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FLOW BEHAVIOUR OF LIQUID CRYSTALLINE PHASES OF BRANCHED 

CHAIN GLYCOLIPIDS  

ABSTRACT 

Increase in environmental awareness has led to the demand of alternatives for the 

commercially available chemical surfactant. Glycolipids, being low toxicity, 

biodegradable and showing surface activity have became one of the candidate for 

alternatives which known as biosurfactants. In this study, glucose and maltose are 

attached to the Guerbet alcohol; 2-hexyl-1-decanol through glycosidic linkage to form 

branched chain glycolipid namely 2-hexyl-decyl-β-D-glucoside (β-Glc-C10C6) and 2-

hexyl-decyl-β-D-maltoside (β-Mal-C10C6) respectively. The effect of different head group 

size on the thermotropic and lyotropic mesophases was investigated. The mesophases 

were determined by optical polarizing microscopy and small angle X-ray scattering. β-

Mal-C10C6 only shows lamellar (Lα) phase in both conditions. The shear viscosity test 

indicates all mesophases in thermotropic and lyotropic conditions exhibits shear thinning 

behaviour. All rheological measurements were obtained in the linear viscoelastic regime. 

In general, the viscoelastic studies on thermotropic A rheometer was used to investigate 

the flow behaviour of β-Glc-C10C6 that exhibits inverse hexagonal phase (H2) and inverse 

bicontinuous cubic phases (Ia3d and Pn3m) in thermotropic and lyotropic conditions 

respectively. H2 (β-Glc-C10C6) and Lα (β-Mal-C10C6) phases show that G’ and G” 

increase with the frequency indicating the typical viscoelastic response for non-

Newtonian fluid at the selected temperatures. The lyotropic inverse bicontinuous cubic of 

β-Glc-C10C6 containing different water concentrations shows the dominance of G’ over 

G” at the range of frequency and temperature tested. A similar finding was observed for 

lyotropic Lα phase of β-Mal-C10C6 but with a lower magnitude of structural strength. 

Keywords: Liquid crystals, Rheology, Guerbet glycolipids, Self-assembly 
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KELAKUAN ALIRAN FASA CECAIR HABLUR BAGI GLIKOLIPID 

BERCABANG 

ABSTRAK 

Peningkatan kesedaran alam sekitar telah menyebabkan permintaan alternatif terhadap 

surfaktan kimia komersial meningkat. Glikolipid yang rendah ketoksikan, 

terbiodegradasikan dengan aktiviti permukaan menjadikannya sebagai salah satu calon 

untuk surfaktan alternatif yang dikenali sebagai biosurfaktan. Dalam kajian ini, glukosa 

atau maltosa dicantumkan pada alkohol Guerbet; 2-heksil-1-dekanol melalui ikatan 

glikosida untuk membentuk glikolipid rantai bercabang iaitu 2-heksildesil-β-D-glukosida 

(β-Glc-C10C6) dan 2-heksildesil-β-D-maltosida (β-Mal-C10C6). Kesan kumpulan kepala 

yang berbeza saiz terhadap mesofasa termotropik dan liotropik dikaji. Sifat ricihan 

reologinya turut dicirikan. Mesofasa ini ditentukan melalui mikroskopi pengutuban optik 

dan serakan sinar-X bersudut-kecil. Reometer digunakan untuk mengkaji kelakuan aliran 

β-Glc-C10C6 yang mempamerkan fasa heksagonal songsang (H2) dan fasa kubik 

dwisambungan songsang (Ia3d dan Pn3m) masing-masing pada keadaan termotropik dan 

liotropik. β-Mal-C10C6 hanya menunjukkan fasa lamella (Lα) dalam kedua-dua keadaan. 

Ujian ricihan kelikatan menunjukkan semua mesofasa mempunyai sifat penipisan ricihan. 

Semua pengukuran reologi diperolehi dalam rejim viskoelastik linear. Umumnya, kajian 

viskoelastik ke atas fasa termotropik H2 (β-Glc-C10C6) dan Lα (β-Mal-C10C6) 

menunjukkan G’ dan G” meningkat dengan frekuensi, dan ini merupakan tindak balas 

viskoelastik tipikal bagi cecair bukan Newtonian pada suhu dipilih. Fasa kubik 

dwisambungan songsang liotropik β-Glc-C10C6 yang mengandungi kepekatan air yang 

berbeza, menunjukkan dominasi G’ terhadap G” pada kekerapan dan suhu yang dikaji. 

Penemuan serupa diperoleh untuk fasa Lα liotropik β-Mal-C10C6 tetapi dengan magnitud 

kekuatan struktur yang lebih rendah. 

Kata kunci: Cecair hablur, Reologi, Glikolipid Guerbet, Swa-penyusunan 
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 1 

CHAPTER 1: INTRODUCTION 

1.1 Research Background 

Glycolipids are one of the major components of the cell membrane. They are found on 

the outer layer of the membrane cell and they are crucial in cellular processes such as cell 

recognition and apoptosis (Kren & Martínková, 2001). For the past few years, glycolipids 

have emerged as a model for studying the cell membrane since they are important in 

regulating the bio membrane function (Dembitsky, 2004). Despite being studied 

extensively, certain topics involving glycolipids like the existence of glycosphingolipids 

in rafts are still debated for over a decade (Hakomori, 2008). Furthermore, new 

postulations such as lateral phase separation, the formation of lipid domains, lateral 

pressure and curvature elasticity of membranes have been recently discussed and proved 

imperative in comprehending the membrane stability (Zahid et al., 2013).   

Glycolipids may be categorized as a single chain or branched chain, both of which can 

be synthesized in the laboratories. The general molecular structure of glycolipids 

comprises of sugar, linked to an alkyl chain by a linker as shown in Figure 1.1. A variety 

of glycolipids can be produced depending on their chemical structure design. The sugar 

head can be either mono-, di-, oligo- and polysaccharides such as xylose (Liew et al., 

2015), galactose (Hashim et al., 2011), cellulose (George & Sabapathi, 2015) and 

maltotriose (Vill et al., 1989). It was demonstrated that the modification of the sugar head 

(e.g.  galactose, mannose) in single and branched chain glycosides greatly changed their 

phase behaviour (Sakya & Seddon, 1997; Seddon et al., 2003). Moreover, most single 

chain glycosides exhibited only one phase which was smectic A (Vill & Hashim, 2002) 

as opposed to the numerous lamellar and non-lamellar phases exhibited by branched chain 

glycosides (Brooks et al., 2011; Hashim et al., 2006; Mannock & McElhaney, 2004). 

Ether (Vill et al., 2000) or ester (Liu et al., 1999) groups are usually chosen as linkers as 
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much as sulphur (Sakya et al., 1994) and amide (Attard et al., 1994) linkages. The phase 

behaviour is also governed by the length of the alkyl chain. For example, lengthening the 

alkyl chain has been shown to improve the thermal stability of single chained glycolipids 

(Karukstis et al., 2012) while increasing the alkyl chain length of branched chain 

glycosides will result in the formation of columnar phases (Hashim et al., 2006). In 

addition, unsaturation can also affect the physical properties of glycolipids. Curved 

phases are anticipated when the double bond is introduced in the molecule structure since 

the hydrophilic head group is smaller compared to the volume occupied by the 

hydrophobic tail group (Mannock & McElhaney, 2004; Yamashita et al., 2008).  

 

Figure 1.1: General molecular structure of a glycolipid. 
 

1.2 Problem Statement 

Glycolipids are amphiphiles which display liquid crystalline properties due to the de-

mixing tendency of the polar and non-polar parts of the molecule (Hashim et al., 2006). 

The hydrophilic part comprises a sugar head group while the aliphatic hydrocarbon chain 

builds up the hydrophobic part of the molecule. The intermolecular interactions and self-

assembly were thoroughly investigated to understand their phase behaviour. The 

structure-property relationship was immensely rationalized (Mannock & McElhaney, 

2004; Vill et al., 1989; Vill & Hashim, 2002; von Minden et al., 2002) for instance, 

increasing the length of hydrocarbon tail leads to higher thermal stability in thermotropic 

and lyotropic phases (Boyd et al., 2000; Sakya & Seddon, 1997) since they have stronger 

Van der Waals interactions, thus greater energy is required to melt them.  

Sugar Linker Alkyl Chain
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In contrast to morphology studies, the report on rheological studies for all of the known 

liquid crystalline structures in the glycolipid system is limited. The viscoelastic and 

plastic (Pouzot et al., 2007) behaviour that controls their responses to stress are still in 

discussion. For instance, the shear study of cubic phase is predominantly challenging due 

to the mesophase possessing several relaxation mechanisms upon stress (Mezzenga et al., 

2005). In addition, no specific rheological signature has been accepted for all known self-

assembled nanostructures of surfactant–water binary system (Mezzenga et al., 2005). 

Furthermore, the availability of shear rheology for thermotropic glycolipid is sparse 

compared to the lyotropic. This is because glycolipid is hygroscopic thus fundamental 

studies on “dry” glycolipid is challenging (Hashim et al., 2018) but possible if 

precautionary steps were taken prior to measurement which was included in Chapter 3. 

To the our best knowledge, no viscoelastic study has been reported yet for the Guerbet 

glycolipids.  

Additionally, the increase of environmental awareness has led to the demand for 

alternatives for the commercially available chemical surfactant. The attractive features of 

glycolipids such as low toxicity, biodegradability and surface activity made them a prime 

candidate as biosurfactant in the cosmetics and pharmaceutical industry (Misran et al., 

2008). Furthermore, they have enormous potential in drug delivery systems (Chen et al., 

2014). They also act as non-ionic surfactants that are used in the manufacturing of 

detergents, personal care products (von Rybinski & Hill, 1998), agrochemicals (Mnif & 

Ghribi, 2016), adhesives  (van Thillo et al., 2002) and  templating for nano-materials (Ji 

et al., 2005). Hence, it is important to evaluate their flow behaviour for commercial 

application to satisfy consumer demands. For instance, the viscosity test provide insights 

related to the internal structure of the material, thus offering understanding of their 

processability in large scale manufacturing. A general example to clarify the premise is 

that most personal care products (e.g. toothpaste, lotion, shampoo) require shear thinning 
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behaviour whereby increasing the shear rate (e.g. rubbing) will decrease its viscosity. If 

a toothpaste exhibits shear thickening behaviour that thicken instead of thinning upon 

rubbing, this would result in difficulty to spread it inside the mouth and cause unpleasant 

experience to the consumer. Hence, rheological study will allow the manufacturer to 

formulate the best texture by assessing the viscoelastic property and in turn, satisfy the 

consumer’s request.  

1.3 Objectives 

The overall goal is to study the flow behaviour of liquid crystalline phases formed by 

synthetic glycolipids. The specific aims of this project are listed as follows: 

a) To synthesize nature-like branched-chain glycolipids possessing different sugar head 

groups with identical tail group (–C10C6). 

b) To identify and determine their thermotropic and lyotropic liquid crystalline phases. 

c) To assess the rheological behaviour for the different liquid crystalline phases. 

1.4 Research Scope 

The scope of research was divided into two parts; the synthesis of branched chain 

glycolipids namely 2-hexyl-decyl-β-D-glucoside (β-Glc-C10C6) and 2-hexyl-decyl-β-D-

maltoside (β-Mal-C10C6) followed by physico-chemical characterization of both 

compounds. Their physico-chemical analysis mainly focus on liquid crystalline phases 

characterization and rheological measurement in thermotropic and lyotropic conditions. 

In thermotropic study, the phase/flow behaviour changed with temperature while in the 

lyotropic study, the phase/flow behaviour changed with both temperature and solvent.  

 Synthetic glycolipids have been chosen in this study due to the difficulty to extract 

and purify natural glycolipids even though the latter is abundant in nature. The two types 

of glycolipids were synthesized using Lewis acid glycosidation method which is cost 
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effective and a well-established method (Hashim et al., 2006). β-anomer of both glucoside 

and maltoside are selected instead of α-anomer since the latter required doubled the 

amount of catalyst to produce satisfactory yield (Hashim et al., 2006). The purification 

process of α-anomer of glycosides is alsp considerably laborious (Wing & BeMiller, 

1969). 

Most natural glycolipids found in the cell membrane are double chained such as 

monogalactosyl diacylglycerol and digalactosyl diacylglycerol (both found in 

chloroplasts) (Metzler, 2003). Since natural glycolipids are difficult to be extracted and 

purified in large quantity, the naturally mimicking glycolipids are highly sought after 

especially in biophysical studies. In this project, the branched hydrophobic tail was made 

from Guerbet alcohol namely 2-hexyl-1-decanol. Generally, Guerbet alcohol contains 

two asymmetric chains which differ by two methylene units, and the two chains branch 

at the 2- or β-carbon position, which is also chiral. The chain branching makes the alcohol 

less volatile while the material remains as a liquid to a very low temperature and shows 

low irritation tendency (Hashim et al., 2018). 

 Over the past few years, numerous studies on the self-assembly of branched-chain 

glycolipids have been published especially in hydrated condition (Liew et al., 2015; 

Mannock & McElhaney, 2004; Patrick et al., 2018; Saari et al., 2018; Yamashita et al., 

2008; Zahid et al., 2013). Understanding the phase behaviour of these compounds serve 

as a basis for the fundamental study of the cell membrane. In contrast to morphology 

studies, there has been a limited number of rheological studies for all of the known liquid 

crystalline structures in the glycolipid system. Thus, the quantification of their 

viscoelastic property enables the understanding of relaxation mechanism in their self-

assemblies.   
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1.5 Thesis Outline 

The thesis outline is divided into five chapters.  

Chapter 1 represents a brief overview of the research background, problem statement 

and objectives of this project. The research scope is also narrowed down and through this 

chapter, the significance of the rheological study for glycolipids is also highlighted due 

to their potential to be utilized as surfactant in various industrial fields such as 

cosmeceutical and biotechnology.  

Chapter 2, the literature review section briefly describes the glycolipids and liquid 

crystal theories. In this chapter, the fundamental of rheology is discussed in Section 2.3 

onward. The literature review on rheological studies of relevant materials is also included 

in this chapter.  

 Chapter 3 focuses on the methodology to synthesize Guerbet glycolipids from 

glucose and maltose sugar. Then, followed by theory and principle of the techniques 

including nuclear magnetic resonance (NMR), thermogravimetric analysis (TGA), optical 

polarizing microscopy (OPM) and small-angle X-ray scattering (SAXS). Finally, the 

general principle of rheometry is also described.  

 Chapter 4 provides the results and discussion of this project. First, the thermal 

analysis was discussed followed by the physico-chemical characterization of the 

glycolipids. Next, their flow behaviour in thermotropic and lyotropic condition were 

elaborated which includes viscosity test, strain test, and frequency sweep.  

Chapter 5 provides the conclusion and summary of the project which is outlined based 

on the research outcomes. Additionally, possible future study is also shortly discussed as 

a continuation of this project.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Liquid Crystal 

An Austrian scientist, Friedrich Reinitzer was the first one to report on the “double 

melting” phenomenon in the 19th century. He noticed that cholesterol acetate and 

cholesterol benzoate turned cloudy when heated. Upon further heating, they become 

clear. He also described that these cholesterol derivatives became coloured upon cooling. 

He later consulted a German physicist, Otto Lehmann who proceeded to characterize the 

phase under the polarizing microscope (Goodby & Gray, 1998). Together, they were both 

credited as the founder of liquid crystal with Lehmann suggested the term “liquid crystal” 

(Friedel, 1922).  

