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Abstract  

Surfactants are a commodity in the human civilization. Their unique ability of powerfully 

affecting the interfacial tension and their tendency of forming supramolecular aggregates in 

solution have been utterly exploited in several technological products now indispensable in 

the modern society. Evidence of their technological application date back to 5000 years ago. 

Currently surfactants are used in practically all the industrial sectors. Due to their importance 

and demand, the science and technology to manufacture and characterize surfactant systems 

is highly developed. Nevertheless, there is a large room for improvement given the 

environmental challenges we are facing. For example, the surfactants that currently 

dominate the market are not readily biodegradable and their building blocks come from non-

renewable sources like oil. For this reason, there is a growing interest on learning how to 

design and manufacture greener surfactant molecules. 

Bio-surfactants figured for several decades as potential greener replacements of the 

synthetic commercial counterparts. These materials have outstanding surfactant 

performances, and since most bio-surfactants are glycolipids, their biodegradability is 

favorable and the building blocks can be obtained from renewable and abundant feedstocks. 

However, their manufacture is problematic: biotechnological methods produce 

unpredictable mixtures with irreproducible yields, while their chemical synthesis is often 

impractical to be performed at scales relevant to the demand.  

As part of this quest for determining the best way to make bio-surfactants a feasible option 

our laboratories developed a cost-effective methodology to chemically synthesize 

rhamnolipids, a class of bio-surfactant, allowing to explore its structure-performance 
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relationship with great level of detail. However, despite its undisputable and unbeatable 

advantages, due to the structural complexity of rhamnolipids, this synthetic method has 

similar limitations to the mentioned above that precludes the manufacturing of naturally 

occurring rhamnolipids at industrial scales and at competitive costs with the oil-based 

counterparts.  

The present dissertation precisely examines and demonstrates the possibility of employing 

what is known from the structure-performance relationship of rhamnolipid bio-surfactants 

to design molecules that are easier to manufacture while keeping similar or better 

performance. In sequence, a thoroughly exploration of the structure-performance 

relationship of these novel bio-inspired materials is presented to define the limits of their 

tailorability. This exploration includes the contributions to understand the relationship of 

surfactant performance of bio-inspired rhamnolipids with: i) the absolute configuration of 

the carbinols at the lipid tails and ii) the symmetry of the lipid tails of diastereomeric mixtures.  

These studies involved chemical synthesis and the characterization of the physicochemical 

properties of colloidal aqueous solutions. Evidence of the synthesis and isolation of the final 

products and building blocks is provided in form of nuclear magnetic resonance. The 

thermodynamics of their surface activity are described by surface tensiometry at the air-

water interface at pH 8. Characteristics of their aggregation behavior in aqueous solutions 

including hydrodynamic radius, aggregation number, and aggregate morphology are 

determined using dynamic light scattering and time resolved fluorescence quenching.  The 

overall impact of this work is to push the frontier to make glycolipid surfactants a feasible 

alternative for their eventual introduction to wider markets.  
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Chapter 1: Introductory remarks 

Learning how to design, synthesize and characterize novel, powerful surfactants with low 

toxicity that are easily biodegradable is the overall goal of this dissertation research.  At the 

crafting of this work, this goal was highly relevant to the technology and industrial 

development of human society, because the surfactants that dominate the market currently 

are not readily biodegradable and their building blocks come from non-renewable sources 

like oil. The synthetic methodologies designed to manufacture the greener surfactants in this 

work usually employ chemical transformations with high green indexes and have high cost-

efficiency ratios. The inspiration for the design of these surfactants comes from naturally 

produced glycolipids. Glycolipids were selected because their building blocks are abundant 

and renewable. To control the reactivity of lipids and, especially, carbohydrates at large scale 

is a challenge that requires application of the latest tools and theories of chemical sciences. 

Per se the characterization and understanding of the interfacial and solution properties of 

any surfactant is not a trivial challenge; for glycolipids, this challenge gets multiplied by the 

larger number of possible intermolecular interactions that can occur at the moieties that 

conform their more complex structure relative to the classical and simpler oil-derivatives 

counterparts.  

