants, the solubility increases with increasing temperature and is 

equal to the CMC value at a specific temperature known as kraft point (KP). The krafft 

point (KP) is an essential parameter as micelles only start forming at a temperature equal 

or above KP. Nonionic surfactants often do not exhibit KP their solubility decreases with 

increasing temperature. Nonionic surfactants may begin to lose their surface-active 

properties above a certain temperature known as cloud point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Cartoon illustration of micelle formation. Redrawn from reference [55]. 

Hydrophobic part

Hydrophilic part

Surfactant Monomers Micelles
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1.3. Motivation behind the Project 

 
Over the past decades, the self-assembly of surfactants, polymers and other amphiphilic 

molecules at the nematic LC-aqueous interface and the resulting optical and orientational 

changes of LC has been studied extensively.20-31 While, ample literature is available on 

surface-driven anchoring transitions of LC mesogens at the aqueous-LC interface in 

presence of ionic surfactants, there are fewer reports on nonionic surfactants. Some of the 

key conclusions from the past studies on surfactants can be summarized as - i) Only 

amphiphiles with hydrophobic tails having more than 8 carbon atoms can induce an 

anchoring change; ii) Bolaform (adopts a looped configuration at the interface) or branched 

surfactants do not induce any anchoring transition due to poorer packing efficiency; iii) The 

anchoring transition is caused by hydrophobic interactions between the amphiphiles' 

hydrocarbon chains and is unaffected by the nature of the hydrophilic head group; lastly 

iv) To induce a planar to homeotropic transition, the surfactant concentration required is 

typically 5 to10 times lower than its CMC.32-34 Recently, there have been several studies in 

synthetic amphiphiles and cleavable polymers that can report targeted events by triggering 

a transitional change in the LC ordering and the effect of external stimuli on such 

systems.35,36 Motivated by this, in our work, we are trying to explore the self-assembly of 

a cleavable nonionic surfactant (Surf-LTE) that was synthesized in our lab and its cleaved 

fragments at the aqueous-LC interface.         

        Cleavable surfactants are currently of growing interest due to their eco-friendly 

biodegradable nature.37,38 Ester-based surfactants often serve as natural choices for 

biodegradable surfactants in the laboratory due to some advantages, such as – they follow 

relatively simpler synthetic strategies, their chemical hydrolysis is often pH-dependent and 

hydrolysis of lipophilic esters can be easily catalyzed by lipase. In our lab, we have 

synthesized a nonionic surfactant tetra (ethylene glycol) mono-n-dodecanoate (MW: 

376.53 g/mol) which is a biodegradable surfactant. The structure of the surfactant is given 

as following,     
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Here, we have studied the changes in anchoring transitions triggered by the Surf-LTE 

monolayers adsorbed at the aqueous-LC interfaces on varying pH and salt concentrations. 

Further, we wanted to explore the change in its ordering transitions upon the presence of 

an external stimulus (chemical and enzymatic hydrolysis of the ester bond) and tried to 

compare it with the orientational transition induced by one of its synthetic components, 

lauric acid. polyethylene glycol (PEG) is widely utilized in nanoparticle-mediated drug 

delivery due to its immense biocompatibility and other properties.39-42 In comparison to 

other charged or hydrophobic interfaces, polyethylene glycol (PEG) decorated interfaces 

have low levels of non-specific protein binding interactions, according to previous reports. 

PEGylation of the mesogens has been shown to reduce non-specific protein adsorption at 

the aqueous-LC interface (such as BSA).43 We also observed a similar anchoring transition 

of the LC mesogens in presence of BSA at Surf-LTE (which is a PEG monoester) decorated 

monolayer adsorbed at the aqueous-LC interface.   

     Overall, the results of our study so far exhibit a straightforward and broad approach to 

the rational design of nonionic surfactant systems that can be used to program stimuli-

responsiveness into nematic LC-aqueous interfaces. Also, this is a label-free method that 

can detect biomolecular events at the interface over time without the use of complex 

instruments. The results of this study can have applications in drug delivery thus enhancing 

its potential in the advancement of therapeutics. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Chemical structure and IUPAC name of tetra (ethylene glycol) mono-n-

dodecanoate (Surf-LTE).  
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Chapter 2 
 
 

Experimental Section 
 

2.1. Materials 
 

The nonionic surfactant of interest, tetra (ethylene glycol) mono-n-dodecanoate (MW: 

376.53 g/mol) was synthesized in our lab. Throughout the thesis, the surfactant is 

represented by the abbreviation Surf-LTE. 

     

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2.1. Chemical structures of commonly used reagents in the experiments (a) 5CB 

(4-Cyano-4’-pentylbiphenyl) (b) DMOAP (N,N-dimethyl-N-octadecyl-3-

aminopropyltrimethoxysilyl chloride) (c) Nile Red (nile blue A oxazone) (d) DPH (1,6-

diphenyl-1,3,5-hexatriene) (e) LA (lauric acid) (f) Surf-LTE (tetra (ethylene glycol) 

mono-n-dodecanoate).  
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Nematic liquid crystal 4-Cyano-4ʹ-pentylbiphenyl (5CB), dimethyloctadecyl[3-

(trimethoxysilyl)propyl]ammonium chloride (DMOAP), albumin from bovine serum 

(BSA), lipase from Candida antarctica, 1,6-diphenyl-1,3,5-hexatriene (DPH, 98%), nile 

blue A oxazone (nile red, 98%), sodium monohydrogen phosphate dihydrate 

(Na2HPO4.2H2O), potassium phosphate dibasic (K2HPO4, >99%), citric acid (>99.5%) and 

sodium citrate dihydrate (>99%) were purchased from Sigma-Aldrich (St. louis, MO). 

Tetraethylene glycol (TEG, >95%, GC) and lauric acid (LA, >98%, GC) were purchased 

from Tokyo Chemical Industry Co., Ltd. Sulfuric acid (H2SO4, 95-98%), hydrogen 

peroxide (H2O2,30% w/v) and HPLC chloroform (>99.5%) were obtained from VETECTM, 

Sigma-Aldrich. HPLC acetone (>99.8%), hydrochloric acid (HCl, 37%), sodium hydroxide 

purified pellets (NaOH) and potassium chloride (KCl) were obtained from Merck 

(Mumbai, India). HPLC tetrahydrofuran (THF, >99.7%) was purchased from S D Fine 

Chemical Limited. Sodium chloride was obtained from HIMEDIA. Absolute ethanol 

(99.9%) was purchased from Changshu Hongsheng Fine Chemical Co., Ltd. Silicone 

isolators (12; 4.5 mm Diameter ×1.6 mm Depth ID, 25×54 mm OD, No PSA) were 

purchased from Grace Bio-Labs (Oregon, USA). Premium Microscope plain glass slides 

of finest grade were purchased from Fischer Scientific Company (Pittsburgh, PA, USA). 