Liquid crystal is an intermediate state of matter between the ordered solid state crystal 

and isotropic liquid (Dierking, 2003). Although they appeared to be liquid, they exhibit 

long-range order either position or orientation, or both (Ermakov et al., 2016). Thus, their 

appearance is liquid-like and yet, they behave like solid crystals. The compounds that 

exhibit liquid crystal phase are called mesogen and they tend to align in one common axis 

known as director (𝑛̂) as shown in Figure 2.1. To calculate the degree of orientational 

order present in a liquid crystal phase, order parameter, (𝑆) is introduced in Equation 2.1. 

𝑺 =  
𝟏

𝟐
 〈𝟑 𝒄𝒐𝒔𝟐 θ - 1〉  (Equation 2.1) 

where 𝜃 is the angle between the long axis of mesogen and the director (𝑛̂) while the 

angular bracket represents a statistical average of 𝑐𝑜𝑠2 θ.  When the order parameter value 

is equal to one (𝑆 = 1), the material is in solid crystal state. However, when the material 

is in the isotropic liquid state, the average value of 𝑐𝑜𝑠2 θ , (〈 𝑐𝑜𝑠2 θ〉) becomes 1
3
. This 

makes the order parameter to become zero (𝑆 = 0). Hence, liquid crystals will have 

orientational order parameter varies between zero and one i.e. 0 < 𝑆 < 1. Several 
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instrumentation methods can be used to determine the order parameter such as X-ray 

Diffraction (XRD) or deuterium nuclear magnetic resonance (D-NMR) (Meier et al., 

2012).  

 

Figure 2.1 : Schematic drawing of the alignment of mesogen. 
 

Typically, for a compound to qualify as liquid crystal, they must have a rigid π-

electrons system with a flexible long alkyl chain, also known as the spacer. The rigid core 

cannot possess liquid crystalline property by itself. Hence the addition of a flexible spacer 

will further assist in the formation of liquid crystal. Various substitutions can be applied 

to the molecular structure to acquire the different types of liquid crystal phase, also known 

as mesophase. For example,  Thaker et al.  (Thaker et al., 2010) reported the difference 

in melting point, mesophase stability and wider liquid crystalline phase range when 

naphthalene was used as the rigid core compared to phenyl. The presence of a lateral 

group (–CH3) in phenyl structure caused a change in the molecular structure and 

broadening of the molecule. Hence, the transition temperature was lowered for all phases. 

The general molecular structure of a typical mesogen is depicted in Figure 2.2. 

θ

S

𝑛̂
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Figure 2.2 : The general molecular structure of a mesogen. 
 

Certain mesogens may or may not exhibit melting temperature, Tm which is the 

transition temperature from crystal solid to liquid crystal.  When heated, the liquid crystal 

phase turns to isotropic liquid and this transition temperature is termed as clearing 

temperature, Tc (see Figure 2.3). There are two main classes of liquid crystals namely 

thermotropic and lyotropic liquid crystals. Additionally, some mesogens are called 

amphitropic liquid crystal in which they can self-assemble in both dry or solvated 

conditions (Hashim et al., 2012).  

2.1.1 Thermotropic Liquid Crystal 

According to IUPAC (Barón, 2001), thermotropic mesophase is formed by heating a 

solid or cooling an isotropic liquid, or by heating or cooling a thermodynamically stable 

mesophase. In short, the mesophase is influenced by temperature change. The type of 

 

Figure 2.3 :  Phase transition from solid to liquid crystal to liquid on heating. 
Redrawn from (Vertogen & de Jeu, 2012). 

 
 

Temperature,  C

Tm Tc

Solid Liquid crystal Liquid
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mesophase formed is strongly affected by the molecular structure of the mesogen. There 

are two types of molecular structures found in liquid crystals that will be discussed in the 

next section.  

Monophilic Liquid Crystals 

 Monophilic liquid crystals can be characterized by the simple shape of the mesogenic 

compound. The simplest and most common liquid crystal phase is the nematic phase (N) 

which arises from the rod-shaped (calamitic) molecule. This phase possess long-range 

orientational yet no positional order. An example of mesogen with nematic phase is p-n-

Hexyl-p’-cyanobiphenyl as shown in Figure 2.4. The widely known application of 

nematic liquid crystals (often in a twisted form) is the liquid crystal display (LCD) in 

which the weakly aligned director (𝑛̂) is manipulated using electric effect and their optical 

property (Hoogboom et al., 2006). 

 

When calamitic molecules possesses both orientational and positional order, they form 

the smectic phase. This phase is still fluid-like yet they tend to position themselves in 

layers. There are many types of smectic phase depending on the extent and the nature of 

ordering (Sengupta, 2013), however the most common phases are smectic A (SmA) and 

 

Figure 2.4 : The chemical structure of p-n-Hexyl-pʹ-cyanobiphenyl (left) and 
molecular arrangement of nematic phase (right) together with their liquid crystal 
phase behaviour. Cr, N and I stand for crystal, nematic and isotropic phase 
respectively. Redrawn from (Jákli & Saupe, 2006) and  (Dierking, 2003). 

Cr  14  N  28  I
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smectic C (SmC). In SmA mesophase, the director (𝑛̂) is parallel to the layer normal. In 

SmC mesophase, the molecular arrangement is identical to SmA but the director (𝑛̂) is 

tilted away from the layer normal (Jákli & Saupe, 2006). The schematic drawing of SmA 

and SmC is shown in Figure 2.5.  

 

Figure 2.5 : Schematic drawing (left) and example of compounds showing smectic 
phases (right) together with their liquid crystal phase behaviour. Cr, SmA, SmC 
and I stand for crystal, smectic A, smectic C and isotropic phase respectively. 
Redrawn from (Demus et al., 2011) and (Jákli & Saupe, 2006). 

 

Cholesteric phase (N*), also known as chiral nematic phase is a different form of the 

nematic phase. They may be found right before the isotropic phase temperature (Vertogen 

& de Jeu, 2012). The formation of chiral nematic is possible when the mesogen contains 

a chiral centre whereby the director (𝑛̂) twist around an axis that is perpendicular to the 

long molecular axis like cholesteryl benzoate (Dierking, 2014) as shown in Figure 2.6. 

Pitch (p) is the distance at which the director makes a 360° turn. 

𝑛̂ 𝑛̂

Cr  113.7  SmA  122.   I

Cr  108  SmC 147  I

SmA SmC
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Figure 2.6 : The molecular arrangement of the chiral nematic phase (top). 
Redrawn from (Yu et al., 2018), and chemical structure of cholesteryl benzoate 
(bottom) together with their liquid crystal phase behaviour. Cr, N and I stand for 
crystal, nematic and isotropic phase respectively. Redrawn from (Jákli & Saupe, 
2006). 

 

Discotic liquid crystals are formed by disc-shaped mesogen, often stacking over one 

another to form columns. The term “discotic” actually refers to the shape of the mesogen 

instead of the mesophases and it can either be columnar or nematic (Demus et al., 2011) 

though the former is more favourable than the latter (Sengupta, 2013). The mesogen 

commonly has long aliphatic substituents (alkyl or alkoxy) surrounding the flat cores, 

which frequently comprise of the aromatic ring (see Figure 2.7). 

 

p

𝑛̂

𝑛̂

𝑛̂

𝑛̂

Cr  1    N  179  I
H 
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Figure 2.7 : Examples of discotic mesogens. (a) Phthalocyanine and (b) 
triphenylene. Redrawn from (Bushby & Lozman, 2002). 

 

The simplest mesophase formed by the disc-shaped mesogen is the nematic (ND) 

phase. This phase is the least ordered and in a way similar to the nematic phase of rod-

shaped (calamitic) mesogen except that it is optically negative (Chandrasekhar & 

Ranganath, 1990). In columnar phase (Col), the mesogen may organize in several modes 

of stacking such as hexagonal, rectangular and oblique (see Figure 2.8). Interestingly, 

certain columnar liquid crystals are considered as 1D fluid since they are fluid-like along 

the columns yet solid-like in a two-dimensional array of columns (Jákli & Saupe, 2006).  

 

Figure 2.8 : Schematic drawing of discotic liquid crystal phases. Redrawn from 
(Jákli & Saupe, 2006) and (Bushby & Lozman, 2002). 

Columnar, ColNematic, Nd

Hexagonal (h) Rectangular (r) Oblique (ob)

(a) (b) 
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In addition, they form chiral discotic liquid crystals when a chiral centre is 

incorporated within the discotic mesogen or in a mixture of discotic nematic and chiral 

dopants (Langner et al., 1995). For this mesophase, the director moves in a helical fashion 

similar to the chiral nematic phase. 

Amphiphilic Liquid Crystals 

Amphiphilic mesogens consist of two incompatible molecular parts, i.e. hydrophilic 

and hydrophobic parts which are present within a molecule. Hence, they exhibit 

microphase separation and creates amphiphilic liquid crystals (Vill & Hashim, 2002).  

Glycolipids are one of many examples of amphiphilic liquid crystals in which the 

hydrophilic sugar molecule (polar) is attached to the hydrophobic aliphatic alkyl chain 

(non-polar). The mesophase formed is influenced by the molecular shape of the 

amphiphiles as shown in Figure 2.9. 

 

Figure 2.9 : The different molecular shape design of glycolipids. Redrawn from 
(Vill & Hashim, 2002). 

 

A, B, and C are expected to form the smectic phase resulting from the elongated shape 

of the mesogens. D and E have pie-shaped and forked mesogen respectively, while F is 

non-linear dialkylated sugar, all of which prefer to form the hexagonal columnar phase. 

Next, the mesophase of banana-shaped amphiphiles, G and elongated fork, H is situated 

at a borderline between lamellar and columnar phase with the possibility of forming 

A B C D E F HG J K

Univ
ers

ity
 of

 M
ala

ya



  

 15 

bicontinuous cubic phase. J has a cone-shaped mesogen and is able to form the 

discontinuous cubic phase. Lastly, K has dissymmetric star-like amphiphiles that makes 

the formation of rectangular and tetragonal columnar phase possible. Besides that, star-

like mesogen tends to form columnar phase (Vill & Hashim, 2002).  

2.1.2 Lyotropic Liquid Crystal 

A mesomorphic compound that could form a liquid crystal phase by both temperature 

and solvent effects is known as lyotropic liquid crystals. Mesogen that exhibits lyotropic 

liquid crystals are mostly amphiphiles and sometimes oils (Jákli & Saupe, 2006). The 

schematic drawing of an amphiphilic molecule is depicted in Figure 2.10 in which the 

water loving part (hydrophilic head) will readily solvate when the solvent (usually water) 

is introduced into the system. Consequently, this induces fluidity in the binary system due 

to water filling in the void space around the liquid crystal molecules (Liang et al., 2005).  

 

Figure 2.10 : The schematic drawing of amphiphilic molecule. The hydrophilic 
and hydrophobic parts have different affinity towards the solvent. Redrawn from 
(Vill & Hashim, 2002). 

 

Generally, the type of mesophase formed by an amphiphile can be predicted from the 

critical packing parameter as proposed by Jacob Israelachvili (Israelachvili, 1994). The 

equation is given in Equation 2.2. 

𝐶𝑃𝑃 =  
𝑣

𝑎𝑜𝑙𝑐
          (Equation 2.2) 

Hydrophobic tail

Hydrophilic head
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where 𝑣 is the volume of the hydrophobic chain, 𝑎𝑜is the interfacial area occupied by the 

hydrophilic group and 𝑙𝑜is the length of the hydrocarbon chain. The normal structure is 

anticipated when the CPP is less than one (CPP<1). Conversely, CPP greater than one 

(CPP >1) will give the inverse structure. For non-lamellar phases, the lyotropic 

nomenclature distinguishes the normal and the inverse structures with the subscripts 1, 

and 2 respectively. It has been reported that the incorporation of bulky chain will instigate 

the formation of inverse structures such as inverse bicontinuous cubic and inverse 

hexagonal phases (Hashim et al., 2012). 

Lyotropic liquid crystals have prevalent application due to their self-assembly 

compatibility with the living systems such as the possibility of gene therapy that utilizes 

the lyotropic lamellar phase of DNA complexes and cationic liquids (Rädler et al., 1997). 

Since ~40% of commercial drugs are poorly water soluble (Williams et al., 2013), several 

attempts have been made to use the lyotropic liquid crystals in the drug-delivery system 

(Kazemi et al., 2018; Müller-Goymann, 2004). In addtion, they are also used in consumer 

products such as surfactants in the cosmeceutical industry (Misran et al., 2008). 

Three common types of lyotropic mesophases are lamellar, hexagonal and cubic 

phases. In the lamellar mesophase, the mesogens are usually separated by the water 

solvent (Singh & Dunmur, 2002). Similar to the biological cell membrane, the 

amphiphilic molecules position themselves in such a way that the polar head is in contact 

with the water while the non-polar tail avoids the water. The double layer is usually 

smaller than twice the amphiphilic molecule length while the bilayer and water layer 

thickness values are influenced by the temperature and amount of water content in the 

system. The layers can slide over each other easily, making it the most liquid-like 

mesophase over the other lyotropic phases. Figure 2.11 shows the schematic drawing of 

the lamellar phase. 
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Figure 2.11 : The schematic drawing of lamellar phase. Redrawn from (Singh & 
Dunmur, 2002). 

 

 The hexagonal phase corresponds to the hexagonal arrangement of the molecular 

aggregate (see Figure 2.12). The water-continuous, normal hexagonal phase (H1) is more 

common compared to the inverse hexagonal phase (H2) which is alkyl chain-continuous. 

The normal hexagonal phase usually has a larger diameter compared to the inverse 

hexagonal phase because of the overlapping of the non-polar chain in the latter which 

results in a closer-packed cylinder (Fairhurst et al., 1998).  

 

The cubic phase is also known as the viscous isotropic phase because they are optically 

isotropic. Furthermore, they are often observed at low curvatures and are extremely 

viscous when compared with lamellar and hexagonal phases. The cubic phase structure 

consists of the bicontinuous lipid bilayer that is curved and extends in three dimensions, 

 

Figure 2.12 : The schematic drawing of normal hexagonal (left) and inverse 
hexagonal (right) phase. Redrawn from (Collings & Hird, 1997). 

Water layer
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separating two identical networks of water channel (Shah et al., 2001). The cubic liquid 

crystalline texture appeared black under the optical polarizing microscope since they 

exhibit cubic symmetries (Hyde, 2001) and sometimes overlooked under the polarizing 

microscope because they appeared similar to the isotropic phase (Collings & Hird, 1997). 

Three fundamentals triply periodic minimal (TPMS) namely primitive (P), Schwarz 

diamond (D) and Schoen gyroid (G) minimal surfaces are the basis of cubic phase. Based 

on these three surfaces, three bicontinuous mesophases are established; the most common 

is gyroid (Ia3d), followed by diamond (Im3m) and primitive bicontinuous mesophase 

(Pn3m) as shown in Figure 2.13. 

 

Recently, the cubic phase is gaining headlines for being potentially used in sustained 

drug release matrix due to their highly ordered nanostructures (Chen et al., 2014). For 

example, It has been reported that a wide range of drugs have shown controlled release 

in cubic phases such as insulin (Sadhale & Shah, 1999), vitamin E and aspirin (Wyatt & 

Dorschel, 1992). Lipids are often used to form the cubic phase (Chen et al., 2014) due to 

their environmentally friendly features. One of the possible lipid candidates is 

glycolipids. 