The following sections of this chapter provide an expansion on what is mention above. The 

first part of this introduction contains a description of the importance of surfactants in human 

civilization and how their molecular identity is evolving as a response to the regulations of 

their environmental impact and consumer demands. The second section provides a summary 

of the technological and scientific advancements done in the Pemberton, Maier and Polt 
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research groups before this research work was commenced. The details of the challenges and 

the implications of overcoming them are provided. After these three sections, the reader is 

provided with several topics that are important to understand before diving into the nuances 

of the measurements and the data collected for the projects reported in this work. These 

topics focus on the physicochemical properties of surfactants and the measurement of such 

properties. The physicochemical properties of surfactants and the tools to measure them are 

not covered comprehensively, but the appropriate references to seminal works are provided. 

The depth of the treatment largely depends on the complexity of the topic and the aid that 

the material represents to understand the hypothesis and conclusions expressed in this 

dissertation. Time resolved fluorescence quenching is explored in greater detail due to its 

complexity and highly convoluted data. As a guide for the reader, it is important to keep in 

mind that for sake of simplicity, the topics listed below might be grouped in subsections, and 

are only expressed explicitly in here: 

• The logic and structural limits of bio-inspiration in the design of glycolipid surfactants; 

• Prediction of the self-assembly behavior using packing parameters; 

• Opposing forces involved in aggregation; 

• Proper representation of rhamnolipid structure as an amphiphilic monomer of 

aggregates and adsorbed species at the air/water interface; 

• Diastereomeric mixtures of surfactants and their behavior; 

• Basics of surface tension measurements and the interpretation of surface tension-

concentration curves using the Langmuir-Szyszkowski equation derived from the 

Gibbs adsorption isotherm; 
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• Basics of dynamic light scattering spectroscopy: advantages, limitations, data 

manipulation, representation and its interpretation to extract aggregate size 

polydispersity; and 

• Time resolved fluorescence quenching: role on determining aggregation number and 

polydispersity, behavior of photoactive probes in surfactant solutions, statistical 

distribution of probes in micro-compartmentalized systems, models for the emission 

decay quenched fluorescent in micro-compartmentalized systems, emission decays of 

compartmentalized and quenched fluorophores in function of mobility and aggregate 

lifetime, emission decay behavior of quenched fluorophores in vesicle rich systems, 

evaluation of aggregate size polydispersity. 

 

Surfactant importance in human civilization and the evolution of their molecular identity 

facing the environmental challenges.  Surfactants have been a commodity in human 

civilization since pre-history.1 Since then, surfactants have found many other technological 

applications beyond their primary original purpose of cleaning and personal care. These 

applications range from drug delivery to explosives.2 Figure 1 shows what fraction of 

surfactant mass is dedicated to what application until recently. Nowadays, the largest 

fractions of manufactured surfactants are still the household cleaning and personal care 

industry sectors. However, surfactant technology has an immense impact on the 

development of novel products and services that are crucial for the subsistence of modern 

society. 
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Figure 1. 1. Industrial application of surfactants 

Since their most primitive discovery and application, the demand for surfactants has only 

increased along with the human demographic explosion. During the industrial and chemical 

revolutions, molecules like sodium dodecyl sulfate and polyethoxylated amphiphilic polymers 

were manufactured at large scale to cover this demand. These materials can be manufactured 

in one step using building blocks derived from the oil industry. Their simple synthetic 

methodology and the nature of the feedstocks, have facilitated a steady commercialization 

of these materials for almost a century.  

We have reached a point in surfactant technology where covering the demand is only one of 

the goals of this industry. Like all commodities, surfactants have a life cycle. At this stage, 

most surfactants are not reused and become waste immediately after their first utilization 

cycle. Due to the many environmental challenges that our planet is facing, it is crucial to 
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produce materials that are sustainable, non-toxic and if possible reusable at low costs. In 

general, highly synthetic surfactants degrade more slowly than desired (<2 weeks in 

normalized sludge),3 the building blocks are hazardous toxic materials, and the feedstocks for 

these building blocks are not renewable. Since the second half of the twentieth century, every 

year up to 9 million metric tons of surfactants are released to the environment by the 

consumers only in the developed countries.4 The usual fate of this waste is aquatic bodies. 

Eutrophication and depletion of life in aquatic ecosystems are some common issues caused 

by surfactants.5 These effects are not instantaneous and are hardly appreciated by the 

average user; however, they occur on a global scale, and the overall environmental impact is 

comparable in severity to other environmental issues that are putting human civilization as 

we know it at risk, just like the emission of gases with greenhouse effects, poor management 

of electronic waste, deforestation, air pollution, etc.  