Gold TEM grids (20 μm thickness, 50 μm wide bars, 283 μm grid spacing) were purchased 

from Electron Microscopy Sciences (Washington, PA, USA). Apart from the above-

mentioned chemicals, eppendorf research plus micropipettes, micropipette tips from 

Tarsons, glass optical wells, coplin jars, kimwipes from Kimtech. Science brand, diamond 

tip glass cutter and BOROSIL glasswares were also purchased. A Milli-Q water 

purification system (Millipore, Bedford, MA) was used to deionize the water required for 

the preparation of all aqueous solutions.   

 

2.2. Methods 
 

2.2.1 Preparation of Buffers 

a)   0.1 M Citrate Buffer (pH 2.7) 

The reagents were weighed accordingly to prepare 200 mL of 0.1 M citrate buffer of 

approximately pH 3. 0.552 gm of sodium citrate dihydrate and 3.482 gm of citric acid were 

added to 200 mL of Milli-Q water. The pH was measured using a pH meter and was found 

to be 2.7. 
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i.    10 mM Citrate Buffer (pH 2.1) 

20 mL of 0.1 M citrate buffer was taken in a suitable container. To this 180 mL of Milli-Q 

water was added to prepare 10 mM buffer solution. The final pH was adjusted to pH 2.1 by 

adding few drops of 5N HCl solution. 

ii.   10 mM Citrate Buffer (pH 5.3) 

20 mL of 0.1 M citrate buffer was taken in a suitable container. To this 180 mL of Milli-Q 

water was added to prepare 10 mM buffer solution. The final pH was adjusted to pH 5.3 by 

adding few drops of 5 M NaOH solution. 

b) 0.1 M Phosphate Buffered Saline (PBS) Buffer (pH 7.1) 

The reagents were weighed accordingly to prepare 200 mL of 0.1 M PBS buffer of 

approximately pH 6.8. 3.56 gm of sodium phosphate dibasic dihydrate, 0.48 gm of 

potassium dihydrogen phosphate, 16 gm of sodium chloride and 0.4 gm of potassium 

chloride were added to 200 mL of Milli-Q water. The pH was measured using a pH meter 

and was found to be 7.1. 

                 i.    10 mM PBS Buffer (pH 7.6) 

50 mL of 0.1 M PBS buffer was taken in a suitable container. To this 450 mL of Milli-Q 

water was added to prepare 10 mM buffer solution. The final pH was adjusted to pH 7.6 by 

adding few drops of 1 M NaOH solution. 

ii.   10 mM PBS Buffer (pH 8.6) 

20 mL of 0.1 M citrate buffer was taken in a suitable container. To this 180 mL of Milli-Q 

water was added to prepare 10 mM buffer solution. The final pH was adjusted to pH 8.6 by 

adding few drops of 1 M NaOH solution. 
 

 

2.2.2. Preparation of aqueous solutions of Surf-LTE 

A stock solution of the surfactant was prepared for performing the Polarised Optical 

Microscopy (POM) experiments. In a 25 mL round-bottomed flask calculated amount of 

surfactant was added; to this about 200 μL of acetone (HPLC grade) and required volume 

of PBS buffer (10 mM, pH 7.6) was added to make 10 mM Surf-LTE solution. The solution 

was kept on overnight (~12 hours) stirring at room temperature. The final volume was 

adjusted using the PBS buffer (10 mM, pH 7.6) to reach the final concentration of 10 mM. 
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All the surfactant solutions were prepared from this stock solution via further dilution using 

PBS buffer (10 mM, pH 7.6). 

2.2.3. Preparation of Dye-Surfactant Solutions 

a)   DPH-Surf-LTE Solution 

In a 25 mL round-bottomed flask calculated amount of surfactant was added; to this about 

200 μL of acetone (HPLC grade) and required volume of PBS buffer (10 mM, pH 7.6) was 

added to make 50 mM stock solution. The solution was kept on overnight (~12 hours) 

stirring at room temperature. The final volume was adjusted using the PBS buffer (10 mM, 

pH 7.6) to reach the final concentration of 50 mM. All the surfactant solutions were 

prepared from this stock solution via further dilution using PBS buffer (10 mM, pH 7.6) as 

can be found in the following table (2.1). 

Concentration 

(mM) 

Volume of stock 

Surf-LTE solution 

added (μL) 

Volume of PBS 

buffer (pH 7.6) 

added (μL) 

0.1 1.0 499 

0.25 2.5 497.5 

0.4 4.0 496 

0.55 5.5 494.5 

0.7 7.0 493 

0.85 8.5 491.5 

1 10 490 

3 30 470 

5 50 450 

7 70 430 

9 90 410 

11 110 390 

13 130 370 

15 150 350 

17 170 330 

19 190 310 

21 210 290 

23 230 270 

25 250 250 

27 270 230 

30 300 200 

10 mM DPH solution was prepared using THF as the solvent. 1 μL of the DPH solution 

was added to all the diluted surfactant solutions and the solutions were kept in dark for 3 

hours before performing the fluorescence measurements. 

Table 2.1. Preparation of aqueous Surf-LTE solutions. 
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b)  NR-Surf-LTE Solution 

In a 25 mL round-bottomed flask calculated amount of Surf-LTE was added; to this about 

200 μL of acetone (HPLC grade) and required volume of PBS buffer (10 mM, pH 7.6) was 

added to make 10 mM stock solution. The solution was kept on overnight (~12 hours) 

stirring at room temperature. The final volume was adjusted using the PBS buffer (10 mM, 

pH 7.6) to reach the final concentration of 10 mM.  

     1 mg/mL nile red (NR) dye solution was prepared using acetone (HPLC grade). The 

solution was found to be violet in colour. Adequate volume of the NR solution was added 

to the freshly prepared Surf-LTE solution to reach the final concentration of 100 μM with 

respect to NR. The colour of the solution turned pink. The solution was kept on continuous 

stirring for 24 hours. Finally, the solution was centrifuged at 10,000 rpm for 15 mins before 

performing the fluorescence measurements.  

 

2.2.4. Preparation of Glass Microscope Slides 

a) Cleaning of glass slides 

‘Piranha’ solution (70% H2SO4, 30% H2O2) was used to clean the microscope glass slides.44 

In short, the glass slides are carefully immersed in piranha solution inside a glass container. 