 

 

Figure 2.13 : The schematic diagram of the bicontinuous cubic phases. From left 
to right; Pn3m, Im3m and Ia3d. [Reprinted (adapted) with permission from ref. 
(Hashim et al., 2011). Copyright 2011 Elsevier]. 
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2.2 Glycolipid 

The IUPAC definition of glycolipids are compounds containing at least one 

monosaccharide moieties bound by a glycosidic linkage to a hydrophobic moiety 

(Lafiandra et al., 2012). Glycolipid is abundant in nature and crucial in most living 

organisms performing function such as cell recognition and membrane fusion (Goodby, 

1998). This membrane component is also related to various diseases for example, the 

defects in the catabolism of glycosaminoglycans cause a rare lysosomal disease generally 

known as mucopolysaccharidoses (Heywood et al., 2015). Another example is Gaucher 

disease which is an autosomal recessive disorder that occurs when glucocerebroside 

accumulates in the kidney and spleen. The disease was caused by the deficiency of 

glucocerebrosidase, an enzyme that catalyses the hydrolysis of glucocerebroside to 

ceramide and glucose (Hruska et al., 2008). This demonstrates the importance and effect 

of glycolipids in the human body. Thus, this section will discuss glycolipids in nature 

followed by the demand for synthetic glycolipids. 

2.2.1 Natural Glycolipid 

Several types of glycolipids can be found in nature namely glycosphingolipids, 

glycoglycerolipids, and glycosyl phosphopolyprenols. Glycosphingolipids have a 

carbohydrate moiety that is covalently bonded to the sphingoid bases such as 

dihydrosphingosine. It is commonly found in mammalians and also microorganisms, 

particularly in the nerve tissues and brain. They can be further divided into three main 

classes which are cerebrosides, globosides, and gangliosides (Goodby, 1998). Research 

has shown that the natural killer T (NKT) cells, a type of lymphocyte involved in the 

immune system were able to recognize Sphingomonas, a glycosphingolipids from gram-

negative bacteria that is abundant in our environment (Kinjo et al., 2005). 
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Figure 2.14 : The general structure of glycosphingolipids. R indicates the long 
fatty acid chain. Redrawn from (Vill & Hashim, 2002). 

 

Glycoglycerolipids have 1,2-di-O-acyl-sn-glycerols joined by a glycosidic linkage at 

the position sn-3 to a sugar head (Vill et al., 1989). It is highly abundant in cyanobacterias, 

chloroplast in plants and eukaryotic algae. For example, monogalactosyl diacylglycerol 

(MGDG) is a galactolipid that can be found on photosynthetic thylakoid membranes 

which is critical for the plants growth in a phosphate limiting environment. 

 

Figure 2.15 : The structure of monogalactosyl diacylglycerol (MGDG). 
 

Glycosyl phosphopolyprenols are biochemically unique compared to the other 

glycolipids due to the sugar linkage by a phosphate bridge with the lipid. Moreover, this 

lipid originated from a completely separate biosynthetic route than the others. Their 

biosynthesis are partially shared with the pathway that leads to sterols and 

polyisoprenoidquinones. Hence, they are known as lipid-linked intermediate because they 

supply glycosyl residues to the suitable acceptors whereas glycolipids are seen as 
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intermediates and acceptors of further sugar residues or metabolism end products 

(Hemming, 1985).  

Although glycolipids are abundant in nature, the extraction, purification, and total 

synthesis are proven difficult (van Boeckel & van Boom, 1980; van Boeckel et al., 1981). 

Despite that, the extraction of natural glycolipids is possible and has been reported before. 

For example, a research group had isolated the naturally branched chain glycolipids 

known as simplexide from Caribbean marine sponges ‘Plokartis Simplex’ (Costantino et 

al., 1999). However, synthetic glycolipids are still preferred as a medium to study the 

natural glycolipids since they can be produced on a large scale using a relatively economic 

procedure (Vill et al., 1989).  

2.2.2 Synthetic Glycolipid 

Synthetic glycolipids can be categorized into two types i.e. single chain and branched 

chain. The single chain glycolipids form a class of surfactants known as sugar-based 

surfactants. Common examples include sucrose ester, sorbitan ester and alkyl 

polyglucosides (APGs). Some of their chemical structures are shown in Figure 2.16. The 

most widely-used and known sugar-based surfactant is alkyl polyglucosides which have 

been commercially utilized in the industries such as lubricants for water (Sułek et al., 

2013). It is also used as a nonionic surfactant in household products such as detergent and 

soaps because they are less toxic, environmentally friendly and biodegradable (Ferrer et 

al., 2002; Sadtler et al., 2004). They are slightly different from the usual chemical 

surfactant since their self-assembly is governed by the hydrogen-bonding network 

between the sugar moieties (Imura et al., 2007). However, since they have single chains, 

they exclusively form the lamellar phase in dry condition (Vill & Hashim, 2002) which 

limits their range of liquid crystalline phases, resulting in limited ability to form curved 

interfaces such as hexagonal phase (Nguan et al., 2010).  
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To overcome this limitation, synthetically produced branched chained glycolipids 

have been gaining interest due to their similarities to natural glycolipids. A relatively new 

synthesis design (Hashim et al., 2006) has been described recently using Guerbet alcohol 

as the starting material. The term Guerbet comes from Marcel Guerbet who pioneered the 

Guerbet chemistry in the 1890s (O'Lenick Jr, 2001). With this method, various 

glycolipids with different sugar headgroups and branched chain lengths can be 

synthesized (see Figure 2.17). For example, the phase behaviour of a series of Guerbet β-

D-xylosides, glucosides and maltosides have been reported recently (Brooks et al., 2011; 

Liew et al., 2015; Saari et al., 2018). Besides, the nano-structured self-assembly of β-

dominant (∼90%) anomeric mixtures of Guerbet glucoside and maltoside have also been 

studied for its potential application in drug delivery and release (Ahmad et al., 2012).  

Compared to the lyotropic glycolipids, there is no known application for thermotropic 

glycolipids (Hashim et al., 2018) due to the hygroscopic nature of sugar and thus, the 

usage of dry glycolipids for consumers are limited and challenging to be implemented. 

However, studies on thermotropic glycolipids have showed the presence of ferroelectric 

property (Vill et al., 1988) and the existence of a tilted bilayer organization 

 

Figure 2.16 : Examples of single chain glycolipids, sorbitan ester (left) and alkyl 
polyglucoside (right). The number of glucose units, m usually consists of one to 
five glucoside parts (Sułek et al., 2013). Redrawn from (Iglauer et al., 2010) and 
(Sułek et al., 2013). 
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(Abeygunaratne et al., 2006). Hence, no knowledge left unused because the research on 

dry glycolipids self-assemblies will subsequently lead to the lyotropic study that is related 

to the biological system, which in return may lead to a possible nature-like innovations 

(Patrick et al., 2018).  

 

Figure 2.17 : The chemical structures of a few Guerbet glycolipids having different 
types of sugar head group and length of chain branching. (a) 2-ethyl hexyl-α-D-
mannoside, (b) 2-butyl-octyl-β-D-xyloside and (c) 2-octyl-dodecyl-β-D-maltoside. 
Redrawn from (Liew et al., 2015; Patrick et al., 2018; Saari et al., 2018). 

 

2.3 Rheology 

To extend the application of glycolipids, the rheological study is essential in gaining 

insight into the flow behaviour of the different liquid crystalline phases formed. The term 

rheology was introduced by E. C. Bingham of Lafayette College with the advice of  his 

colleague and defined as a study of flow and deformation of materials (Barnes et al., 

1989). Later in 1929, the definition was widely used when the American Society of 

Rheology was established. The emergence of the rheology study is recent but rapid due 

to the discovery of the viscoelastic property of flamethrowers during the World War 

(Barnes et al., 1989). Since then, rheology has been applied to many fields such as 

pharmaceuticals, food industries, biotechnology and even daily items such as the 

toothpaste.  

(a) (b)

(c)

2-ethyl-hexyl-α-D-mannoside 2-butyl-octyl-β-D-xyloside

2-octyl-dodecyl-β-D-maltoside
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2.3.1 Fundamental Rheological Variables 

The description of the fundamentals rheological variables can be explained by a 

sample confined between two parallel plates as shown in Figure 2.18. 

 

Figure 2.18 : Two parallel plates confining a sample. Redrawn from (Barnes et al., 
1989). 

 

When a sample is sandwiched between the two plates where one is moving at velocity, 

𝑣 while one is stationary, it creates a velocity gradient also known as shear rate, 𝛾̇. It 

describes how fast the sample is made to flow in s-1 and is represented by Equation 2.3. 

𝜸̇ =
𝒗𝒕𝒐𝒑− 𝒗𝒃𝒐𝒕𝒕𝒐𝒎

𝒉
= 

𝒗

𝒉
        (Equation 2.3) 

 

On the other hand, shear stress, 𝜏 is the force that causes the sample to flow. It is the 

force needed to move the plate divided by the area of the moving plate (Equation 2.4). 

𝝉 =  
𝑭𝒐𝒓𝒄𝒆

𝑨𝒓𝒆𝒂
= 

𝑵𝒆𝒘𝒕𝒐𝒏 

𝒎𝟐 
= 𝑷𝒂      (Equation 2.4) 

 

Shear viscosity, 𝜂 is defined as the fluid’s internal resistance to flow and is equal to 

shear stress divided by shear rate in Equation 2.5. 

𝜼 =  
𝑺𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒆𝒔𝒔,𝝉

𝒔𝒉𝒆𝒂𝒓 𝒓𝒂𝒕𝒆,𝜸̇
=  

𝑷𝒂

𝒔−𝟏
= 𝑷𝒂. 𝒔         (Equation 2.5) 

 

h

A
F

v
A = area of plate
F = force
h = height in between
two plates

Moving plate

Stationary plate
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For most samples, a certain minimum force needs to be exerted for the sample to flow. 

The minimum force is called yield stress, 𝜏𝑓. It is usually obtained by extrapolating the 

flow curve in a graph of shear stress versus shear rate. 

2.3.2 Newtonian and Non-Newtonian Behaviour 

Under rheology, there is a sub-field known as viscometry. This field gives information 

on the ability of the material to flow. Scientifically, viscosity is defined as the measure of 

internal resistance of the fluid to flow (Mezger, 2006). The viscosity can be calculated by 

using Equation 2.5 and although it is dependent on shear rate, it is also affected by 

physical properties such as temperature, pressure, and time. Upon testing, the fluids can 

be categorized as having Newtonian or non-Newtonian behaviour. 

Newtonian Behaviour 

A material is considered as an ideally viscous fluid or Newtonian behaviour when the 

shear stress produced is proportional to the increase in shear rate while the viscosity is 

independent of the shear rate as shown in Figure 2.19. Some examples of fluids with 

Newtonian behaviour is water and silicone oil. Any fluids that deviate from this behaviour 

is considered as non-Newtonian fluid. 

 

 

 

Figure 2.19 : The flow curve (left) and viscosity curve (right) of Newtonian 
behaviour. Redrawn from (Barnes et al., 1989). 
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Non-Newtonian Behaviour 

When a material has shear thinning behaviour, the viscosity decreases with increasing 

shear rates. This is also called as pseudoplastic behaviour in which the particle size and 

its flow orientation can be changed when a force is act upon it. For instance, 

pseudoplasticity was observed in depectinized fruits juices when they were heated 

(Saravacos, 1970). The opposite of pseudoplasticity is dilatancy in which a material 

exhibits shear thickening behaviour and hence, they are called dilatant material. This type 

of behaviour is generally undesirable since it can cause blockage in pipe systems in which 

the viscosity of the material increases as the shear rate increases. Despite that, dilatant 

material has the potential to be employed in body armour (Ding et al., 2013; Li et al., 

2008).  

 

Figure 2.20 : The flow curve (left) and viscosity curve (right) of (a) ideally viscous 
(b) shear thinning and (c) shear thickening flow behaviours. Redrawn from 
(Mezger, 2014). 

 

2.3.3 Viscoelasticity 

It is common for a material to exhibit a mixture of viscous and elastic behaviour when 

a small deformation is applied, also known as viscoelasticity. Typically, this property is 

represented in the viscoelastic spectrum as shown in Figure 2.21 and the frequency scan 

is preferred than the temperature scan since it gives detailed information and illustrates 

the viscoelasticity of the liquid crystalline phases (Mezzenga et al., 2005). 
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Figure 2.21 : The viscoelastic spectrum as a function of frequency (𝛚). [Reprinted 
(adapted) with permission from ref. (Mezzenga et al., 2005). Copyright 2005 
Langmuir]. 

 

To describe the material behaviour, storage modulus or G’ is used to indicate the solid-

like portion at any frequency while loss modulus or G” is used to indicate the liquid-like 

portion. The G’ and G” data can be represented in several different ways by rheometer 

such as the loss tangent (tan 𝛿) and dynamic viscosity (𝜂′) but G’ G” is preferred since 

they contain extra information that is unavailable in the former. The spectrum above is 

divided into five regions where the behavioural changes are affected by the values of G’ 

G” as the frequency increases.  

At low frequency, G” has a higher value than G’ which indicates that the superior 

behaviour is viscous. Both G’ and G” steadily increase as the frequency increases where 

at one point G’ will surpass G”. The longest relaxation time, 𝜏𝑚𝑎𝑥 can be calculated using 

Equation 2.6 by taking the crossover value between G’ and G”. 

𝝉𝒎𝒂𝒙 =
𝟏

𝝎
       (Equation 2.6) 

 

The longest relaxation time is defined as the time at which the structured fluid relaxes 

back to its equilibrium configuration when perturbed (Mezzenga et al., 2005). When the 
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frequency approaches 1/𝜏𝑚𝑎𝑥, the material behaves like a viscoelastic material rather than 

fluid-like. Above that, the material exhibits rubbery behaviour as G’ becomes dominant 

and G” may consistently decrease to a minimum before it starts increasing again. Then 

at the leather transition region, G” will once again dominate after a second crossover. 

Lastly, at extremely high frequency the material behaves like a glassy material.  

2.3.4 Rheological Tests on Glycolipids 

The rheology of lyotropic system of glycolipids was mostly involving APGs due to 

their commercial values. However, certain mesophases such as inverse hexagonal and 

inverse micellar (discontinuous) cubic phase (Rodriguez-Abreu et al., 2005) are still 

considered underexplored. It was shown that droplet sizes affected the flow behaviour of 

glycolipids as demonstrated by Boris Niraula and co-workers (Niraula et al., 2004). In his 

study, the emulsion of homologous glucopyranosides of different chain lengths (C7 – C10) 

were prepared and they found the samples exhibited smaller droplet size as the length of 

alkyl chain at tail group increases. Additionally, the shear viscosity of the longer tail 

group was remarkably higher than that of the shorter tail and thus, they displayed a wider 

linear viscoelastic (LVE) region. After six months, the G’ value of LVE region did not 

differ significantly from the original which implies the emulsion system had good storage 

stability. Indeed, rheological testing can be implemented as a standard procedure to 

evaluate the suitability of glycolipids to be used as biosurfactants for the consumers. 

Table 2.1 listed a few rheological studies of liquid crystalline phases exhibited by various 

materials including glycolipid. 
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Table 2.1 : Previous rheological studies on materials exhibiting liquid crystalline  
phases. 