The environmental impact of surfactants multiplies its complexity by the large variety of 

chemical structures produced for different applications. Some commercialized surfactants 

have shown secondary direct effects on human health. For example, polyethoxylated nonyl 

phenol surfactants were used in the garment industry laundry service for several decades and 

turned out to be active disruptors of the endocrine system due to the resemblance of their 

aliphatic structures with the alicyclic moiety of estradiol. Sodium dodecyl sulfate is added to 

most commercial versions of toothpaste and has been connected with the occurrence of 

canker sores.  

State of the progress towards the development of green surfactants bio-inspired in 

rhamnolipids when the present research commenced in Pemberton, Maier and Polt groups.  
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Our laboratories have taken part in the large efforts that government agencies,6 research 

institutions, and industrial corporations7,8 are making in order to design surfactant molecules 

that are safer to handle and friendlier to the environment. The evolution of the chemical 

identity of surfactants is proceeding in a direction that responds to environmental concerns 

and the demands of educated consumers.9 The direction that the molecular design of 

surfactants is taking nowadays is interesting. The chemical composition of surfactants that 

are being pushed for commercialization now resemble the structures of the surfactants used 

by primitive man. Figure 1. 2 depicts in a circular timeline how the structural composition of 

surfactants has changed over the different eras of the development of human civilization. 

In this context, an environmentally friendly surfactant must be easily manufactured from 

non-toxic building blocks using green chemical methodologies; these building blocks can be 

obtained from sustainably renewable feedstocks, and once the final products are disposed, 

they can undergo ready biodegradation with innocuous by-products. This is a highly complex 

task that requires a detailed and careful design of novel chemicals with very unique 

properties and that should be manufactured and degraded in very specific and constrained 

ways.  The approach followed in our laboratories consisted of first, learning from nature what 

moieties make a powerful and readily biodegradable surfactant, and then, the use of these 

lessons to design simpler amphiphiles that conserve these moieties but that are feasible to 

manufacture at large scale. The Pemberton, Maier and Polt research groups decided to take 

rhamnolipids as an example. Rhamnolipids are a class of biosurfactants with outstanding 

surface activity. Rhamnolipids are 2-3 orders of magnitude more potent than SDS based on 

critical micelle concentration (CMC) values. They have figured as potential candidates for 
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biodegradable and non-toxic replacements of current specialty synthetic surfactants for 

several decades now. The structure of the most abundant rhamnolipid is comprised of a 

double tailed lipid unit of (R,R)-β-hydroxyalkanoyl-β-hydroxyalkadecanoic acid, trans-1,2-O-

glycosylated by monocarbohydrate L-rhamnopyranosyl units (Rha-C10-C10). Their relative 

structural complexity has precluded their commercialization on scales comparable to simpler 

related materials such as polyalkylglucosides until recently.10 

In this context, a structure-performance relationship for rhamnolipids consists of making a 

series of rhamnolipid congeners that have specific moieties suppressed. The effects of these 

systematic chemical changes on performance are measured by determining various 

parameters related to surface activity at the air-water interface and the self-assembly 

behavior in aqueous solutions. In order to do these studies with rhamnolipids and their 

congeners, the following multidisciplinary scientific achievements occurred: 

 

Figure 1. 2. Trends on the surfactants used and designed for manufacturing at different eras of human history.  
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Figure 1. 3. General structure of rhamnolipids 

1. Production of rhamnolipids by bio-technological methods; 

2. Development of a cost/efficient and green synthetic methodology to manufacture 

rhamnolipids and congeners at gram scales; 

3. Characterization of the surfactant properties, metal complexation abilities, toxicity 

and biodegradability of rhamnolipids. 

A brief explanation of their implications, challenges and some of their central outcomes are 

summarized below. 

Production of rhamnolipids by bio-technological methods.    The Maier research group 

implemented a biotechnological method to produce rhamnolipids using the mutant of 

Pseudomonas aeruginosa ATCC 9027. The genetic code of ATCC 9027 was engineered to 

produce rhamnolipids in higher yields than other microorganisms and as simpler mixtures. 