The container is then placed inside a water bath and is heated at 80ºC for 1 hour. The glass 

slides are then sequentially washed with Milli-Q water, ethanol and dried using N2 gas. The 

cleaned slides are then placed inside the oven and dried for 3 to 4 hours maintaining the 

temperature at 100ºC. 

b) Treatment with DMOAP 

The cleaned slides were immersed in a 0.1% (v/v) dimethyloctadecyl[3-

(trimethoxysilyl)propyl]ammonium chloride (DMOAP) solution for 30 minutes. Excess 

DMOAP was removed by rinsing the glass slides with Milli-Q water. The slides are 

immediately dried using N2 gas and kept in the oven for 4 hours at 100ºC, allowing the 

crosslinking of DMOAP.45 
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2.2.5. Preparation of Doped LC Mixtures 

a) Surf-LTE doped LC 

A measured amount of Surf-LTE was dissolved in chloroform (HPLC grade) to prepare a 

1mg/mL stock solution. To make the doped solutions required amount of the stock solution 

was added to 10 μL 5CB. The solutions were kept under high vacuum for 5 to 6 hours such 

that all the chloroform present inside the mixtures evaporate. The following table (2.2) 

describes the compositions of the doped mixtures (For details see Appendix): 

Weight Percentage (wt%) Volume of LC (μL) Volume of Surf-LTE(μL) 

0.01 10 1.01 

0.05 10 5.05 

0.1 10 10.1 

0.5 10 50.5 

1 10 101 

3 10 303 

b) Lauric Acid doped LC 

Measured amount of lauric acid (LA) was dissolved in chloroform (HPLC grade) to prepare 

a 1mg/mL stock solution. To make the doped solutions required amount of the stock 

solution was added to 10 μL 5CB. The solutions were kept under high vacuum for 5 to 6 

hours such that all the chloroform present inside the mixtures evaporate. The following 

table describes the compositions of the mixtures (For details see Appendix): 

Weight Percentage (wt%) Volume of LC (μL) Volume of LA (μL) 

0.01 10 1.01 

0.05 10 5.05 

0.1 10 10.1 

0.5 10 50.5 

1 10 101 

3 10 303 

Table 2.2. Preparation of Surf-LTE doped LC mixtures. 

Table 2.3. Preparation of LA doped LC mixtures. 
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2.2.6. Preparation of LC thin films and optical cells 

 

DMOAP coated glass slides were cut into small rectangular slides using a diamond glass 

cutter. These small pieces are then purged using N2 gas to remove all the small glass 

particles and dust from the surface. Gold TEM grids are then placed on top of the glass 

slide pieces. For the POM experiments using an aqueous solution of Surf-LTE, the grids 

are then filled with approximately 0.2 to 0.3 μL 5CB using a hamiltonian syringe. Excess 

5CB was removed to obtain a uniform interface. For the case of doping experiments, the 

grids are filled with exactly 0.2 μL of the respective doped 5CB solution using a 

micropipette. After use, the grids are rinsed with ethanol solution until fully cleaned and 

then dried in the oven overnight at 100ºC. 

 

2.3. Instrumentation 

2.3.1. Spectroscopic Measurements 

a) UV-VIS spectrophotometer 

All absorption measurements were performed using the spectrophotometer UV 3000+ (Lab 

India, Analytical, Double beam, Version 3.5) with quartz cuvettes (1 cm path length). For 

DPH, the maximum absorption was observed at 356 nm (λmax) and for nile red, the peak 

came at 536 (λmax) nm (For details see Appendix).  

b) Spectrofluorometer 

All fluorescence measurements were performed using the spectrofluorometer RF-6000 

(Shimadzu Corporation) with quartz cuvettes (1 cm path length). For experiments with 

DPH, the excitation wavelength was set at 356 nm and the emission was recorded at 430 

nm (excitation and emission slit bandwidths were 1.5 and 1 nm, respectively). For 

measurements with nile red, the excitation wavelength was set at 536 nm and the spectra 

were recorded from 550 to 700 nm (excitation and emission slit bandwidths were 3 and 5 

nm, respectively). 

2.3.2. Optical Characterization of LC films 

The optical characterization of LC films was done using a Zeiss Polarizing Optical 

Microscope (Scope.A1) in transmission mode. The microscope is equipped with cross 
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polars using objectives of magnification 5X, 50X, 100X and 200X. Each image was 

captured using an AxioCam camera equipped with a 5X objective lens (exposure time was 

set at 80 ms).  

2.3.3. Quantification of LC response 

To measure the grayscale intensity of the POM images, ImageJ software was used. The 

average grayscale intensity and the corresponding error for each time point was determined 

by taking the average of the grayscale intensity of nine different TEM grid squares.  
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Chapter 3 
 

 

Results & Discussions 

3.1. CMC Determination 

Critical micelle concentration (CMC) is an essential parameter of any surfactant or 

amphiphilic molecule. Near CMC, the properties of surfactant solutions change drastically, 

such as there is a drop in electrical conductivity upon the formation of self-assembled 

micelles; increase in turbidity and stability in surface tension value, etc. To determine the 

CMC of the synthesized surfactant Surf-LTE, we have proceeded with the fluorescent 

probe method (DPH assay). DPH assay is an example of fluorescent turn-off probe method, 

where there is negligible or almost no fluorescence emission observed in solution but strong 

emission is observed upon micelle formation. Previous reports have shown that CMC does 

not depend on the concentration of the DPH dye.46-49 
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Figure 3.1. Fluorescence intensity vs. logarithm of Surf-LTE concentration (mM). The 

intersection of the two tangents drawn in the graph yielded the CMC. 
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      The fluorescence intensity of DPH is highly enhanced upon incorporation into the 

hydrophobic core of the micelles. Thus with increasing concentration of Surf-LTE in 

solution, more micelles form and hence fluorescence intensity gradually increases. After a 

certain concertation, all the DPH molecules are bound and there is no further increase of 

fluorescence intensity. A plot of fluorescence intensity vs logarithm of surfactant 

concentration (mM) is drawn. The intersection of the two tangents drawn in the graph 

yielded the CMC. The CMC of Surf-LTE was found to be 3.28 mM at room temperature 

(25ºC) conditions.   

3.2. Polarized Optical Microscopy (POM) experiments 

All the POM experiments were carried out at room temperature (25ºC) conditions. Two 

major sets of experiments were performed - with doped LC systems and with aqueous 

solutions of surfactants. The experiments were performed in different buffer mediums (PBS 

and Citrate buffers of varied pH). 5CB was used in all of the polarized optical microscopy 

(POM) experiments in its nematic phase.  

3.2.1. Experiments with Doped LC systems 

The first set of experiments were carried out using doped 5CB mixtures with Surf-LTE and 

lauric acid. The weight percentages were chosen in a manner that the mixture retained the 

nematic phase behaviour of 5CB at room temperature (25ºC).   

a) Optimization of doping concentrations of Surf-LTE and Lauric acid 

1. Surf-LTE doped LC 

At first, we studied the change in the optical response of LC in presence of different Surf-

LTE doped LC mixtures (0.01, 0.05, 0.1, 0.5, 1 and 3 wt%) at the aqueous-LC interface. 

Towards this, we added different Surf-LTE doped 5CB mixtures to the gold TEM grids 

which are supported on DMOAP functionalized glass slides, this resulted in a dark optical 

appearance under the crossed polars. The dark appearance was due to the impartment of 

homeotropic alignment on the LC mesogens by the hydrophobic interactions of DMOAP 

present on the glass slides. Next, we submerged these systems in 2 mL of 10 mM PBS 

buffer (pH 7.6). For 0.01, 0.05 and 0.1 wt% doped systems we observed a bright optical 

appearance under the crossed polars, which was stable up to 2 hours. On the other hand, for 

0.5, 1 and 3 wt% doped systems, we observed a dark optical signal which was stable for up 



25  

to 2 hours. At very high doping concentrations (such as 5 wt%) we observe textures similar 

to isotropic phase. (For details see Appendix).   