Reference Surfactant/Lipids Liquid Crystalline 
Phase 

Flow Behaviour 

(Mezzenga 
et al., 2005) 

▪ Dimodan U/J 
▪ Monolinolein (C18:0) 

▪ Lamellar 
▪ Hexagonal 
▪ Bicontinuous cubic 
(double diamond) 
 

▪ Plastic 
▪ Viscoelastic 
▪ Complex 
rheological 
behavior 

(Zhao et al., 
2011) 

▪ Dodecyl 
polyoxypropylene ether 

▪ Lamellar ▪ Elastic gel-like 

(Pouzot et 
al., 2007) 

▪ Dimodan U/J 
▪ Limonene oil 

▪ Discontinuos cubic 
(Fd3m) 

▪ Hard gel-like 

(Elbadawi et 
al., 2015) 

▪ Glucopone 
▪ Heptane 

▪ Bicontinuous cubic 
(Ia3d) 

▪ Solid-like 

 

Supramolecular gels are made up of three-dimensional networks as a result of the 

molecular self-assembly (Zhang, Hu, et al., 2018). Within it, another class of self-

assembly emerged, simply known as supramolecular soft materials. Supramolecular soft 

materials are synthesized from low molecular weight compounds that possess a unique 

tendency to form various architectures via non-covalent interaction such as hydrogen 

bonding, π-π stacking, van der Waals forces, and dipole-dipole interaction. Their potential  

applications in the medical field (Ye et al., 2014), solar cells (Zhang et al., 2014) and 

optical devices (Vidyasagar et al., 2011) have been discussed elsewhere. Recently, the 

synthesis and rheology of glycolipid-based supramolecular soft material by using cashew 

nut shell liquid have been reported (Lalitha et al., 2018).  In general, the material 

displayed viscoelastic solid behaviour since G’ > G” which demonstrates the mechanical 

strength of the material toward external stress which was suitable for possible application 

in the future. Another research group (Wang et al., 2017) has successfully synthesized a 

series of glycolipids containing 4,6-O-benzylidene acetal protected D-glucosamide and 

triazole. Similarly, the viscoelastic behaviour of the sample was investigated to give an 

insight into their mechanical strength. One of the compounds had a propyl chain as the 
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terminal group showed the best hydrogelator performance with concentration as low as 

0.15% wt. At the same time, they also form hydrogels in solvent mixtures of dimethyl 

sulfoxide or ethanol with water. The flow test on this particular compound in a mixture 

of ethanol: water (v/v) of the ratio of 1:2 at 2.0 mg mL-1 had edisplayd greater storage 

modulus, G’ compared to loss modulus, G”, which meant they were elastic semi-solid. 

Cellulose is a polysaccharide that consists of polymerized D-glucose and it is the most 

abundant organic polymer ever discovered (Sun et al., 2016). There have been reports on 

using cellulose nanocrystals in drug delivery (Roman et al., 2009), topical cream 

application (Taheri & Mohammadi, 2015) and many more. Thus, the flow test was crucial 

to ensure optimum performances. Sulfonated cellulose nanocrystals were produced by 

extraction from cotton showed a shear thinning behaviour in the aqueous system. 

Moreover, at the measuring temperature of 10°C, it was found that the lower 

concentration cellulose nanocrystals exhibited viscous behaviour but gradually 

transformed into elastic behaviour with the transition-to-gel observed in between the 

elastic and viscous behaviour. Furthermore, hydrochloric acid treated cellulose 

nanocrystals from softwood kraft pulp showed significantly greater shear thinning 

behaviour compared to the sulfuric acid treated cellulose nanocrystals (Araki et al., 1999). 

The rheological characterization of cubic phase is somewhat difficult since they are 

thought to have several relaxation mechanisms when stress is applied (Jones & McLeish, 

1995, 1999; Montalvo et al., 1996). Despite that, several publications have been reported 

to explain their relaxation patterns. For example, the discontinuous cubic phase of Fd3m 

made up of inverted micellar in the ternary mixture of monolinolein/limonene oil/water 

displayed a hard-gel like behaviour with well-defined yield stress (Pouzot et al., 2007). 

Their relaxation mechanism was found to be similar to bicontinuous cubic Ia3d and Pn3m 

mesophases yet Fd3m had slower relaxation time which arised from a few plausible 
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reasons. First, the water diffusion from different sizes of micelles as the result of different 

Laplace pressure gradient. Second, the repositioning of the disfigured interfaces into 

dodecahedral and hexakaidecahedral structures and lastly the packing perturbation in 

micellar structure back to the Fd3m lattice. 

In 2005, a research team had studied the shear rheology of mesophases in 

monoglyceride/water system. It was found that the bicontinuous cubic phase displayed 

complex rheological behaviour yet could be modelled following a multiple Maxwell 

model (Mezzenga et al., 2005). Besides, the rheological study on ultra-swollen lipid 

phases of limonopalmitolein and 1,2 distearoyl phosphatidylglycerol have been reported 

recently (Speziale et al., 2018). It was revealed that the longest relaxation time, τmax of 

Ia3d and Pn3m decreased as the lattice parameter and water content increased. When the 

two mesophases were compared at the same water content, the Ia3d cubic phase 

experienced longer relaxation time due to their close-packed arrangement of 3D minimal 

surfaces of the lipid bilayer resulting in a smaller water channel. Currently, most opinions 

agreed that the lamellar phase is the most fluid-like mesophase, described as plastic fluid 

undergoing yielding followed by hexagonal phase that exhibits reasonably viscoelastic 

fluid and lastly the most rigid is the cubic phase (Sagalowicz et al., 2006). 
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CHAPTER 3: METHODOLOGY 

3.1 Synthesis of Branched Chain Glycolipid 

In this work, the studied compounds were synthesized following a previously reported 

procedure (Hashim et al., 2006). This procedure was used to synthesize two types of 

Guerbet glycolipids with similar lipid tail length but different head group size namely 2-

hexyl-decyl-β-D-glucoside and 2-hexyl-decyl-β-D-maltoside. Figure 3.1 shows the 

chemical structure of the two compounds. 

 

Figure 3.1 : The chemical structure of 2-hexyl-decyl-β-D-glucoside (left) and 2-
hexyl-decyl-β-D-maltoside (right) respectively. 

 

The general synthesis route involves three consecutive steps which are peracetylation, 

glycosidation and deacetylation. The aim of peracetylation is to protect the hydroxyl (-

OH) group in the sugar structure from interfering with the chemical reaction. However, 

in this project, this step is not carried out since the peracetate sugars of glucose and 

maltose are commercially inexpensive and available in large quantity.  

Hence, the first synthesis step conducted was the glycosidation instead of 

peracetylation. Glycosidation involves the attachment between a carbohydrate to a 

functional group of a different molecule such as an alcohol. In this study, boron trifluoride 

diethyl etherate was used as a catalyst since it has incomplete octet and an empty 2p 

orbital, making it a Lewis acid. This is where the term “Lewis acid glycosidation” came 

from. During the reaction, an acetoxy group at the C-1 position was replaced with the 

branched chain hydrocarbon tail of the Guerbet alcohol. Lastly, deacetylation is a reaction 
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to remove the acetyl group from the sugar head to obtain the final product. The reaction 

scheme involving glycosidation and deacetylation is shown in Scheme 3.1. 

3.1.1   Materials 

The starting material β-D-glucose pentaacetate (98%) was acquired from Merck while 

β-D-maltose octaacetate (98%) was purchased from Carbonsynth Limited. Boron 

trifluoride diethyl etherate, sodium methoxide (97%), sodium hydrogen carbonate, 

diphosphorus pentoxide, dichloromethane, n-hexane, ethyl acetate and methanol were 

 

 

Scheme 3.1 :  The reaction scheme for (a) glucoside and (b) maltoside synthesis. 
 
 
 

 

3) CH3OH 

4) CH3Na, 24 h 

1. CH2Cl 

1. BF3Et2O, 
4 h 

 

3) CH3OH 

4) CH3Na, 24 h 

1. CH2Cl 
1. BF3Et2O, 

4 h 

(a) 

(b) 

2. 

2. 
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purchased from Merck. The Guerbet alcohol, 2-hexyl-1-decanol (97%) was purchased 

from Sigma-Aldrich. Magnesium sulphate and acetonitrile were purchased from 

Riendemann Schmidt. All chemicals and solvents were used without further purification.  

Thin Layer Chromatography (TLC) was used to monitor the synthesis progress. This 

method was also used to separate non-volatile mixtures and determining their purity 

(Santiago & Strobel, 2013). This technique is cheap, quick, has high sensitivity and 

reproducibility. In addition, TLC is usually performed on TLC plates that is made of 

aluminium, glass or plastic coated with adsorbent (Meyers & Meyers, 2008). For TLC, 

Silica Gel 60 F254 coated on aluminium sheets from Merck were used. Since glycolipid 

is not ultraviolet (UV) active, staining solution mixture of ethanol, water and sulphuric 

acid (90:8:2) was used to develop the TLC. It was then immersed in the staining solution 

and subsequently heated with the heat gun.  

The separation of  α- and β-anomers were applied after glycosidation by flash column 

chromatography. The stationary phase consisted of silica gel with pore size of 0.035–

0.070 mm, (Silica Gel 60 Å) while a solution mixture of hexane–ethyl acetate was used 

as the mobile phase. Bellow pump was applied to provide external pressure into the 

column and hence provide a faster and consistent eluent flow.  

3.1.2   Glycosidation of β-D-glucopyranoside 

A mixture of β-D-glucose pentaacetate (6 g, 15.4 mmol, 1.0 equiv.) and 2-hexyl-1-

decanol (5.8 ml, 20.0 mmol, 1.3 equiv.) was dissolved in 100 ml dichloromethane in a 

250 ml round bottom flask. The reaction mixture was stirred at room temperature. Then 

boron trifluoride diethyl etherate (2.9 ml, 23.1 mmol, 1.5 equiv.) was added dropwise into 

the solution mixture via syringe. The solution mixture was stirred for four hours and the 

progress of reaction was monitored by TLC (hexane:ethyl acetate, 2:1). After four hours, 

the solution mixture was later quenched by saturated sodium hydrogen carbonate solution 
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thrice. The organic layer was separated from aqueous part and washed with water. Then 

the organic layer was dried over anhydrous magnesium sulphate, filtered and 

concentrated. The product was further separated using hexane–acetonitrile system to 

remove excess alcohol. The acetonitrile layer was collected and evaporated. The crude 

product was purified by column chromatography (hexane–ethyl acetate, 5:1). The 

chemical structure of collected product was confirmed by 1H- and 13C-NMR 

spectroscopy. Both spectra are available in the Appendix A and B respectively. 

3.1.3   Glycosidation of β-D-maltopyranoside 

β-D-maltose octaacetate of 6 g (8.8 mmol, 1.0 equiv.) and 2-hexyl-1-decanol (3.3 ml, 

11.4 mmol, 1.3 equiv.) were mixed in 120 ml of dichloromethane. Boron trifluoride 

diethyl etherate (1.63 ml, 13.2 mmol, 1.5 equiv.) was added dropwise. The subsequent 

steps followed the glycosidation of β-D-glucopyranoside. Next, the crude product 

obtained was purified by column chromatography using hexane–ethyl acetate of the ratio 

2.5:1. The chemical structure of the collected product was confirmed by using 1H- and 

13C-NMR spectroscopy (see Appendix A and B respectively for the spectra). 

3.1.4   General Deacetylation Procedure 

The purified product obtained from the column chromatography was dissolved in 

methanol (1 g in 30 ml). Then, sodium methoxide was added to the solution until the 

solution turned basic. The reaction was stirred for 24 hours at room temperature. The 

solution was neutralized with Amberlite IR-20. Then, the Amberlite IR-20 was filtered 

and the solvent was evaporated. The product was further dried in vacuum oven for 48 

hours at 50°C. The complete replacement of acetate groups by hydroxyl groups on the 

sugar head was confirmed by 1H-NMR spectra. Their 1H- and 13C-NMR are given in 

Appendix A and B respectively. 
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β state

α state

Bo ΔE = hv

3.1.5   Characterization Using Nuclear Magnetic Resonance (NMR) 

This technique is a non-destructive method to analyse the chemical characters of matter 

by exploiting their magnetic properties. The basic principle is that nucleus (e.g. proton, 

1H) has nuclear spin when they have odd mass or atomic number. In turn, they become 

electrically charged and emit magnetic fields as illustrated in Figure 3.2(a). Initially, the 

proton spins in random direction. When an external magnetic field, Bo is applied, the 

direction of magnetic field of proton can align along with the external field and this is 

called as α-spin state. If the direction of proton’s magnetic field is the opposite of the 

external field, it is known as β-spin state. Between these two states, the former has lower 

energy state than the latter hence, it is more stable. The change in spin state can only occur 

when the proton has equal energy with the energy difference between the two states as 

shown in Figure 3.2(b). This phenomenon is recognized as resonance (Wade Jr, 2013).  

 

Figure 3.2 : An illustration of a (a) spinning nucleus where B is the magnetic field 
and (b) the two spin states of nucleus. Redrawn from (Wade Jr, 2013). 

 

(a) 

(b) 
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The proton is surrounded by an electron that emits its own magnetic field which will 

hinder the proton from the external field since the secondary field produced by the 

electron is the opposite direction of the applied external field (Duer, 2008). The shielding 

effect depends on the chemical environment of the proton. For example, the proton 

connected directly to the oxygen atom will be absorbed at higher field compared to the 

proton adjacent to the carbon atom due to the presence of lone pairs in oxygen as shown 

below in Figure 3.3. This will give rise to different chemical shifts that can be interpreted 

from the spectrum.  

 

Carbon-13 NMR (13C-NMR) is often run simultaneously with proton NMR (1H-NMR) 

to enforce the chemical structure determination. However, the natural abundance of 

isotope 13C is only around 1% compared to the natural isotope 12C. Thus, the signal 

produced is weaker and took longer measurement time than that of 1H-NMR. To 

overcome this issue, Fourier Transform NMR (FT-NMR) spectroscopy has been 

developed whereby the magnetic nuclei are irradiated with a pulse of radio frequency 

close to their resonant frequency. Some of the energy will be absorbed by the nuclei and 

precess at their resonant frequency. The precession of various nuclei at slightly different 

frequencies gives out free induction decay (FID), a complex signal that decays as the 

nuclei lose the energy they gained from the pulse. The average of many FIDs will be 

recorded and the computer converts it into a spectrum (Wade Jr, 2013). The typical setup 

of nuclear magnetic spectrometer is shown in Figure 3.4.  

 

Figure 3.3 : Illustration of shielding effect due to the presence of lone pairs in 
oxygen atom connected directly to the proton. 

Less shielded compared
to the other protons,
absorb at higher field
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Figure 3.4 : The schematic diagram of a nuclear magnetic resonance 
spectrometer, redrawn from (Günther, 2013). 

 

Measurement 

Nuclear Magnetic Resonance (NMR) technique particularly 1H- and 13C-NMR was 

used to assess the chemical structure and anomeric purity of the synthesized compounds. 

The NMR measurement was taken using Bruker Avance 400 NMR spectrometer at 25°C. 

Chloroform-d was used as solvent for protected glycolipids while methanol-d4 for 

deprotected glycolipids. The residual solvent peak for chloroform-d is 7.26 ppm in 1H-

NMR and 77.23 ppm in 13C-NMR. As for methanol-d4, residual solvent peak appeared at 

4.87 ppm and 49.15 ppm in 1H-NMR and 13C-NMR respectively. 

3.2 Physico-Chemical Characterization of Branched Chain Glycolipid 

The two branched-chain glycosides were first subjected to thermal analysis 

measurement using thermogravimetric analysis (TGA). Their liquid crystalline phases 

were identified and determined by a combination of various techniques namely optical 

polarizing microscopy (OPM) and small-angle X-ray scattering (SAXS). Finally, the 
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rheological measurement was performed to characterize the flow behaviour of the 

mesophases. 