The chemical structure of the components of this mixture was determined by HPLC-MS by 

the Pemberton group. The materials isolated were used as benchmarks for the structure-

performance relationship studies.  
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Development of a cost/efficient and green synthetic methodology to manufacture 

rhamnolipids and congeners in gram scales.   The synthetic method for manufacturing 

rhamnolipids at gram scales was designed in the Polt group.11,12 To facilitate the 

democratization of this synthesis, the chemical reactions were solution based that have been 

well described in the literature, and did not utilize the specialty equipment often required to 

manufacture asymmetric molecules like rhamnolipids.13 To form the glycosidic bonds with 

the correct stereochemistry, groundbreaking glycosylation technologies were implemented. 

The carbohydrate donors and Lewis acid activators used are stable under benchtop 

conditions. Most of the transformations have high green indexes. With this synthetic method, 

gram scales of various congeners of rhamnolipids and other simpler glycolipids were 

synthesized to determine the structure-performance relationship of several prominent series 

of glycolipid surfactants.  

Characterization of the surfactant properties, metal complexation abilities, toxicity and 

biodegradability of rhamnolipids.  Rhamnolipids are weakly acidic amphiphiles that are able 

to complex some metals. The full characterization of their surfactant properties and metal 

complexation abilities in the protonated and deprotonated states requires precise 

measurements about their adsorption properties on experimentally relevant materials and 

the determination of the acid dissociation constant in water.  Rhamnolipids have a high 

affinity for the surfaces of glass and PET, which are the quintessential materials used for the 

construction of vessels and containers for liquid samples. These undesired interactions with 

containers interferes with calculation of the thermodynamic properties for adsorption at the 

air-water interface and the reduction of surface tension.  The details of adsorption and the 
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adsorption constants for rhamnolipids on glass and PET was determined by the Pemberton 

group using PMIRRAS.14,15 From these studies, it was concluded that diluted samples of 

rhamnolipids must be prepared in Teflon-ware or silanized glass. Pemberton’s research group 

determined the pKa of rhamnolipids on the aggregated and monomeric form in aqueous 

solvent by H-NMR and ATR-FT-IR spectrochemical titrations.16 This contribution facilitated 

the selection of the proper hydrogen ion buffer. 

With the proper vessels for sample preparation and the ability to control solution conditions, 

the following properties of rhamnolipids have been extensively investigated: i) 

characterization of the thermodynamics of the adsorption of rhamnolipids at the air/water 

interface, ii) determination of the self-assembly behavior, and iii) calculation of the affinity 

constants of rhamnolipids for ions of scarce or toxic metals. 

The equilibrium thermodynamics of the adsorption of rhamnolipids at the air-water interface 

was performed by tensiometry as a function of concentration, using the Du Nuoy ring 

method.13,14,17 The determination of the self-assembly behavior of rhamnolipids in aqueous 

solutions is a challenge of higher difficulty. The self-assembly of surfactants is a highly 

dynamic process. Aggregates of different sizes and shapes can form. There are a myriad of 

techniques available to describe the self-assembly behavior of surfactants. The Pemberton 

group selected dynamic light scattering and fluorescence spectroscopy. Dynamic light 

scattering (DLS) provides a semi-quantitative description of the size distribution of aggregates 

in solution. The determination is semi-quantitative due to the limitations of the mathematical 

algorithms to transform the light scattering raw data into aggregate size distributions. 

Fluorescence spectroscopy techniques were implemented from previously published 
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literature reports and refined by the Pemberton group.18 Steady state fluorescence and time 

resolved fluorescence quenching (TRFQ) were used to describe the self-assembly behavior, 

including micro-polarity, aggregation numbers, aggregate shape, and the dynamics of 

photoactive reactive exchange. Recently, probes of the prodan family of dyes haven been 

used to map the phase diagram of aggregates as a function of temperature.19 In this work 

TRFQ was exploited intensively, since it is superior to the steady state fluorescence quenching 

counterpart in terms of information obtained and sensitivity to aggregate morphology.  

The molecular details of the metal complexation of rhamnolipids was intensively investigated 

by the Pemberton group using infrared spectroscopy and mass spectrometry.20 From these 

studies it was revealed that rhamnolipids form a complexation cage (aka claw) with the 

carboxylate group and one hydroxyl group of the carbohydrate unit. The Maier group did 

preliminary studies on the measurement of conditional stability constants of 16 metal ions 

with rhamnolipids (and the other 3 diastereomers) using a resin-based ion exchange 

method.21 Currently, more studies are being conducted to determine more details and 

achieve with higher accuracy the description of the thermodynamics of the complexation of 

metals by rhamnolipids.   