 

 

 

 

 

 

 

 

 

      We may argue that with lower doped concentrations, the areal density of surfactant 

adsorbed at the interface was not enough to induce a transition from planar to homeotropic 

orientation of the LC mesogens, thus resulting in a bright optical response. Similarly, with 

increasing doping concentrations the amount of surfactant adsorbed at the interface may 

surpass the critical value where it can induce a homeotropic alignment on the LC mesogens 

resulting in a dark optical response. The homeotropic alignment is induced by the hydropic 

interactions between alkyl chains of surfactant and 5CB.  In addition to the hydrophobic 

interactions, we predict that the presence of tetra ethylene glycol moiety assisted the 

homeotropic orientation by forming a stable monolayer with the help of intermolecular 

hydrogen bonding with water molecules.             

 

2. Lauric acid doped LC 
 

Next, we studied the change in the optical response of LC in presence of different lauric 

acid doped LC mixtures (0.01, 0.05, 0.1, 0.5, 1 and 3 wt%) at the aqueous-LC interface. 

We performed these experiments similarly as above. For 0.01, 0.05 and 0.1 wt% doped 

systems we observed a bright optical appearance under the crossed polars, that was stable 

Figure 3.2. POM images of Surf-LTE doped 5CB film (0.01, 0.05, 0.1, 0.5, 1 and 3 

wt%) at air-LC interface and aqueous-LC interface (10 mM PBS buffer medium at pH 

7.6). Time indicates the instant at which images were captured after the introduction of 

PBS buffer on Surf-LTE doped LC film. Scale bar = 200 µm. 

Air-LC 

interface

1 min

2 h

0.01 wt% 0.05 wt% 0.1 wt% 0.5 wt% 1 wt% 3 wt%

Doping concentration of Surf-LTE
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for up to 2 hours. 0.5 and 1 wt% doped systems initially gave a dark optical appearance 

which was not stable and turned into a bright optical signal within 2 hours. For 3 wt% we 

observed a dark optical signal which was stable for up to 2 hours.  

      Lauric acid has a pKa of 5.3; i.e. it will partially dissociate into laurate ions at pH 7.6. 

Previous reports have explained the ordering transition induced by the long-chain fatty 

acids at the aqueous-LC interface.51, 52 Lauric acid in its acidic form will try to stay 

dissolved inside the bulk LC medium, resulting in random alignment of the LC mesogens 

and thereby a bright optical signal. At higher pH (> 5.3) as it starts to dissociate, the laurate 

ions will move to the aqueous interface from bulk LC medium to avoid electrostatic 

repulsion. Thus a stable monolayer at the interface is formed (due to the attractive 

interaction between laurate ions and lauric acid molecules), which in turn will impart a 

homeotropic alignment on the LC mesogens resulting in a dark optical signal. With the 

increase of adsorbed molecules at the interface, the laurate ions start to repel each other 

because of the electrostatic interactions. This results in desorption of the laurate ions from 

the interface and to move to the bulk aqueous medium.    

 

       

 

      Now, at very low doping concentrations (0.01, 0.05 and 0.1 wt%), there are very few 

numbers of lauric acid molecules present inside the bulk LC medium. Thus even at pH 7.6, 

0.01 wt% 0.05 wt% 0.1 wt% 0.5 wt% 1 wt% 3 wt%

Air-LC 

interface

1 min

2 h

Doping concentration of Lauric Acid

Figure 3.3. POM images of LA doped 5CB film (0.01, 0.05, 0.1, 0.5, 1 and 3 wt%) at 

air-LC interface and aqueous-LC interface (10 mM PBS buffer medium at pH 7.6). 

Time indicates the instant at which images were captured after the introduction of PBS 

buffer on LA doped LC film. Scale bar = 200 µm. 
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where lauric acid dissociates into laurate ions; the ions remain very far apart to exhibit any 

electrostatic repulsion on each other. Thus we obtain a bright optical signal under the 

crossed polars as LC mesogens remain randomly oriented. But with increasing doping 

concentration (0.5 and 1 wt%) the laurate ions after forming a stable monolayer at the 

interface start to desrob and move to the bulk aqueous medium. Thus we observe a change 

from dark to bright optical signal due to the anchoring transition from homeotropic to planar 

of LC mesogens. Now, at a very high doping concentration (3 wt%) a large number of 

laurate ions and lauric acid molecules remain at the interface forming a stable monolayer 

inducing a homeotropic anchoring of the LC mesogens, resulting in a dark optical 

appearance under the crossed polars (for up to 2 hours).  

 

b) Effect of pH on LC ordering of Surf-LTE and Lauric acid doped LC 
 

We studied the effect of pH variation for both 0.5 wt% Surf-LTE and 0.5 wt% lauric acid 

doped LC systems, as we observed a change in the stability of homeotropic orientation of 

the LC mesogens at this doping concentration at pH 7.6.  

1.  Surf-LTE doped LC 

 

We performed the experiments with 0.5 wt% Surf-LTE doped LC system in four different 

pH mediums (pH 2.1, 5.3, 7.6 and 8.6). No difference in the optical signal was observed. 

The LC gave dark optical response which was stable for up to 2 hours in all pH mediums. 

We can argue that the Surf-LTE structure is highly stable in the aqueous medium, thus 

protonation and deprotonation cannot occur under such mild conditions of pH variation. 

The presence of tetra ethylene glycol chains adds to the overall stability of the structure.   
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2.  Lauric acid doped LC 

 
We performed similar experiments with 0.5 wt% lauric acid doped LC system in four 

different pH mediums (pH 2.1, 5.3, 7.6 and 8.6). Here, we observed the systems at pH 2.1 

and 5.3 gave a bright optical response which was stable for up to 2 hours. Whereas, the 

systems at pH 7.6 and 8.6 gave an initial dark optical response which became bright within 

2 hours.  

       Lauric acid has a pKa of 5.3; i.e. at pH < 5.3 lauric acid will remain protonated and at 

a pH > 5.3 it will be deprotonated. Now past reports have established the effect of pH 

variation on fatty acid systems.50, 51 Our observations with 0.5 wt% doped lauric acid 

system gave similar optical responses at the aqueous-LC interface.  

        At acidic pH mediums (pH 2.1 and 5.3) lauric acid remains in its protonated form. 

Due to the presence of long hydrophobic tails (12 carbon aliphatic chain length) lauric acid 

molecules remain dissolved in the bulk LC medium, resulting in a random alignment of the 

LC mesogens at the aqueous-LC interface. Thus, we obtain a bright optical appearance 

under the crossed polars which is stable for up to 2 hours.  