3.2.1   Thermogravimetric Analysis (TGA) 

TGA is a type of thermal analysis that monitor the mass loss as a function of 

temperature in a controlled environment by using thermogravimetric analyzer or more 

commonly known as thermobalance (Haines, 2012). The mass loss could be caused by 

changes such as oxidation, decomposition or dehydration. The main aim of TGA is to 

predict the thermal stability and decomposition temperature of the material. The 

temperature of the sample is detected by the thermocouple placed as close as possible to 

the sample (Gaisford et al., 2016) and the mass changes is recorded by the analytical 

balance that is placed outside of the furnace. The basic setup of a thermogravimetric 

analyzer is shown in Figure 3.5. The samples are heated at a rate of 10 or 20°C min-1 in 

most cases. Nevertheless, lowering heating rates is known to improve the resolution of 

overlapping weight losses. 

 

 

 

Figure 3.5 : Basic setup of a thermogravimetric analyser. Redrawn from (Haines, 
2012). 
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Measurement 

The glycolipids were dried for at least 24 hours over diphosphorus pentoxide before 

measurement to remove traces of moisture. Next, approximately 11 mg of sample was 

transferred into the aluminium pan before loaded into the sample holder of Netzsch 

STA449 F5 Jupiter. The sample was subjected to heating between 30–500°C at the 

scanning rate of 5°C min-1 in nitrogen atmosphere. The data analysis was performed with 

Proteus software. 

3.2.2   Optical Polarizing Microscopy (OPM) 

The function of optical polarizing microscope is to determine the texture and hence the 

identity of the mesomorphic compounds. It is also a convenient way to identify the 

transition temperature of the liquid crystalline compound. Polarized light differs from 

normal light because its light waves travel in one direction compared to the latter. Hence, 

this technique detects the defects within the liquid crystalline phase (Collings & Hird, 

1997) in which different liquid crystalline phases will show different textures under the 

polarizing microscope. Hot-stage is often connected to the instrument to observe the 

different textures adapted by liquid crystalline phases at different temperatures. 
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Figure 3.6 : Typical optical polarizing microscope instrument, redrawn from 
(Dimitruk & Davidson, 2013). 

 

The optical polarizing microscope is equipped with two linear polarizers as shown in 

Figure 3.6. One is situated below the stage (polarizer) while another one is situated above 

the objective (analyzer). When the light goes through the first polarizer, it selects a single 

orientation among all waves which compose the light. The second polarizer is placed 

perpendicularly to the first one, obstructing the wave from passing through. When a 

birefringent sample is placed along the light beam, it will polarized the light into two 

separate wave, which will then recombine after they pass through the analyser through 

the constructive and destructive interferences (Carlton, 2011).  
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Thermotropic Phase Behaviour 

In thermotropic study, the sample was lyophilized over diphosphorus pentoxide for at 

least 24 hours to remove all the trace water as the sugar glycolipids are hygroscopic. Then 

the dried sample was placed on a clean glass slide and covered with cover slip as shown 

in Figure 3.7. The cover slip was gently pressed and then positioned on the temperature-

controlled hot stage for temperature variation study.  The sample was heated to its 

isotropic phase at the rate of 5°C min-1 and then cooled down to room temperature at the 

rate of −2 C min-1. The first thermal cycle purpose was to produce a flat and even sample 

thickness and also to remove the thermal history of the sample. Once cooled, the phase 

transition temperature was recorded during the second heating and the sample texture 

image was captured upon second cooling.  

 

Figure 3.7 : Sample preparation for thermotropic study. 
 

Lyotropic Phase Behaviour 

Water contact penetration method was used to study the lyotropic phase behaviour. 

Figure 3.8 demonstrates the schematic diagram of water penetration technique. It has 

similar preparation method to the thermotropic study where the samples to be studied was 

placed on a clean glass slide and covered with the cover slip. It was heated until isotropic 

phase and cooled down to the room temperature to get a uniform sample thickness and to 

remove the sample thermal history. Then, a drop of water was added on the edge of the 

cover slip and the water will enter the sample via capillary action. A concentration 

gradient of excess water at the cover slip edge to neat surfactant was formed. The OPM 
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image of the solvated sample was captured at least after 30 minutes of equilibration during 

which precaution was taken to reduce water loss.  

 

Figure 3.8 : Sample preparation for lyotropic study. 
 

Measurement 

The thermotropic and lyotropic studies were identified with Mettler Toledo FP82HT 

and observed with Olympus BX51 microscope fitted with cross-polarizing filters. The 

pictures of textures were captured with Olympus DP26 camera. Magnification factor used 

were ×10 and ×20. CellSans software was used to process the images of the mesophases. 

3.2.3   Small Angle X-ray Scattering (SAXS) 

This is a non-destructive technique which is used to determine the scattering intensity 

of a compound as a function of the scattering angle, with a resolution ranging typically 

from 10 to 1000 Å (i.e. with scattering angles < 5°). When the sample is bombarded with 

an intense X-ray beam, this will result in the scattering of X-rays which subsequently give 

the information of size, shape and components information of the sample (Heberle et al., 

2012).  
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Figure 3.9 : The configuration of SAXS instrument. Redrawn from (Zhang, Chen, 
et al., 2018). 

 

The SAXS instrument consists of X-ray source, a collimation system, sample holder, 

a beam stops and detector as shown in Figure 3.9. Once the X-ray source irradiate X-ray 

beam, it will pass through the collimation system where the beam will be narrowed down 

before it hits the sample. The scattering pattern resulting from the collision between 

sample and collimated X-ray beam is then picked up by the detector. The beam stop will 

prevent the strong X-ray beam from hitting the detector since it can mask some of the 

weak scattering pattern of the sample and also prevent detector breakage (Blanchet et al., 

2015; Schnablegger & Singh, 2013).  

𝒏𝝀 = 𝟐𝒅𝒉𝒌𝒍 𝐬𝐢𝐧 𝜽  (Equation 3.1) 

This technique is governed by Bragg’s Law as given by Equation 3.1 where n is an 

integer, λ is the wavelength of the X-ray, 𝑑ℎ𝑘𝑙  (with common unit of Å) is the repeated 

distance between two neighbouring planes of lattices (d-spacing), and θ is the scattering 

angle between the reflected X-ray and the plane formed by the sample surface. The Miller 

indices h, k and l are the family of equidistant reflection planes also known as the 

reciprocal lattice plane. The illustration of Bragg’s Law is given in Figure 3.10. 
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Figure 3.10 : Illustration of Bragg’s Law. Redrawn from (Tyler et al., 2015). 
 

In this thesis, SAXS study was emphasised to investigate the self-assembly of the 

chosen compound in dry and excess water by determining the reciprocal distances (with 

common unit of Å-1), 𝑠ℎ𝑘𝑙, which is  related to  𝑑ℎ𝑘𝑙 by 𝑠ℎ𝑘𝑙 = 1/𝑑ℎ𝑘𝑙  (Tyler et al., 2015). 

Once the reciprocal distance is calculated, the space group and the structure of mesophase 

can be characterized. Commonly, SAXS patterns are represented by magnitude of the 

scattering vector, 𝑞 (with common unit of Å-1) rather than 𝑠ℎ𝑘𝑙. The 𝑞 and 𝑠ℎ𝑘𝑙 is related 

by 𝑞 = 2𝜋𝑠ℎ𝑘𝑙. 

Sample Preparation 

First, the sample was dried overnight in vacuum until the day before measurement. 

The thermotropic phase study was conducted by loading the sample directly into the paste 

cell holder and immediately placed in the X-ray machine. The sample was heated up to 

isotropic temperature and then cooled to the room temperature. The sample was left 

overnight in the vacuum before the measurement was taken. For lyotropic study, a 

selection of hydrated samples at a water concentration of 30% (w/w), 50% (w/w) and 

80% (w/w) samples were prepared by adding appropriate amounts of water and dry 

glycolipid (~100 mg) into a 1.5 ml micro centrifuge tube. The samples were then 

homogenized by repeated up and down centrifuging and then left to equilibrate at the 

𝜃 𝜃

Plane h,k,l
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room temperature for at least three days to ensure the mesophases have fully stabilized 

prior to the SAXS measurement. 

Measurement 

In this experiment, SAXSess Anton Paar, Austria was used to obtain the scattering 

pattern of the mesophases. The instrument has X-ray tube model DX-Cu 12×0.45, 

SERFERT that function to generate the radiation of Cu-Kα at wavelength λ = 1.  2 Å  at 

40 kV and 50 mA. The measurements were carried out in line collimation mode under 

vacuum with the detector distance of 317 mm. Silver behenate (λ =   .8 Å) was used as 

calibrant for all measurements. Peltier System (TCStage 300) was used to control the 

sample temperature (±0.1°C). Approximately 50 mg of dried or hydrated sample was 

transferred to a paste cell holder and loaded into the X-ray machine. During measurement, 

both dry and hydrated samples underwent 10 minutes equilibration at the chosen 

temperature and the acquisition time was 30 minutes. The primary beam was corrected 

using SAXStreat software. The corrected data was later processed by Space Group 

Indexing software (SGI program) to determine the space group of the liquid crystalline 

phases and its corresponding lattice parameter. 

3.2.4   Rheological Measurement 

The flow properties of the compound are determined by rheometry. The rheometer was 

used to measure how a liquid or slurry flows under applied force (Ollikainen, 2015). It 

measures the resulting deflection angle caused by the sample’s resistance to flow and the 

test can be either conducted at a controlled shear rate (CSR mode) or controlled shear 

stress (CSS mode).  

In CSR mode, the rotational speed is set beforehand at the rheometer and the shear rate 

is determined based on the gap and the rotational speed. Then, the flow resistance 
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moment, M (or shear force) of the material under investigation is measured. The torque 

is subsequently converted into rheological parameter of shear stress using the shear area 

of the measuring system. In CSS mode, the torque is set beforehand and the shear stress 

is determined from the torque and the shear area of the measuring system. The rotational 

speed is achieved by the plunger due to the applied torque is measured. It is then converted 

into rheological parameter of shear rate with a suitable measuring system factor (Barnes 

et al., 1989).  

Measurement 

The sample was dried in vacuum desiccator overnight before measurement. In 

thermotropic study, a small amount of sample was loaded directly on the measuring plate 

of Anton Paar’s rheometer Physica MCR 301 precisely under the parallel plate with a 

diameter of 25 mm. Then the distance between parallel plate and the lower measuring 

plater (where the sample is applied) was set to 1 mm. The steady shear viscosity 

measurements were conducted at shear rates varied in the range of 0.001–1000 s-1. For β-

Glc-C10C6, the measurement was taken at 25°C and 37°C. Meanwhile for β-Mal-C10C6, 

the sample was characterized at 25°C, 37°C, 60°C and 90°C. It is worth mentioning that 

even though β-Mal-C10C6 has solid powder appearance, it is just as sticky as β-Glc-C10C6, 

thus we were able to carry out the testing using conventional method described above. 

All samples were equilibrated for 5 minutes at the desired temperature to ensure that the 

required mesophase was obtained before the measurement. The linear viscoelastic (LVE) 

region of all mesophases was determined in strain-controlled mode with frequency of 1 

rad s-1 at shear strain amplitude from 0.01–100%. Then, the frequency sweep experiment 

was also conducted to determine the relaxation time of the liquid crystalline phases with 

pre-determined strain from LVE region. The hexagonal phase of β-Glc-C10C6 was 

determined at shear strain amplitude of 0.24% while the lamellar phase of β-Mal-C10C6 
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was measured at shear strain amplitude of 0.32% at an angular frequency from 0.1–100 

rad s-1
. 

The lyotropic samples were prepared according to the following manner. A selection 

of hydrated samples at water concentrations of 30% (w/w), 50% (w/w) and 80% (w/w) 

was prepared by adding the appropriate amount of water and dry glycolipid into a 5.0 mL 

centrifuge tube. Homogenization was carried out by centrifuging the sample at 5000 

rotation per minute (rpm) for 5 minutes. The homogenized samples were left to 

equilibrate at the room temperature for at least three days before measurement. The 

measurement cell for β-Mal-C10C6 was a double gap concentric cylinder with a diameter 

of 26.7 mm. This particular system was chosen since the sample had low viscosity in 

combination with large surface area provided by the double gap set up. Temperature 

control was regulated with Peltier system from the outer concentric cylinder. Since β-Glc-

C10C6 has viscous and gummy consistency, it was unable to homogenously mix with 

water. Hence, the measurement cell was modified to a cone plate with a diameter of 25 

mm and 1° cone angle in which the measuring position is fixed at 0.051 mm. The 

difference between parallel plate and cone plate is shown in Figure 3.11 below. 

 

Figure 3.11 : The schematic drawing of parallel plate and cone plate. Redrawn 
from (Mezger, 2014). 
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Similar to thermotropic test, the shear rate for viscosity test of the hydrated samples 

were set in the range of 0.001 to 1000 s-1. For β-Glc-C10C6, the measurement was 

conducted at  25°C and 37°C. As for β-Mal-C10C6, a selection of temperatures at 25°C, 

37°C, 60°C and 90°C were selected for measurement. All samples were equilibrated for 

5 minutes at the desired temperature before measurement. The LVE region of lyotropic 

samples was determined at 10 rad s-1 instead of 1 rad s-1 due to cluttered lines produced at 

1 rad s-1 which made data interpretation difficult. The strain range was set to 4 × 10−6 −

10%. The frequency sweep of both compounds was conducted from 0.628–628 rad s-1 

with strain of 0.01% at all concentrations.  
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CHAPTER 4: RESULTS AND DISCUSSION 

This section describes the synthesis and physico-chemical characterization of β-Glc-

C10C6 and β-Mal-C10C6. First, the structure elucidation was conducted through 1H-NMR 

and 13C-NMR. The peak assignments for both compounds were briefly described 

followed by thermal analysis using TGA. Subsequently, the characterization of 

thermotropic and lyotropic liquid crystalline phases formed by both Guerbet glycosides 

was conducted using OPM and SAXS. The last section discusses the rheological 

behaviour of these thermotropic and lyotropic mesophases. 

4.1 Synthesis and Chemical Characterization of Glycosides 

Two types of glycosides have been synthesized using the synthesis method described 

in Chapter 3. The percentage yield of the reactions for each batch of β-Glc-C10C6 and β-

Mal-C10C6 is tabulated in Table 4.1 and Table 4.2 respectively. The glucoside compounds 

gave yellowish gel while the maltoside appeared as white solid powder and very 

hygroscopic than the former. The lower yield of β-Glc-C10C6 compared to β-Mal-C10C6 

mostly due to the similar affinity between the anomeric mixture of α-Glc-C10C6 and β-

Glc-C10C6 to the silica gel during elution in flash column chromatography. During this 

step, TLC was actively conducted to check the elution of β-Glc-C10C6 and the collection 

of the desired β-Glc-C10C6 was stopped once mixture of both anomers present on the TLC 

plate.  The properties of the sample did not change from batch to batch as supported by 

their NMR spectra. The NMR spectra for these two compounds are available in the 

Appendix section. Nonetheless, we include brief discussion of 1H- and 13C-NMR spectra 

and NMR data for both compounds in this section.   
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Table 4.1 : Percentage yield of β-Glc-C10C6. 
 

 

Table 4.2 : Percentage yield of β-Mal-C10C6. 

Batch 
No. 

β-D-Maltose Octaacetate      
(Limiting Reactant) 

β-Mal-C10C6                               
(Final Compound) 

Percentage 
Yield (%) Molecular 

Formula 
Molecular 

Weight    
(g mol-1) 

Reactant 
Weight 

(g) 

Molecular 
Formula 

Molecular 
Weight   
(g mol-1) 

Product 
Weight 

(g) 

1 C28H38O19 678.59 6.00 C28H54O11 566.73 1.45 29.6 
2 C28H38O19 678.59 6.01 C28H54O11 566.73 1.19 23.8 
3 C28H38O19 678.59 6.00 C28H54O11 566.73 0.94 18.8 
4 C28H38O19 678.59 6.00 C28H54O11 566.73 1.23 24.5 
5 C28H38O19 678.59 6.00 C28H54O11 566.73 1.05 21.0 
6 C28H38O19 678.59 6.00 C28H54O11 566.73 0.89 17.8 
7 C28H38O19 678.59 6.01 C28H54O11 566.73 1.44 28.7 
8 C28H38O19 678.59 6.01 C28H54O11 566.73 1.65 33.0 
9 C28H38O19 678.59 6.08 C28H54O11 566.73 1.43 28.5 
10 C28H38O19 678.59 6.07 C28H54O11 566.73 0.80 15.9 
11 C28H38O19 678.59 6.03 C28H54O11 566.73 1.12 22.3 
12 C28H38O19 678.59 6.00 C28H54O11 566.73 1.06 21.2 

Batch 
No. 

β-D-Glucose Pentaacetate   
(Limiting Reactant) 

β-Glc-C10C6                                                 

(Final Compound) 

Percentage 
Yield (%) Molecular 

Formula 
Molecular 

Weight  
(g mol-1) 

Reactant 
Weight 

(g) 

Molecular 
Formula 

Molecular 
Weight  
(g mol-1) 

Product 
Weight 

(g) 

1 C16H22O11 390.34 6.00 C22H44O6 404.58 1.10 17.7 
2 C16H22O11 390.34 6.00 C22H44O6 404.58 0.37 5.88 
3 C16H22O11 390.34 6.02 C22H44O6 404.58 0.10 1.6 
4 C16H22O11 390.34 6.00 C22H44O6 404.58 0.48 7.7 
5 C16H22O11 390.34 6.00 C22H44O6 404.58 0.11 1.80 
6 C16H22O11 390.34 6.03 C22H44O6 404.58 0.73 11.8 
7 C16H22O11 390.34 6.01 C22H44O6 404.58 0.86 13.8 
8 C16H22O11 390.34 6.00 C22H44O6 404.58 0.85 13.6 
9 C16H22O11 390.34 6.02 C22H44O6 404.58 1.14 18.4 
10 C16H22O11 390.34 6.03 C22H44O6 404.58 0.83 13.3 
11 C16H22O11 390.34 6.12 C22H44O6 404.58 0.67 10.6 
12 C16H22O11 390.34 6.01 C22H44O6 404.58 0.56 9.0 
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The 1H-NMR spectrum of β-Glc-C10C6 with important peaks to signify the 

characteristic of the compound is shown in Figure 4.1. The two terminal methyl groups 

(–CH3) are represented by a triplet peak at ~0.92 ppm. Methylene bridge or methanediyl 

(–CH2) of the alkyl chain are represented by a sharp peak at 1.32–1.43 ppm since they are 

in similar chemical environment.  

The broad small peak at 1.63 ppm representing a hydrogen atom attached to the chiral 

carbon of the alkyl chain which is can be referred as methanetriyl group (–CH). The peaks 

from 3.20–3.88 ppm signify the hydrogen atoms in the sugar head. Finally, the hydrogen 

atom at C-1 carbon position is denoted by the peak at 4.24 ppm. This peak is shifted at 

the lowest field due to the deshielding effect of the two neighbouring oxygen atoms. 1H-

NMR data of β-Glc-C10C6 is as follows: 

1H-NMR (400 MHz, CD3OD): δ (ppm) = 4.24 (d, 1H, J1,2 = 8.0 Hz, H-1), 3.88 (dd, 1H, 

OCH2a), 3.83 (dd, 1H, J6a,6b = 12.0 Hz, H-6a), 3.69 (dd, 1H, J6a,6b = 12.0 Hz, H-6b), 3.25–

3.43 (m, 4H, OCH2b, H-3, H-4, H-5), 3.20 (dd~t, 1H, H-2), 1.63 (m, 1H, CH), 1.32–1.43 

(m, 24H, CH2), 0.92 (t, 6H, J = 6.8 Hz, 2 x CH3). 
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Figure 4.1 : 1H-NMR spectrum of β-Glc-C10C6. The coloured boxes marked on the 
spectrum to denote hydrogen in different chemical environments i.e. blue, –CH3 
groups; yellow, –CH2 groups; red, –CH group and black, sugar head. The asterisk 
(*) represents the hydrogen atom at C-1 carbon position. 

 

The 1H-NMR spectrum of β-Mal-C10C6 is shown in Figure 4.2. The peaks at higher 

field are mainly the aliphatic chain of the tail group which consists of –CH3, –CH2 and –

CH groups at 0.92–1.63 ppm. The sugar head and ether linkage are shifted at lower field 

around 3.32–3.91 ppm due to their close proximity to oxygen atoms, causing deshielding 

effect since oxygen atom is electronegative. Hydrogen H-1 which is connected to carbon 

C-1 is seen at 4.26 ppm. While hydrogen H-1’ is the hydrogen atom attached to the carbon 

C-1’ of the second glucose unit. H-1’ is more deshielded than that of H-1 (5.06 ppm vs. 

4.26 ppm). 1H-NMR data of β-Mal-C10C6 is as follows: 

1H-NMR (400 MHz, CD3OD): δ (ppm) = 5.06 (d, 1H, J1’,2’ = 3.6 Hz, H-1’),  .26  (d, 1H, 

J1,2 = 8.0 Hz, H-1), 3.91 (dd, 1H, J6a,6b = 12.0 Hz, H-6a), 3.81 – 3.86 (m, 3H, H- ’, H-6b, 

H-6a’), 3.67– 3.73 (m, 2H, H- ’, H-6b’), 3. 8 – 3.65 (m, 2H, H-3, H-3’), 3.   (dd, 1H, 

J3,4 = 9.2 Hz, H-4), 3.36 – 3.48 (m, 3H, H-2’, H-5, H-2), 3.23–3.36 (m, 2H, OCH2), 1.63 

(m, 1H, CH), 1.32–1.43 (m, 24H, CH2), 0.92 (t, 6H, J = 6.8 Hz, 2 x CH3). 
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Figure 4.2 : 1H-NMR spectrum of β-Mal-C10C6. The coloured boxes marked on 
the spectrum to denote hydrogen in different chemical environments i.e. blue, –
CH3 groups; yellow, –CH2 groups; red, –CH group and black, sugar head. The red 
and purple coloured asterisk (*) represent the hydrogen atom at C-1 and C-1’ 
carbon position, respectively. 

 

Figure 4.3 shows the 13C-NMR spectrum of β-Glc-C10C6.The peaks of aliphatic chain 

peaks are mainly observed at highest field of 13.0–38.1 ppm. The secondary carbons (–

CH2) are deshielded to lower field of 22.0–31.7 ppm compared to the primary carbons (–

CH3) at 13.0 ppm. The chiral carbon (–CH) denoted by red box is a tertiary carbon, thus 

it is shifted to an even lower field of 38.1 ppm. Similar to 1H-NMR, the presence of 

electronegative atom will influence the ppm shift. For instance, the presence of oxygen 

atom in –OCH2 group of the aliphatic chain cause deshielding effect to 72.6 ppm. 

Moreover, most of the carbon atoms in the sugar head is shifted to the lower field since 

they are connected to the hydroxyl (–OH) group. Finally, carbon C-1 which is connected 

to two oxygen atoms is shifted to the lowest field around 103.4 ppm since both oxygen 
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atoms withdraw electrons from the carbon atom. 13C-NMR peak assignment of β-Glc-

C10C6 is as follows: 

13C-NMR (100 MHz, CD3OD): δ (ppm) = 103.4 (C-1), 76.8 (C-3), 76.5 (C-4), 73.8 (C-

2), 72.6 (OCH2), 70.3 (C-5), 61.4 (C-6), 38.1 (CH), 22.3–31.7 (CH2), 13.0 (CH3). 

 

Figure 4.3 : 13C-NMR spectrum of β-Glc-C10C6. The coloured boxes marked on 
the spectrum to denote carbon in different chemical environments i.e. blue, –CH3 
groups; yellow, –CH2 groups; red, –CH group and black, sugar head. The asterisk 
(*) represents the carbon in –OCH2 group of the aliphatic chain and the enlarged 
peaks are available in the appendix B. 

 

Similar to β-Glc-C10C6, the peaks at higher field region of β-Mal-C10C6 represent the 

aliphatic chains at around 13.1–38.1 ppm (see Figure 4.4). The blue box denotes the 

primary carbon at 13.1 ppm while the yellow box denotes the secondary carbon at 22.3–

31.7 ppm. The red box designates the tertiary carbon which is shifted to lower field of 

38.1 ppm. The –OCH2 group of the aliphatic chain is shifted to a lower field of 72.7 ppm 

since it is attached to an oxygen atom. The peaks for carbon in the sugar head appeared 

in the region of 60.8–103.3 ppm. The two peaks at the lowest field represent carbon C-1 

(101.5 ppm) and C-1’ (103.3 ppm). 13C-NMR data of β-Mal-C10C6 is as follows: 
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13C NMR (100 MHz, CD3OD): δ (ppm) = 103.3 (C-1’), 101.  (C-1), 79.9 (C-2), 76.5 (C-

3’), 7 .2 (C -3), 73.7 (C-2’), 73.  (C - ’), 7 2.8 (C-5), 72.7 (OCH2), 70.1 (C- ’,  C-4), 61.4 

(C-6’), 60.8 (C-6), 38.1 (CH), 22.3–31.7 (CH2), 13.1 (CH3).  

 

4.2 Thermal Analysis 

The thermal analysis is comprised of TGA to assess the decomposition temperature of 

the glycosides was presented in the following sub section. 

 Thermogravimetric Analysis (TGA) 

Figure 4.5 shows the TGA thermograms for β-Glc-C10C6 and β-Mal-C10C6 heated at a 

constant rate of 5°C min-1. The initial decomposition temperature of β-Glc-C10C6 was 

200°C, while the major weight loss began rapidly at 280°C, leaving a residue of 3.2% at 

500°C. The corresponding DTG curve indicated two peaks: a small peak at 234°C and a 

 

Figure 4.4 : 13C-NMR spectrum of β-Mal-C10C6.  The coloured boxes marked on 
the spectrum to denote carbon in different chemical environments i.e. blue, –CH3 
groups; yellow, –CH2 groups; red, –CH group and black, carbon in the sugar 
head. The asterisk (*) represents the carbon in –OCH2 group of the aliphatic 
chain. The insets show magnified peaks of certain areas. 
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large peak centred at 340°C, the latter likely due to the remaining weight loss. In the case 

of its maltoside counterpart, the weight loss started at 300°C and the corresponding DTG 

thermogram showed a peak centred at 337°C. The residual percentage of 10.2% was 

obtained at 500°C for β-Mal-C10C6. 

 

The minor DTG peak at 234°C of β-Glc-C10C6 was likely due to the cleavage of the 

glycosidic bond, also known as transglycosylation. This led to the formation of 

oligosaccharides and loss of alcohol, a process commonly observed around 200–

300°C (Hengemihle et al., 1984; Kawamoto et al., 2014) . The subsequent DTG peak 

which centred at 340°C could be associated with the fragmentation of the carbohydrates 

into a complex mixture of low-molecular-weight organic compounds and volatile 

products (Hengemihle et al., 1984; Kawamoto et al., 2014; Shafizadeh, 1982). As for β-

Mal-C10C6, only a single DTG peak was observed at 337 °C which was due to the 

dissociation of the carbohydrate compounds. The minor DTG peak resulting from 

transglycosylation within the expected temperature range was not observed in maltoside. 

The presence of an extra α(1→ ) glycosidic linkage that connected the two glucose units 

together in maltoside possibly required more heat for the process. That being the case, it 

 

Figure 4.5 : (a) TGA and (b) DTG thermograms of β-Glc-C10C6 and β-Mal-C10C6 
at a heating scan rate of 5°C min-1. 

(a) (b) 
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may have occurred at a slightly higher temperature and overlapped with the major thermal 

decomposition. 

The remaining residue at 500°C represented by 3.2% and 10.2% for β-Glc-C10C6 and 

β-Mal-C10C6 respectively showed that the latter produced a higher percentage of char 

which could be correlated by an increase in saccharide units from monosaccharide 

(glucose) to the disaccharide (maltose). The summarized TGA data are tabulated in Table 

4.3. 

Table 4.3 : Data of thermal degradation of β-Glc-C10C6 and β-Mal-C10C6. 

4.3 Liquid Crystal Characterization 

The characterization of liquid crystal phase was conducted with the techniques 

described in Chapter 3 namely OPM and SAXS. OPM is a helpful technique in 

determining the liquid crystalline phase identity exhibited by the glycosides and SAXS 

acts as a quantitative analysis to evaluate the structural parameter of mesophase observed 

from OPM. 

4.3.1 Optical Polarizing Microscopy (OPM) 

Figure 4.6 shows the textures exhibited by the glycosides in thermotropic and lyotropic 

conditions. Upon heating, the anhydrous β-Glc-C10C6 and β-Mal-C10C6 turned to isotropic 

phase at 57°C and 189°C respectively (see Table 4.4), a finding comparable with 

Sample Temperature 
of Initial 

Decomposition 
(°C)  

Temperature 
of Final 

Decomposition 
(°C) 

Temperature 
of Maximum 

Decomposition 
Rate (°C) 

Percent of 
Weight 

Loss (%) 

β-Glc -C10C6 200 
280 

260 
380 

234 
340 

3.0 
93.8 

β-Mal-C10C6 300 390  337 89.8 
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previously-reported data to within error. The latter had a higher clearing temperature, Tc 

than the former due to a large number of headgroup which increased the chance of 

hydrogen bonding in the molecules, resulting on a higher Tc. 

 

On cooling at a scan rate of –2°C min-1, β-Glc-C10C6 displayed a fan-shaped 

birefringent texture as shown in Figure 4.6(a). The strong birefringence appearance with 

larger domains are usually associated with inverse hexagonal phase. Evidently, the chain 

branching in Guerbet glycoside increased the hydrophobic volume, thus the shape factor 

would be greater than 1. This, according to Israelachvili (Israelachvili, 1994), favoured 

the formation of inverse structures. 

Upon cooling the β-Mal-C10C6, an oily streak texture with birefringent bands across a 

pseudo-isotropic region were observed (see Figure 4.6 (b)). In the same figure, a maltese 

 

Figure 4.6: OPM textures of (a) H2 of dry β-Glc-C10C6 (× 𝟏𝟎); (b) Lα of dry β-Mal-
C10C6 (× 𝟏𝟎). The inset shows the coexistence of maltese cross (highlight white). 
The OPM micrograph of (c) V2 of hydrated β-Glc-C10C6 (× 𝟏𝟎); and (d) Lα of 
hydrated β-Mal-C10C6 (× 𝟏𝟎) were obtained in water contact penetration scan. W 
denotes water and all textures were captured at room temperature.  

(a) (b)

(c) (d)

W

V2

H2
(neat)

W

Lα
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cross structure was also seen which denotes the formation of Lα phase in β-Mal-C10C6. 

The formation of lamellar phase was preferred by β-Mal-C10C6 since the larger sugar head 

group resulted in a linear shape and hence favoured the formation of lamellar structures. 

In addition, branched-chain maltosides favoured a lamellar phase due to strong 

electrostatic interaction via hydrogen bonding in the hydrophilic region. 