         With increasing pH of the medium (i.e. at pH values > 5.3 such as 7.6 and 8.6) lauric 

acid molecules start dissociating into laurate ions. The integrated structures at the bulk LC 

2.1 5.3 7.6 8.6

1 min

2 h

pH

Figure 3.4. POM images of 0.5 wt% Surf-LTE doped 5CB film at aqueous-LC interface 

at different pH mediums (2.1, 5.3, 7.6 and 8.6). Time indicates the instant at which 

images were captured after the introduction of buffer on Surf-LTE doped LC film. Scale 

bar = 200 µm.  
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break due to electrostatic repulsion between anionic head groups, and molecules begin to 

move freely. Since carboxylate ions are more water-soluble than their acidic analogues, 

they have a higher tendency to move to the aqueous-LC interface from bulk LC medium. 

Presence of the attractive forces between the lauric acid molecules and laurate ions 

(electrostatic and intermolecular hydrogen bonding) a stable monolayer can be adsorbed at 

the interface which will, in turn, impart homeotropic anchoring on the LC mesogens at the 

interface, thus resulting in a dark optical signal. Now with an increasing number of 

adsorbed molecules at the interface, if the critical value is surpassed, molecules start 

desorbing from the aqueous interface to the bulk aqueous medium. Thus an anchoring 

transition from homeotropic to planar occurs, which results in a bright optical response. 

Thus we observed a transition in the optical signal from dark to bright at pH 7.6 and 8.6 

(observed for up to 2 hours).  

 

 

c) Chemical hydrolysis of Surf-LTE in presence of HCl and NaOH 

After confirming the stability of the self-assembled Surf-LTE monolayer at the aqueous-

LC interface, we wanted to study the chemical hydrolysis of the system using HCl and 

NaOH. We hypothesized that there should be some change in the optical appearance upon 

2.1 5.3 7.6 8.6

1 min

2 h

pH

Figure 3.5. POM images of 0.5 wt% LA doped 5CB film at aqueous-LC interface at 

different pH mediums (2.1, 5.3, 7.6 and 8.6). Time indicates the instant at which images 

were captured after the introduction of buffer on LA doped LC film. Scale bar = 200 

µm.   
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hydrolysis as cleavage of the ester bond should impart a change in the structural orientation 

of the Surf-LTE at the interface. We first studied the fluorescence quenching of NR-Surf-

LTE in presence of HCl and NaOH and obtained the minimum concentration of HCl and 

NaOH required to hydrolyze the system. We observed, 0.231 N HCl and 0.5 M NaOH 

quenched the fluorescence emission of 3mM NR-Surf-LTE solution and for the case of 0.5 

mM NR-Surf-LTE solution 0.091 N HCl and 0.375 M NaOH were required. We tried to 

imitate the same conditions in our polarized optical microscopy (POM) experiments.  

 

 

 

 

    

 

 

First, we checked the stability of planar orientation of 5CB mesogens in PBS buffer 

medium (pH 7.6) in presence of HCl and NaOH. For both concentrations of HCl (0.231 N 

and 0.091 N) no change in the optical signal was observed. The bright optical appearance 

was stable for up to 2 hours. Whereas for the case of NaOH, we observed a change in the 

optical signal from bright to dark for both concentrations (0.5 M and 0.375 M) in PBS 

buffer medium (pH 7.6). The dark optical signal was stable for up to 2 hours. Thus we 

proceeded with HCl for the next set of experiments.  

  We added 0.5 wt% Surf-LTE doped LC in gold TEM grids supported on DMOAP coated 

Figure 3.6. SET (A) POM images of 5CB film in presence of NaOH (0.375 M and 0.5 

M).  SET (B) POM images of 5CB film in presence of HCl (0.091 N and 0.231 N). SET 

(C) POM images of 0.5 wt% Surf-LTE doped 5CB film in presence of HCl (0.091 N 

and 0.231 N). All systems are in a 10 mM PBS buffer medium of pH 7.6. Time indicates 

the instant at which images were captured after the introduction of aqueous solutions 

on LC film. Scale bar = 200 µm.   

1 min

2 h

0 min

0.091 N HCl 0.231 N HCl0.375 M NaOH 0.5 M NaOH 0.091 N HCl 0.231 N HCl

SET A SET B SET C 
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glass slides and submerged the system in 10 mM PBS buffer medium at pH 7.6. This gave 

a dark optical signal as was observed previously. Next, we added HCl and observed no 

change in the optical signal for both 0.231 N and 0.091 N concentrations of HCl. Thus, we 

could not observe the chemical hydrolysis using POM experiments and decided to proceed 

with the enzyme Lipase, to check the biochemical hydrolysis of Surf-LTE.  

  

d) Determination of Lipase Activity on Surf-LTE 

We studied the enzymatic activity of lipase on 0.5 wt% Surf-LTE doped LC system. The 

enzyme unit of lipase is 0.3 U/mg (for the particular sample we purchased). Thus we 

calculated 0.135 μM to be the least concentration of lipase to observe biochemical 

hydrolysis in 0.5 wt% Surf-LTE doped LC system (see Appendix for details). We observed 

a slow but gradual change in the optical signal of LC from dark to bright at the aqueous-

LC interface under the crossed polars for up to 1 hour. Previous reports have shown that 

lipase does not induce any orientational transition of the LC mesogens.52 Thus it can be 

confirmed that the bright optical signal was observed due to the orientational transition of 

LC mesogens from homeotropic to planar alignment. As lipase can hydrolyze Surf-LTE 

into lauric acid and tetra ethylene glycol, we expect at a neutral pH medium (pH 7.6) lauric 

acid molecules will dissociate into laurate ions which will, in turn, desorb from the interface 

to the bulk aqueous medium, as was explained earlier in details. Thus with a less areal 

density of amphiphilic molecules at the interface may change the orientational transition of 

the LC mesogens from homeotropic to planar, thereby resulting in a bright optical 

appearance under the crossed polars.  
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       Next, we wanted to check the sensitivity of lipase action. We performed the same set 

of experiments with 0.1, 0.3 and 0.5 μM lipase solutions. We observed that all solutions 

when added to 0.5 wt% Surf-LTE doped 5CB filled TEM grids changed the optical signal 

from dark to bright gradually (observed up to 1 hour); fastest conversion being with 0.5 μM 

lipase. This was also evident from the grayscale intensity vs time plot of the optical 

micrographs. The plot shows that as the lipase concentration increases, the transition in the 

optical signal from dark to bright becomes faster. Thus plotting the average grayscale 

intensity of all the optical micrographs help in quantifying the rate of biochemical 

hydrolysis due to lipase activity at the interface. Thus we can also detect the enzymatic 

activity of lipase using Surf-LTE at the aqueous-LC interface platform. 