When water was added to the neat surface of the dry β-Glc-C10C6 at the room 

temperature, a viscous isotropic phase had replaced the birefringent texture at the higher 

water content (Figure 4.6(c)) which indicates the formation of the cubic phase. This 

mesophase was expected to belong to the inverse type due to molecular structure of β-

Glc-C10C6 as discussed earlier. However, the Lα texture of β-Mal-C10C6 remained in the 

presence of water as shown in Figure 4.6(d). 

Table 4.4 : The transition temperature of thermotropic study obtained from OPM 
for both samples. The temperature measurement error is ± 𝟏°𝑪. 

Sample Phase Type Clearing Temperature (°C) 
β-Glc-C10C6 H2 57 

β-Mal-C10C6 Lα 189 

 

4.3.2 Small Angle X-ray Scattering (SAXS) 

The scattering pattern of SAXS provides a proper identification of the liquid crystal 

phases observed by OPM. For example, SAXS provides information on the coexistence 

of liquid crystalline phases where one or both phases are isotropic, which cannot be 

established by OPM. Furthermore, SAXS enables determination of structural information 

of these mesophases. The SAXS pattern of the anhydrous β-Glc-C10C6 at 30°C revealed 

three peaks with the spacing ratios of √1, √3 and √  which was characteristic of H2 phase 

(Figure 4.7(a)) with lattice parameter of 28.3 Å. Meanwhile, β-Mal-C10C6 (Figure 4.7 (b)) 

Univ
ers

ity
 of

 M
ala

ya



  

 61 

showed a the typical scattering pattern of Lα phase which was characterized by the 

reflections of 1, 2 and 3 having a lattice parameter value of 31.1 Å. 

Previously, the partial binary phase diagram of β-Glc-C10C6 (Zahid et al., 2013) and β-

Mal-C10C6 (Saari et al., 2018) have been reported.  Based on the reported works, the 

excess water points for β-Glc-C10C6 and β-Mal-C10C6 were estimated at around 32% 

(w/w) and 40% (w/w) respectively. The higher water saturation point in Guerbet 

maltoside than its glucoside counterpart is anticipated due to a stronger intermolecular 

hydrogen bond between water molecules and the –OH groups in the maltose sugar. For a 

quantitative lyotropic investigation, three water concentrations have been chosen for 

SAXS measurements as well as for rheological study in the following section. The water 

concentrations of 30% (w/w) was selected to represent the lower hydration level (before 

excess water condition), while 50% (w/w) and 80% (w/w) were designated to describe 

the system of excess water condition. The published partial phase diagrams for both β-

Glc-C10C6 and β-Mal-C10C6 showed that all phases observed were invariant with the 

temperatures investigated i.e. 25°C –60°C, which suggests that there was no significant 

removal of water molecules from the sugar head group as a result of the strong hydrogen 

bonding between the OH groups of the glycolipids and water. 
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Figure 4.7(c) shows the scattering patterns of hydrated β-Glc-C10C6. At 30% (w/w), 

the SAXS patterns formed an Ia3d cubic phase that coexisted with Pn3m. This phase 

coexistence remained at excess water condition of 50% (w/w). The observation of unusual 

Ia3d/Pn3m coexistence of β-Glc-C10C6 at 30% (w/w) and in excess water of 50% (w/w) 

was backed up by the calculated ratio aIa3d/Pn3m (1.614 and 1.592, respectively). This 

agreed within a few percent with the expected Bonnet relation aIa3d/Pn3m = 1.576. At 80% 

(w/w), a stable Ia3d cubic phase was detected. The formation of an Ia3d phase is rare 

since this phase has the most compact space filler and normally occurs at reduced 

 

Figure 4.7: SAXS patterns under thermotropic and lyotropic conditions at 30°C 
indicating (a) H2 phase of dry β-Glc-C10C6; (b) Lα phase of dry β-Mal-C10C6; (c)  
inverse bicontinuous cubic phases of hydrated β-Glc-C10C6 and (d) Lα phases of 
hydrated β-Mal-C10C6. In (c) and (d) the various water concentrations of 30% 
(w/w), 50% (w/w) and 80% (w/w) are represented by bottom line, middle line top 
line, respectively. The corresponding lattice parameters are also reported in the 
figure. 
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hydration (Seddon et al., 2006) The chain branching may play a role in stabilizing the 

Ia3d structure in excess water due to the presence of chiral and asymmetric β-carbon at 

C-2 position (Zahid et al., 2013). 

In the case of β-Mal-C10C6 (Figure 4.7(d)), the Lα phase dominated the lyotropic phase 

behaviour at these water concentrations. This phase formation is usually governed by the 

hydrated head group whereby all the seven hydroxyls in maltose are surrounded by 

extensive water shell, hence, increasing the head group area triggering the formation of 

the lamellar structure in their fully hydrated system (Hashim et al., 2012). The formation 

of hydrogen bonding between water molecules and all hydroxyl groups in the head group 

results in larger effective headgroup area diminishing the hydrophobic chain effect and 

hence lead to zero mean curvature. The phase assignments and lattice parameters of the 

glycosides in dry and at selected water concentrations are shown in Table 4.5. 

Table 4.5 : Phase assignments and lattice parameters at 30°C for β-Glc-C10C6 and  
β-Mal-C10C6 in dry and at selected water concentrations. The error in lattice 
parameter is ±𝟎. 𝟏 Å. 

Water concentration Phase (Lattice Parameter) 
β-Glc-C10C6 β-Mal-C10C6 

0 % (w/w) H2 (28.3 Å)  Lα (31.1 Å) 

30 % (w/w) 
Ia3d & Pn3m  

(85.8 Å & 53.9 Å) 
Lα (40.0 Å) 

50 % (w/w) 
Ia3d & Pn3m 

 (85.9Å & 53.2 Å) 
Lα (40.1 Å) 

80 % (w/w) Ia3d (85.8 Å) Lα (40.6 Å)  

4.4 Rheological Behaviour  

The flow behaviour of all liquid crystalline phases in thermotropic and lyotropic 

conditions formed by β-Glc-C10C6 and β-Mal-C10C6 was investigated in terms of viscosity 

test, amplitude sweep and frequency sweep. The viscosity test was to evaluate the 

viscosity of mesophase under shear stress. The amplitude sweep was carried out to 
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determine the linear viscoelastic (LVE) limit of the mesophase to ensure its structure was 

not destroyed in frequency sweep. Finally, the frequency sweep investigation determined 

the macroscopic properties, such as the ability of these liquid crystalline structures to 

store (G’) and dissipate (G”) energy which would be useful to understand their stability, 

processing, transportation, and storage (Matsumoto et al., 2009). Three different water 

concentrations i.e. 30% (w/w), 50% (w/w), and 80% (w/w) were selected to comprehend 

the lyotropic rheological behaviour. The effect of temperature in these experiments was 

also studied and deserves some discussion. 

4.4.1 Viscosity Test 

The viscosity test of the thermotropic liquid crystal phase was first discussed followed 

by the discussion of the viscosity of lyotropic mesophase at selected water concentrations. 

The experimental procedure was carried out as described in Chapter 3. 

Thermotropic Study 

The typical variation of the viscosity, η versus shear rate, 𝛾̇ is observed for H2 phase 

and Lα phase of the extensively dried β-Glc-C10C6 and β-Mal-C10C6 (respectively) as 

shown in Figure 4.8. The results indicated that the viscosity decreased when the shear rate 

increased which implied shear thinning behaviour, also known as pseudoplastic 

behaviour. In general, lipid layers in the lamellar phase could move over each other easily. 

However, movement along the uni-axis (perpendicular to lipid layers) would be expected 

to be much more difficult since it involved distortion or re-alignment of bilayers (Tiddy, 

1980). In the case of the hexagonal phase, the rods were expected to move in direction of 

the long axis as easily as lamellar phase lipid layers can slide over  another, but to a lesser 

extent. Nevertheless, movement perpendicular to this direction involved modification of 

the hexagonal packing, disruption of the rods and was anticipated to be more difficult 
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than the parallel movement (Tiddy, 1980). Thus, the viscosity of the hexagonal phase 

would be expected to be relatively higher than the lamellar phase.   

However, when comparing the plots of the H2 phase of β-Glc-C10C6 at 25°C and 37°C  

with that of the Lα phase of β-Mal-C10C6 (see Figure 4.8 (a) and (b)), the results showed 

that the latter has higher viscosity. This unexpected behaviour was most probably due to 

the latter has seven hydroxyl groups in its sugar head which increases the hydrogen bond 

network and cause more resistance for the Lα phase to flow. On the other hand, the 

glucoside counterpart had monosaccharide head group with only four hydroxyl groups 

available with less hydrogen bond network and hence the H2 phase of β-Glc-C10C6 is more 

fluid. The hydrogen bonds in self-assembly of glycolipids formed intralayer (formed 

between two sugars within the layer) and interlayer hydrogen bonds (formed between two 

neighbouring layers). This observation was supported by a molecular dynamics 

simulation of an anhydrous lamellar structure, which showed that maltoside had 

intermolecular hydrogen bonds formed between the headgroups (i.e. both intra- and 

interlayer) ranging from 6.7 to 7.2 (Manickam Achari et al., 2012). This value is almost 

double than that observed from a thermotropic lamellar simulation for glucoside (~4.8) 

(Ahmadi et al., 2014). In glucose and maltose headgroups the interlayer hydrogen bonds 

per lipid had the same value of 3.1. On the other hand, their intralayer hydrogen bonds 

per lipid differed considerably, where the former was 1.1 while the latter was 3.9 (Ahmadi 

et al., 2014; Manickam Achari et al., 2012). These reported findings showed that the 

intralayer hydrogen bonds played a significant role in making the Lα phase of β-Mal-

C10C6 more viscous than the H2 phase of β-Glc-C10C6.   

It was also observed that when the temperature increases, the viscosity decreased by a 

factor of 10 in both H2 and Lα phases. This could be explained by the fact that heat made 

the mesophases flow easily. As more heat was added into the system, the thermal motion 
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will destroy the delicate ordering of liquid crystalline phases (Chandrasekhar, 1992) , thus 

the viscosity decreased as a function of temperatures. Such a trend has been observed in 

several systems (Barra & Mitchell, 2013; Németh et al., 1998). It is important to note that 

the selected measurement temperatures for each compound was lower than their Tc value 

determined from OPM. Although the Tc of β-Mal-C10C6 is higher, at ~189°C, the 

temperature of measurements for β-Mal-C10C6 was limited to 90°C as the sugar 

compound experienced browning or caramelization due to the long duration of test which 

was consistent with anomalous behaviour observed in strain test at the specific 

temperature.  

 
Figure 4.8 : Viscosity,η versus shear rate,𝜸̇ for (a) H2 phase of β-Glc-C10C6 and (b) 
Lα phase of β-Mal-C10C6 at selected temperatures. 

 

Lyotropic Study 

The flow behaviour of the lyotropic V2 of β-Glc-C10C6 and Lα phase of β-Mal-C10C6 

formed at the selected water concentrations are depicted in Figure 4.9 and Figure 4.10 

respectively. The lyotropic liquid crystal phases also behaved as a shear thinning fluid 

like those of the thermotropic mesophases. With the exception of Ia3d cubic phase of 

80% (w/w) at 25°C, all other lyotropic cubic and lamellar viscosities were much lower 

than that of the thermotropic mesophases over the whole range of shear rate.  
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The cubic phase is an isotropic liquid crystal phase known to be a more rigid and 

viscous phase than the lamellar and hexagonal phase. Understanding the rheological 

properties of cubic phase is also challenging since their response to stress is the result of 

several relaxation mechanisms. For instance, Montalvo, et al. (Montalvo et al., 1996) 

reported that the viscosity of cubic phase made from cationic surfactant, 

hexadecyltrimethylammonium bromide (CTAB) i.e. CTAB/benzyl alcohol/water system 

could not be measured from flow experiments, even though it showed very interesting 

elastic properties. Nevertheless, in this work, we were able to measure the viscosity of 

lyotropic cubic phase of the non-ionic Guerbet glucoside as shown in Figure 4.9. The 

presence of water in this system provided more liquidity to the system as the hydroxyl 

groups in the sugar head form hydrogen bond with water molecules.  

 

 

Figure 4.9 : Viscosity,η versus shear rate,𝜸̇ for β-Glc-C10C6 at different water 
concentrations of (a) 30% (w/w), (b) 50% (w/w) and (c) 80% (w/w) and at selected 
temperatures. The inset shows the larger scale of shear thinning behaviour for 
80% (w/w) cubic Ia3d phase at 37°C. 

0

100000

200000

300000

0.001 0.01 0.1 1

V
is

co
si

ty
, P

a.
s

Shear rate, s-1

25°C
37°C

0

100000

200000

300000

0.001 0.01 0.1 1

V
is

co
si

ty
, P

a.
s

Shear rate, s-1

25°C
37°C

3 105

2 105

1 105

0

600000

1200000

1800000

0.001 0.01 0.1 1

V
is

co
si

ty
, P

a.
s

Shear rate, s-1

25°C
37°C

6 105

12 105

18 105

0

5000

10000

15000

0.001 0.01 0.1 1

1 105

2 105

3 105

5 103

10 103

15 103

(a) (b)

(c)

Univ
ers

ity
 of

 M
ala

ya



  

 68 

At 25°C, the coexisted Ia3d and Pn3m phase formed at lower hydration level and 

before excess water point i.e. 30% (w/w) has the lowest viscosity compared to the excess 

water condition samples i.e. the two-phase coexistence of cubic Ia3d and Pn3m phases at 

50% (w/w) and cubic Ia3d phase at 80% (w/w). The effect of water concentration for 

other non-ionic surfactant/water systems (Soltero et al., 2007; Zhao et al., 2011) which 

mostly focuses on below excess water samples reported that viscosity decreased with 

increasing water concentration. Nonetheless, the higher viscosity values observed for the 

cubic phase at 50% (w/w) and 80% (w/w) had to be expected since the cubic phase started 

to coexist with a water phase. In this condition, large interfaces between the cubic and 

water phases were formed, which were responsible for the increase in viscosity 

(Mezzenga et al., 2005). Generally, viscosity reduced significantly once the temperature 

was increased to 37°C. Despite showing the highest viscosity at 25°C, the Ia3d cubic 

phase of 80% (w/w) had the lowest viscosity at 37°C. The result suggested that the 

temperature effect was more significant at a higher hydration level, hence giving more 

fluidity to the cubic Ia3d cubic phase of 80% (w/w) system. 

It is well known that lamellar aggregates are able to slide between bilayers and into 

flowing condition when stress is applied (Zhao et al., 2011). The added water acts as 

lubricant, and thus, enhancing fluidity to the system. As a result, the viscosities of 

lyotropic lamellar phase of β-Mal-C10C6 at selected water concentrations (see Figure 4.10) 

were much lower than the thermotropic lamellar phase (see Figure 4.8(b)).  At 25°C, the 

lowest viscosity value was observed for the Lα phase at 30% (w/w). The viscosity slowly 

increased at 50% (w/w) and the highest viscosity value was observed for Lα phase at 80% 

(w/w). At these excess water condition, Lα phase coexisted with the water phase and 

introduced more interfaces between the lamellar and water phases, resulting in an increase 

in the viscosity. Unlike the thermotropic lamellar phase, the lyotropic lamellar phase had 

minimal temperature effect on the viscosity over the whole range of shear rate. 
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Exceptionally, Lα phase at 80% (w/w) exhibited notable reduction in viscosity when the 

sample was heated at 37°C and 60°C. An anomalous viscosity was observed for this 

sample at 90°C which might imply that water evaporation had occurred, causing it to be 

less fluid and hence, increasing its viscosity.  