 

Concentration of Lipase (μM) Initiation time (min) 
0.1 25 

0.3 15 

0.5 1 

Table 3.1. Comparative analysis of initiation of hydrolysis of Surf-LTE for different 

concentrations of lipase.  
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Figure 3.7. POM images of 0.5 wt% Surf-LTE doped 5CB at aqueous-LC interface in 

10 mM PBS buffer medium (pH 7.6) showing dynamic response of LC due to the 

presence of different concentrations of lipase (0.1, 0.3 and 0.5 µM) at different time 

intervals. Scale bar = 200 µm.   
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e) Adsorption of BSA on Surf-LTE and Lauric acid laden aqueous-LC 

interfaces 

 
Lastly, we studied the interaction of bovine serum albumin protein (BSA) with both 3 wt% 

Surf-LTE doped and 3 wt% lauric acid doped LC systems. We chose 3 wt% doping 

concentration since for both the systems, at 3 wt% doping concentration we have observed 

stable homeotropic anchoring of LC mesogens at the interface, resulting in a dark optical 

appearance under the crossed polars.  

1.  Surf-LTE doped LC 

On addition of 0.5 μM BSA solution to the 3 wt% Surf-LTE doped LC system in 10 mM 

PBS buffer medium (7.6), we observed no change in the optical signal. The dark optical 

appearance under the crossed polars was stable (observed for up to 30 mins). We may 

assume that the tetra ethylene glycol chains of Surf-LTE molecules may saturate the 

Figure 3.8. Quantification of lipase activity; Graph represents the average grayscale 

intensity of the POM images as a function of time at different concentrations of lipase 

by taking 9 squares in the TEM grid. The initial time point indicates 0 min, with no 

addition of lipase, in 10 mM PBS buffer medium (at pH 7.6).  
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aqueous interface due to the formation of strong intermolecular hydrogen bonding and 

mask any effect of BSA present in bulk. Thus we observe no change in the optical response.  

 

 

 

2.  Lauric acid doped LC 

Now, we similarly added 0.5 μM BSA solution to the 3 wt% lauric acid doped LC system 

in 10 mM PBS buffer medium (7.6). Here, we observed a gradual transition in the optical 

signal from dark to bright. The optical signal turned completely bright after 30 mins and 

was stable afterwards. Previous studies have shown BSA has alkane binding sites 

consisting of nonpolar amino acids. We may assume that these alkane binding sites can 

have hydrophobic interactions with the alkyl chains of lauric acid molecules. Thus lauric 

acid molecules may desorb from the aqueous-LC interface, resulting in the bright optical 

appearance under the crossed polars. 

3.2.2. Experiments with aqueous solutions of Surfactants 

All the experiments were carried out at concentrations that are below CMC (3.28 mM) of 

Surf-LTE. High concentrations that are close to CMC or above caused turbidity and 

desorption of the LC mesogens from the interface to the bulk.  

Figure 3.9. (a) POM images of 3 wt% Surf-LTE doped 5CB film in presence of 10 mM 

PBS buffer medium at pH 7.6 (top row) and in presence of an aqueous solution of 0.5 

µM BSA (bottom row). (b) POM images of 3 wt% LA doped 5CB in presence of 10 

mM PBS buffer medium at pH 7.6 (top row) and in presence of an aqueous solution of 

0.5 µM BSA (bottom row). Time indicates the instant at which images were captured 

after the introduction of aqueous solutions on LC film. Scale bar = 200 µm.   
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a) Optimization of Surf-LTE concentration 

At first, we studied the change in the optical signal of the LC in presence of different 

concentrations of Surf-LTE solutions. Firstly, we added 5CB to the gold TEM grids which 

are supported on DMOAP coated glass slides, this generated a dark optical appearance 

under the crossed polars. The dark appearance was due to the impartment of homeotropic 

alignment on the LC mesogens at the air-LC interface by the hydrophobic interactions of 

DMOAP present on the glass slides. As a control, we next submerged the system in 10 mM 

PBS buffer (pH 7.6) and there was a change from dark to bright optical appearance which 

is because of the planar alignment caused by the interaction of water molecules with the 

LC mesogens.  

      Next, we added a sufficiently high concentration of Surf-LTE and there was a change 

in the optical appearance from bright to dark due to the orientational transition of the LC 

mesogens from planar to homeotropic alignment. The hydrophobic interactions between 

the alkyl chains of the surfactant and 5CB imparted the perpendicular orientation of the LC 

mesogens at the aqueous-LC interface. In addition to the hydrophobic interactions, we 

predict that the presence of tetra ethylene glycol moiety assisted the homeotropic 

orientation by forming a stable monolayer with the help of intermolecular hydrogen 

bonding with water molecules.  

Figure 3.10. POM images of 5CB film before and after introduction of 10 mM PBS 

buffer medium at pH 7.6. Scale bar = 200 µm.   

Air- LC interface

buffer

Aqueous- LC interface
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      Next, we performed a series of experiments with Surf-LTE solutions of varying 

concentrations (0.1, 0.5, 1 and 2 mM). With the addition of Surf-LTE in the bulk, the bright 

appearance of the LC changed into a dark optical appearance. It is due to the stable self-

assembled Surf-LTE monolayer at the aqueous-LC interface, as the hydrophobic 

interactions between the Surf-LTE and 5CB alkyl chains impart a homeotropic orientation 

on the LC mesogens. We observed that with 0.1mM Surf-LTE, LC gave a dark appearance 

at 60 mins; with 0.5 mM dark signal appeared within 30 mins; with 1 mM the optical signal 

became dark in 15 mins and with 2mM the solution became turbid and desorption of LC 

mesogens from the interface started right away (For details see Appendix). Thus, we 

proceeded with 0.5 mM Surf-LTE for the next set of experiments.             

b) Effect of pH on LC ordering in presence of Surf-LTE 

Next, we wanted to study the effect of changing the pH in the system. We performed the 

experiments with 0.5 mM Surf-LTE in four different pH mediums (pH 2.1, 5.3, 7.6 and 

8.6). No difference in the optical signal was observed. It could be due to the fact that, the 

Surf-LTE structure is highly stable in the aqueous medium, thus protonation and 

deprotonation cannot occur under mild conditions.    
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Figure 3.11. POM images of 5CB film after the introduction of aqueous solutions of 

Surf-LTE (0.1, 0.5 and 1 mM) at pH 7.6. Scale bar = 200 µm.   
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c) Effect of Ionic Strength on LC ordering in presence of Surf-LTE 

Previous reports have shown that the addition of electrolytes can facilitate adsorption of 

ionic surfactants at the hydrophobic interfaces. Electrolytes screen the electrostatic 

repulsion among the ionic head groups of the surfactant systems, thereby stabilizing the 

system. Electrolytes have been reported to affect the LC ordering at aqueous-LC interfaces 

in case of ionic surfactants but have displayed no effect for the case of nonionic surfactants. 

Here, we have also observed no effect on the addition of 100 mM NaCl to a solution of 

1mM Surf-LTE in PBS buffer medium at pH 7.6 on the LC ordering. We have performed 

control experiments, i.e. without the presence of NaCl salt and observed that there was no 

change in the homeotropic alignment of LC at the aqueous-LC interface. 

 

Figure 3.12. POM images of 5CB film after the introduction of aqueous solutions of 

Surf-LTE (0.5 mM) at different pH mediums (pH 2.1, 5.3, 7.6 and 8.6). Scale bar = 200 

µm.   
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d) Determination of Lipase Activity on Surf-LTE 

We wanted to study the enzymatic activity of lipase on Surf-LTE. We incubated 0.5 mM 

aqueous solution of Surf-LTE with sufficient high concentration (0.5 mg/mL) of lipase for 

90 mins. This mixture was then added to LC filled TEM grids, supported on DMOAP 

coated glass slides and confined in a silicone isolator (12; 4.5 mm Diameter ×1.6 mm Depth 

ID, 25×54 mm OD, No PSA). We observed a bright optical appearance of LC at the 

aqueous-LC interface under the crossed polars. As a control, we added 0.5 mM Surf-LTE 

solution onto the grid, which gave a dark optical appearance as was expected. Thus it can 

be confirmed that the bright optical signal was observed due to the orientational transition 

of LC mesogens from homeotropic to planar alignment, as previous reports have shown 

that lipase does not induce any orientational transition of the LC mesogens.52 As lipase can 

hydrolyze Surf-LTE into lauric acid and tetra ethylene glycol, we expect at a neutral pH 

medium (pH 7.6) lauric acid molecules will dissociate into laurate ions which will, in turn, 

desorb from the interface to the bulk aqueous medium, as was explained earlier in details. 

Thus with a less areal density of amphiphilic molecules at the interface may change the 

orientational transition of the LC mesogens from homeotropic to planar, thereby resulting 

in a bright optical appearance under the crossed polars.  
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Figure 3.13. POM images of 5CB film in presence of an aqueous solution of Surf-LTE 

(1 mM) at pH 7.6 without (bottom row) and with (top row) the introduction of 100 mM 

NaCl. Scale bar = 200 µm.   
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Next, we wanted to optimize the minimum concentration of lipase required to induce a 

planar orientation. We incubated 0.5 mM Surf-LTE with different concentrations of lipase 

(1, 5, 10 and 15 μM) for 90 mins and performed the same set of experiments. We observed 

that all solutions when added to 5CB filled TEM grids gave a bright optical signal (observed 

up to 30 mins). Thus we can detect the enzymatic activity of lipase using Surf-LTE at the 

aqueous-LC interface platform up to a concentration of 1μM.  

3.3. Fluorescence quenching experiments 
 

We conducted fluorescence quenching experiments that are in parallel with the polarized 

microscopy experiments to observe ester hydrolysis of Surf-LTE. We have proceeded in 

two pathways, the first being the chemical hydrolysis using NaOH and HCl; the second is 

the biochemical hydrolysis using lipase. We had prepared a 10 mM aqueous Surf-LTE 

stock solution containing 100 μM nile red dye, from which we made 3mM and 0.5 mM 

Figure 3.14. POM images of 5CB in presence of preincubated mixtures of 0.5 mM 

Surf-LTE and different concentrations of lipase solution (0,1,5,10 and 15 µM) at pH 

7.6. Scale bar = 200 µm.   
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diluted solutions for conducting the fluorescence experiments. In the case of nile red assay, 

there is almost no fluorescence emission observed in an aqueous medium, but a strong 

fluorescence emission is observed upon the formation of stable Surf-LTE micelles 

(fluorescence intensity of NR is highly enhanced upon incorporation into the hydrophobic 

core of the micelles).   

a) Chemical hydrolysis of Surf-LTE 

We expect that in presence of any strong base (NaOH) or acid (HCl) the ester bond present 

in Surf-LTE will undergo chemical hydrolysis, resulting in the breakdown of the micellar 

structure. Thus the intensity of fluorescence emission will decrease. We observed such 

fluorescence quenching for both 0.5 mM and 3 mM aqueous solutions of Surf-LTE. For 3 

mM Surf-LTE system, 0.231 N HCl and 0.5 M NaOH caused complete fluorescence 

quenching. For the case of 0.5 mM Surf-LTE system, it took 0.091 N HCl and 0.375 M 

NaOH for complete fluorescence quenching (For details see Appendix).  

 

 

 

 

Figure 3.15. Plots representing fluorescence quenching of NR-Surf-LTE complex in 

presence of (a) HCl and (b) NaOH. Starting concentration of the aqueous solution is 0.5 

mM with respect to Surf-LTE.   
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b) Lipase action on Surf-LTE 

Next, we performed similar experiments using lipase to study its enzymatic action on ester 

hydrolysis of Surf-LTE. We believe the addition of lipase resulted in a similar breakdown 

of the micellar structure. Thus the intensity of fluorescence emission gradually decreased. 

We observed such fluorescence quenching for both 0.5 mM and 3 mM aqueous solutions 

of Surf-LTE when we added a series of different lipase solutions varying in concentration 

(1, 2, 5, 10 and 15 μM).  

 

 

 

Figure 3.16. Plots representing fluorescence quenching of NR-Surf-LTE complex in 

presence of (a) HCl and (b) NaOH. Starting concentration of the aqueous solution is 3 

mM with respect to Surf-LTE.   
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Figure 3.17. Plots representing fluorescence quenching of NR-Surf-LTE complex in 

presence of lipase; Starting concentration of the aqueous solution is (a) 0.5 mM and (b) 

3 mM with respect to Surf-LTE.   
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Chapter 4 
 
 

Conclusions 
 

In this work so far, we have demonstrated a straightforward and broad approach to the 

rational design of nonionic surfactant systems that can be used to program stimuli-

responsiveness into nematic LC-aqueous interfaces. We specifically report a laboratory-

based synthetic nonionic surfactant, Surf-LTE, which responds to the enzymatic activity of 

lipase by undergoing ester hydrolysis. We have performed a series of polarized optical 

microscopy (POM) investigations and fluorescence spectroscopic measurements to support 

our claim.  

      First, we have measured the critical micelle concentration (CMC) of Surf-LTE using 

DPH assay (fluorescence probe method). The CMC was found to be 3.28 mM. Thus we 

have performed all of our POM measurements at concentrations much lower than 3.28 mM 

to avoid solubilization of LC mesogens inside the micelle.  

     Next, we found that both Surf-LTE and lauric acid when adsorbed at the aqueous-LC 

interface (with an areal density greater than the critical value) induce planar to homeotropic 

anchoring transition of the LC mesogens, resulting in a macroscopic dark optical output. 

The hydrophobic interaction between the tails of both molecules with LC mesogens 

imparted homeotropic anchoring.   

     We also found that variation of pH and salt concentration did not induce any change in 

the homeotropic anchoring of Surf-LTE. The results are in good agreement with the past 

reports. 32-34 Nonionic surfactants are insensitive to the variation of ionic strength of the 

medium, also the extremely stable structure of the PEG mono ester surfactant is 

independent of the mild pH variation conditions. Whereas, changing the pH from acidic to 

basic did impart a change in the orientational anchoring of LC mesogens when lauric acid 
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molecules were adsorbed at the interface. With increasing pH lauric acid molecules 

separate from blk LCs and adsorb at aqueous-LC interfaces which is followed by desorption 

of laurate ions from the aqueous interface into the bulk aqueous medium, resulting in the 

corresponding optical signal by inducing changes in the anchoring of LC mesogens. 