The lyotropic Lα phase of maltoside had a lower viscosity compared to lyotropic V2 

phase of glucoside. This is reasonable because the lipid layers could move over one 

another easily in the lamellar phase, reducing the viscosity to a smaller value than in the 

the cubic phase which had less easy flow direction because the aggregates repelled one 

anoother in a three-dimensional network. In addition, more hydroxyl groups in the β-Mal-

C10C6 could form intermolecular hydrogen bonds with water molecules, thereby 

increasing the fluidity of the Lα phase. 

 

 

Figure 4.10 : Viscosity,η versus shear rate,𝜸̇ for β-Mal-C10C6 at different water 
concentrations of (a) 30% (w/w) (b) 50% (w/w) (c) 80% (w/w) and at selected 
temperatures. The insets show the larger scale of shear thinning behaviour at 
designated temperatures. 
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4.4.2 Amplitude Sweep 

Amplitude sweep is generally used to describe the deformation behaviour of the 

mesophase and determine the limit of linear viscoelastic (LVE) region. When G’ > G”, 

the sample exhibit gel-like or solid structure and can be called as viscoelastic solid 

material. If G” > G’, then the sample display fluid structure and it can be called as 

viscoelastic fluid (Mezger, 2014).  

Thermotropic Study 

The LVE region for the H2 phase of β-Glc-C10C6 is shown in Figure 4.11(a). The plot 

shows that the stiffness of this phase differed by a factor of 10 in the G’ values (20000 Pa 

at T = 25°C and 2000 Pa at T = 37°C). This indicated that the force needed to deform the 

H2 phase at lower temperature was one hundred times greater than at the higher 

temperature. It could also be seen that at 25°C, G’ was greater than G” which meant that 

the phase was a viscoelastic solid which explained the significantly higher force needed 

to deform it. Interestingly, as the temperature increased to 37°C, G” was greater than G’ 

which indicated that the sample was now behaving as a viscoelastic fluid. This 

transformation might be related to the fact that β-Glc-C10C6 had the low clearing 

temperature of 59°C, thus a slight increase in temperature would result in a transition to 

isotropic state, which made the sample flow easily.  
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With the exception of temperature at 90°C, G” dominated G’ at all temperatures 

indicating the Lα phase of β-Mal-C10C6 displayed a fluid structure known as viscoelastic 

liquid (see Figure 4.11(b)). Although it appeared to be solidified at room temperature, it 

is a hygroscopic material due to the presence of seven hydroxyl (–OH) group within the 

molecule. While the viscoelastic behaviour is a function of temperature, the LVE region 

mostly remains invariant (see Table 4.6) at the selected temperatures. However, Niraula 

and coworkers had reported that the width of the LVE region is a function of the length 

of the hydrocarbon tail (Niraula et al., 2004). 

We noted the anomalous behaviour of Lα phase at 90°C i.e. G’ larger than G”. This 

observed result indicaed that the sample underwent some degree of damage at high 

temperature and loses its liquid crystalline structure. The LVE region is tabulated in Table 

4.6 as the reference for the strain in frequency sweep experiment. From the data, Lα phase 

of β-Mal-C10C6 was suspected of damage at 90°C and was not further discussed in 

subsequent experiments. 

 

 
Figure 4.11 : Storage modulus, G’ and loss modulus, G” versus strain for (a) H2 
phase of β-Glc-C10C6 and (b) Lα phase of β-Mal-C10C6 at selected temperatures. 
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Table 4.6 : The LVE region limit of H2 phase of β-Glc-C10C6 and Lα phase of β-Mal-
C10C6 at selected temperatures. 

Lipid Mesophase Temperature 
(°C) 

LVE limit (%) 

β-Glc-C10C6 H2 
25 0.32 
37 0.24 

β-Mal-C10C6 Lα 

25 0.32 
37 0.32 
60 0.32 
90 0.76 

 

Lyotropic Study 

Figure 4.12 shows the strain test of lyotropic cubic phase of β-Glc-C10C6 at different 

water concentrations which revealed the dominance of a solid-like behaviour over a wide 

range of water concentration since G’ was greater than G” value. The G’ value increased 

as a function of water concentration and temperature. It is also worth mentioning that the 

transition from elastic to viscous behaviour was delayed as the water concentration 

increased. The viscous behaviour of the coexisted Ia3d cubic phase at 30% (w/w) started 

to dominate at strain ~1% and it gradually increased to ~10% strain at 80% (w/w). 

Overall, the cubic structure started to rupture at around 0.1% as characterized by the 

steady decrease in the G’ value. When the strain was approximately 3%, the viscous 

behaviour became dominant whereby G” value became greater than G’ value particularly 

at 37°C. Hence, a strain value of 0.01% was selected for the frequency sweep test to 

ensure the integrity of the sample structure. Ia3d cubic phase at 80% (w/w) (see Figure 

 .12(c )) showed a significant increase in G” followed by decreasing at a higher strain 

region. This effect is termed weak strain overshoot (Hyun et al., 2011) and it is related to 

the deformation of the Ia3d structure that underwent stiffening which required a greater 

deformation to break (Mendozza et al., 2019). The Ia3d cubic phase was reported to 

demonstrate higher rigidity than the Pn3m symmetry because the topological 

characteristics of the former had a more compact space filler than the latter (Speziale et 
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al., 2018). The presence of a lower rigidity Pn3m cubic phase in coexisted Ia3d/Pn3m 

system might have rendered this effect less pronounced in 30% (w/w) and 50%(w/w) 

samples. 

 

The strain test for the Lα phase of β-Mal-C10C6 is shown in Figure 4.13. The result 

showed the dominance of G’ over G” at all range tested, demonstrating the gel-like 

structure in this system. A similar result was reported by other researchers (Lauger et al., 

1995; Montalvo et al., 1996; Németh et al., 1998). At 30% (w/w), G’ was dominant over 

a wide range of strain. At middle water concentration of 50% (w/w), the storage moduli 

response became lower, implying less force was needed to disrupt the lamellar structure. 

Finally, at high water content of 80% (w/w), G’ was steadily greater than G” at all 

 
Figure 4.12 : Storage modulus, G’ and loss modulus, G” versus strain for β-Glc-
C10C6 at different water concentrations of  (a) 30% (w/w) (b) 50% (w/w) and 
(c) 80% (w/w) and at selected temperatures. 
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temperature tested. The measurement at 90°C has been excluded from discussion since 

evaporation of water was anticipated at high temperature. 

 

Figure 4.13 : Storage modulus, G’ and loss modulus, G” versus strain for β-Mal-
C10C6 at different water concentrations of (a) 30% (w/w) (b) 50% (w/w) and (c) 
80% (w/w) and at selected temperatures. 
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would be able study the property of viscoelastic behaviour in materials (Speziale et al., 

2018). 

Thermotropic Study 

The viscoelastic properties of the thermotropic phases for both glycolipids are shown 

in Figure 4.14. It is worth mentioning that the effect of pre-shear treatment is negligible 

in this work. Overall, G’ and G” increased with the frequency, indicating that the H2 and 

Lα phases followed the typical viscoelastic G’, G” response for non-Newtonian fluid at 

the selected temperatures. The values of G’ and G” of H2 phase exhibited different 

behaviours as the frequency increased (see Figure 4.14 (a)). At low frequencies, G’ had a 

lower value than G”, and the dominant behaviour was viscoelastic fluid. As the frequency 

increased, both G’ and G” at 25°C and 37°C increased, and eventually, at a specific point, 

G’ overtook G”. The inverse of the frequency, ω, at which this crossover occurred is 

called the longest relaxation time, τmax. The τmax value referred to the characteristic time 

at which the structured fluid relaxes back to the equilibrium configuration when perturbed 

by shear oscillations (Mezzenga et al., 2005). The values of crossover at 25°C and 37°C 

for this H2 phase of were ω = 0. 6 rad s-1; τmax = 1.8 s and 1.8 rad s-1; τmax = 0.6 s 

respectively. At this point, G’ was equal to G” and this behaviour was consistent with 

transition to flow behaviour (see Figure 2.21) which indicated that the H2 phase of β-Glc-

C10C6 exhibited a viscoelastic behaviour. Further increasing the frequency, G’ had a 

higher value than G” and at this stage, the viscoelastic solid dominated. Within the 

permitted strain, only the viscous regime and transition-to-flow region were present and 

no significant rubbery plateau condition was observed in the H2 phase.   
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From the graph shown in Figure 4.14(b), the G’ and G” value for Lα phase of β-Mal-

C10C6 consistently decreased by a magnitude of 10 as the temperature increased. At 25°C, 

G’ had a higher value than G” over the whole angular frequency range indicating 

viscoelastic solid dominated. The presence of moisture in β-Mal-C10C6 at 25°C could 

explain the difference in viscoelastic behaviour during strain test (see Figure 4.11(b)) 

which could have occurred during sample loading. When the temperature increased to 

37°C, G” was larger than G’ at low and middle frequencies until a crossover was observed 

at 17.8 rad s-1 which corresponded to a τmax value of 0.06 s. The behaviour was attributed 

to the transition to flow region in Figure 2.21 which implied that the Lα phase at 37°C 

behaves as a viscoelastic fluid capable of flowing under shear at low and middle 

frequencies but exhibiting an elastic behaviour at higher frequencies. At 60°C, G’ had a 

higher value than G” at lower frequencies. G” increased smoothly until a crossover 

occurred at ω = 0.42 rad s-1 (τmax = 2.4 s). The behaviour observed corresponded to the 

leathery transition (Figure 2.21) which indicated that the increase in G” was sharper than 

G’ due to dissipation mechanism or short relaxation time responses (Mezzenga et al., 

2005). Also, when comparing the stiffness between the thermotropic H2 phase (β-Glc-

C10C6) and Lα phase (β-Mal-C10C6), the former had lower stiffness than the latter. The 

 
Figure 4.14 :  Storage modulus, G’ and loss modulus, G” versus angular frequency, 
ω for (a) H2 phase of β-Glc-C10C6 and (b) Lα phase of β-Mal-C10C6 at selected 
temperatures. The strain for H2 phase and Lα phase is 0.24% and 0.32% 
respectively. 
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higher intermolecular hydrogen bond network in each maltose headgroup perhaps 

supported the observation. 

Lyotropic Study 

The frequency sweep measurements in the lyotropic cubic phase of β-Glc-C10C6 

containing different water concentrations are presented in Figure 4.15. All water contents 

exhibited G’ > G” in the whole range of frequency and temperature tested, an obserbation 

termed rubbery plateau. A similar trend was found in other cubic phase systems 

(Mendozza et al., 2019; Mezzenga et al., 2005; Speziale et al., 2018). Nevertheless, the 

Ia3d cubic phase of β-Glc-C10C6 at 80% (w/w) showed higher values of the G’ than the 

coexisted Ia3d and Pn3m cubic phases at 30% (w/w) and 50% (w/w), which implied a 

higher strength and mechanical rigidity of the former over the latter (see Figure 8(d), blue 

markers). The relaxation time, τmax of the lyotropic cubic phases of β-Glc-C10C6 could be 

ascribed as the diffusion time of the molecules of glycolipid at the water−glycolipid 

interface (Mezzenga et al., 2005; Speziale et al., 2018). However, these values could not 

be extracted in these cases due to experimental limitations. Nonetheless, these values 

were anticipated to be high since the transition to flow toward the viscous regime, which 

corresponded with the region after the crossover of the two curves when G” < G’ 

happened at much lower frequencies. Currently, the explanation for relaxation time of 

cubic phase is still not well understood as it is thought that they experience several types 

of relaxation mechanisms which is still under debate (Jones & McLeish, 1995).   

Similarly, Figure 4.16 shows G’ dominating over the G” within the measured 

frequency range, indicating gel type structure in lyotropic Lα phase of β-Mal-C10C6. In 

general, the G’ value at all water concentrations was nearly constant in the whole 

frequency or increased slightly at higher frequency. The frequency independent of 

lamellar phase has also been observed in other system. For instance, the flow study of 
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triethylene glycol mono n-decyl ether (C10C3) in C-orientation revealed similar time-

independent behaviour (Medronho et al., 2007). 

 

Figure 4.15 :  Storage modulus, G’ and loss modulus, G” versus angular frequency, 
ω for β-Glc-C10C6 at different water concentrations of (a) 30% (w/w), (b) 50% 
(w/w) and (c) 80% (w/w) and at selected temperatures. 

 

Nevertheless, the structural strength was also influenced by water concentration. Even 
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phases. This shows that the lamellar phase of β-Mal-C10C6/water had low structural 

strength. Moreover, the G’ value was the highest at 80% (w/w) concentration which 
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Figure 4.16 : Storage modulus, G’ and loss modulus, G” versus angular frequency, 
ω for β-Mal-C10C6 at different water concentrations of (a) 30% (w/w), (b) 50% 
(w/w) and (c) 80% (w/w) and at selected temperatures. 
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CHAPTER 5: CONCLUSION 

In this study, two Guerbet glycosides namely β-Glc-C10C6 and β-Mal-C10C6 were 

synthesized. The effect of different head group size on the mesophases and their 

rheological behaviour was investigated in the thermotropic and lyotropic condition. In 

anhydrous state, β-Glc-C10C6 having monosaccharide as the head group exhibited inverse 

hexagonal phase, H2 while β-Mal-C10C6 having disaccharide as the head group exhibited 

lamellar phase, Lα. The maltoside showed higher clearing temperature, Tc than the 

glucoside due to the presence of extra glucose unit in the maltoside, hence, more energy 

was needed to break the hydrogen bonding resulting in higher Tc. In hydrated state, β-

Glc-C10C6 formed viscous isotropic phase known as the cubic phase, V2 while β-Mal-

C10C6 remained as Lα phase at the selected water concentration. 

Regardless of head group size, all mesophases exhibited shear thinning behaviour. 

However, H2 phase of β-Glc-C10C6 showed lower viscosity than the Lα phase of β-Mal-

C10C6 due to the structure difference in which seven hydroxyl groups in the latter 

increased the hydrogen bond network and cause more resistance for the Lα phase to flow. 

As expected, the lyotropic Lα phase of maltoside had lower viscosity than the lyotropic 

V2  phase of glucoside. This observation was attributed by the lipid layers which could 

move over one another easily in the Lα phase. In addition, the formation of an 

intermolecular hydrogen bond between hydroxyl groups in maltoside with water 

molecules further increased the fluidity of this phase.  

Subsequent frequency sweep which were obtained within the linear viscoelastic 

regime showed that the thermotropic H2 (β-Glc-C10C6) Lα (β-Mal-C10C6)  phases followed 

the typical viscoelastic G’, G” response for non-Newtonian fluid at the designated 

temperatures. In the lyotropic V2 phase (β-Glc-C10C6) demonstrated that G’ steadily 

increased as the frequency increase and it was expected to hit a plateau at a very high 
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frequency region. Meanwhile, the lyotropic Lα phase (β-Mal-C10C6) was frequency-

independent with a lower magnitude of structural strength than the V2 phase. 

Based on the research objectives, the rheological behaviour of liquid crystalline phases 

of branched chain glycolipids have been successfully investigated. Each compound 

showed promising results for instance, both compounds displayed shear thinning 

behaviour which is a desirable characteristic for cosmeceutical applications however, in-

depth studies on their dispersed phase i.e. droplet size is necessary to ensure system 

stability and product quality.  Furthermore, the self-assembly exhibited by glycolipids has 

the potential to be utilized in drug delivery. For future work, proper investigation for the 

compatibility between the lipids, the desired drugs and biological system is necessary for  

the safety and performance efficiency.  
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