     Upon studying the enzymatic activity of lipase on Surf-LTE, we observed a change in 

the optical signal from dark to bright. Lipase hydrolyses the ester bond present in the 

surfactant molecules and cleaves Surf-LTE into lauric acid and tetra ethylene glycol chains. 

We quantified this phenomenon in case of 0.5 wt% Surf-LTE doped LC systems using 

average grayscale intensity vs. time plot; we found that with increasing concentration of 

lipase in the bulk medium, the rate of hydrolysis increased. Similar results were also 

observed when we incubated an aqueous solution of 0.5 mM Surf-LTE with different 

concentrations of lipase. Thus we obtained similar results from both precelaved moieties 

and cleaved Surf-LTE moieties upon observing using the crossed polars of the polarized 

optical microscope. 

    Lastly, we checked the nonspecific binding interactions of the protein bovine serum 

albumin (BSA) with Surf-LTE and lauric acid at the aqueous-LC interface. We observed 

no change in the optical signal of Surf-LTE doped LC system in presence of BSA, while 

lauric acid doped system gave a transition from dark to bright in the optical response under 

the crossed polars. The results verify the fact that polyethylene glycol (PEG) decorated 

surfaces mask the non-specific interactions of BSA, while there is hydrophobic interactions 

present between the protein and lauric acid molecules. Thus we obtain a change from dark 

to bright optical appearance for lauric acid doped LC systems upon addition of BSA.  

      In summary, our results so far describe a synthetic cleavable nonionic surfactant that 

responds to a broad range of environmental stimuli and can be used as responsive nonionic 

surfactants in smart LC materials. This is a label-free method that can detect biomolecular 

events at the interface over time without the use of complex instruments. We also believe 

that our approach in this work can facilitate the application of stimuli-responsive LCs in 

the field of drug delivery thus enhancing its potential in the advancement of therapeutics.  
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Figure A1. Absorption spectrum of DPH-Surf-LTE complex at pH 7.6. 
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Figure A2. Absorption spectrum of NR-Surf-LTE complex at pH 7.6. 
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Figure A3. POM images of 5 wt% Surf-LTE doped 5CB film at air-LC interface and 

aqueous-LC interface (10 mM PBS buffer medium at pH 7.6). Scale bar = 200 μm. 

Addition of 0.135 μM Lipase to 0.5 wt% Surf-LTE doped LC (pH 7.6)

60 min 75 min 90 min 105 min 120 min 135 min

1 min 15 min 30 min 45 min0 minair

Figure A4. POM images of 0.5 wt% Surf-LTE doped 5CB film at aqueous-LC interface 

in 10 mM PBS buffer medium (pH 7.6) showing dynamic response of LC due to the 

presence of 0.135 μM lipase at different time intervals. Scale bar = 200 μm. 
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Calculation of Doping mixtures (wt%) 

 
Calcuation of 0.01 wt% Surf-LTE/LA doped LC mixture: 

 

Surf-LTE/LA stock solution: 1 mg/ml in CHCl3 

Amount of 5CB: 10 μL 

Density of 5CB: 1.01 gm/ml 

Weight of 5CB: 10×10-3×1.01 gm = 10.1 mg 

Therefore, Amount of Surf-LTE/LA = (0.01×10.1)/100 mg 

                                                           = 0.00101 mg 

Therefore Volume of Surf-LTE/LA = 0.00101 mg/(1 mg/ml) 

                                                          = 0.00101 ml 

                                                          = 1.01 μL 

Similarly, rest of the weight percentages are calculated.  

 

 

 

Figure A5. POM images of 5CB film after the introduction of 2 mM aqueous solution 

of Surf-LTE (at pH 7.6). Scale bar = 200 μm. 
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Substrate to enzyme ratio for interfacial ester hydrolysis 

 
Density of 5CB = 1.01 gm/ml 

Thus, 0.2 μL 5CB = [(0.2×1.01)/1000] mg 

                              = 0.202 mg 

Therefore, amount of Surf-LTE = [(0.5×0.202)/100] mg 

                                                   = 1.01×10-3 mg 

Therefore, number of moles of Surf-LTE = (1.01×10-6 gm)/(376.53 gm/mol) 

                                                                   = 2.68×10-9 mols 

                                                                   = 0.00268 μmols 

Molecular weight of Lipase = 33 kDa 

                                             = 33×103 

Concentration of Lipase stock = 1 mg/ml ≈ 30.3 μM 

Now, Amount of Lipase present per grid = (0.5μM×2 ml) 

                                                                  = (0.0165 mg/ml × 2 ml) 

                                                                  = 0.033 mg 

Thus, number of moles of Lipase = 0.033 mg/(33×103 gm/mol) 

                                                      = 0.001×10-6 moles 

                                                      = 0.001 μmoles 

Therefore, substrate to enzyme ratio is given as = 0.00268/0.001 

     = 2.68:1 

 

 

Fluorescence Quenching experiments with HCl 

 

Voulme of 

Surf-LTE (μL) 

Concentration 

of Surf-LTE 

(mM) 

Voulme of 

HCl (μL) 

Concentration 

of HCl (N) 

Total Volume 

(μL) 

200 3 - - 200 

200 2.73 20 0.091 220 

200 2.50 40 0.167 240 

200 2.31 60 0.231 260 

  

 

Voulme of 

Surf-LTE (μL) 

Concentration 

of Surf-LTE 

(mM) 

Voulme of 

HCl (μL) 

Concentration 

of HCl (N) 

Total Volume 

(μL) 

200 0.5 - - 200 

200 0.45 20 0.091 220 
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Fluorescence Quenching experiments with NaOH 
 

Voulme of 

Surf-LTE (μL) 

Concentration 

of Surf-LTE 

(mM) 

Voulme of 

NaOH (μL) 

Concentration 

of NaOH (M) 

Total Volume 

(μL) 

200 3 - - 200 

200 2.73 20 0.091 220 

200 2.5 40 0.167 240 

200 2.31 60 0.231 260 

200 2.14 80 0.286 280 

200 2 100 0.333 300 

200 1.87 120 0.375 320 

200 1.76 140 0.412 340 

200 1.67 160 0.444 360 

200 1.57 180 0.474 380 

200 1.5 200 0.5 400 

 

 

Voulme of 

Surf-LTE (μL) 

Concentration 

of Surf-LTE 

(mM) 

Voulme of 

NaOH (μL) 

Concentration 

of NaOH (M) 

Total Volume 

(μL) 

200 0.5 - - 200 

200 0.45 20 0.091 220 

200 0.42 40 0.167 240 

200 0.38 60 0.231 260 

200 0.36 80 0.286 280 

200 0.33 100 0.333 300 

200 0.31 120 0.375 320 

 

 

 

 

 

 

 

 