Biodegradability and toxicity studies of rhamnolipid diastereomers were conducted by the 

Maier and Klemecki research groups. The biodegradation of rhamnolipid diastereomers was 

determined by measuring the CO2 released upon mineralization. All diastereomers were 

found to be inherently biodegradable, with mineralization ranging from 42 to 92%. The acute 

toxicity of rhamnolipids was evaluated by means of the Microtox assay. Microtox assay data 
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shows that all rhamnolipids are categorized as slightly toxic according to US-EPA ecotoxicity 

categories with 5 min EC50 values ranging from 39.1 to 86.5 µM.  

Purpose and scope of this work 

The research work presented in this dissertation used as a platform the scientific 

achievements succinctly described above, especially the synthetic methodologies and the 

characterization protocols implemented in the Polt and Pemberton research groups. From a 

far outlook, the purpose of this dissertation is to understand how to design and synthesize 

greener glycolipid surfactants, with a subsequent description of the relationship between 

their structure and performance. Due to the multidisciplinary nature of the challenges 

needed to be solved at the time of the construction of this work, the connection between the 

content of the chapters in this dissertation and the purpose stated above might not be readily 

apparent. However, it is important to keep present that the motivation and purpose of this 

research was centered on making novel bio-inspired materials and to characterize them to 

increase our understanding of glycolipids as surfactants. The experimental chapters are listed 

below, and a short explanation of their goals and how the work fits in this general purpose is 

provided as an attempt to circumscribe the scope of this work: 

Chapter 3: Absolute configuration assignments of carbinols of the lipid tails of Rha-C10-C10 

diastereomers.  This chapter describes experimental work done on assigning the absolute 

configurations of the carbinol groups of the lipid tails of the four diastereomers of the 

rhamnolipid Rha-C10-C10 by means of Mosher’s ester analysis. Assigning these 

stereochemical configurations was important, because we wanted to understand if there was 
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a relationship between the spatial orientation of the lipids and surfactant performance. The 

absolute configuration of the carbinols at the lipid tails it is not obtained during the synthesis 

due to the lack of stereoselectivity of the reducing agents used.  

Chapter 4: Purity determination of glycolipids by qNMR. In general, most spectroscopic and 

electrochemical detectors hyphenated to chromatographic instrumentation have a poor 

response towards glycolipids due to their lack of chromophores or are not mass sensitive, 

and most of the time it is impossible to validate quantitative measurements due to 

inaccessible chemical standards. The interfacial properties of surfactants can be affected 

deeply by small surface active impurities, so the determination of the impurity content by 

mass and their structure is crucial. Impure samples will show skewed behaviors that do not 

reflect the true structure-performance relationship. Quantitative Nuclear Magnetic 

Resonance is a universal, mass sensitive method that provides structural information about 

impurities. In this chapter, the applicability and limitations of this technique to determine the 

purity of glycolipids and rhamnolipids are assessed. 

Chapter 5: Synthesis and aqueous solution characterization of a series of Rha-C14-Cx 

monorhamnolipids. This is the central chapter of this dissertation, and reflects the general 

purpose and the logic of the molecular design and analytical characterization of bio-inspired 

glycolipid surfactants. In this chapter, a series of rhamnolipids were synthesized as racemic 

mixtures with different lipid tail symmetries in order to determine the impact of the 

asymmetries on the thermodynamics of adsorption at the air-water interface and the self-

assembly behavior in aqueous solutions. An improved and simplified version of the synthetic 

method developed by Coss was used to manufacture 5 members of a series called Rha-C14-
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Cx (Rha-C14-C6, Rha-C14-C8, Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14). The 

characterization of the interfacial properties was evaluated by tensiometry, and the self-

assembly behavior was study by means of TRFQ and DLS. Important and unexpected effects 

of lipid tail symmetry on surfactant performance were observed.  

Chapter 6: Glycosylation of primary alcohols by glucosamine via the activation of oxazolines 

with CuCl2 to synthesize cationic glycolipid surfactants. The research in this chapter is part of 

the genuine efforts of the Pemberton and Polt research groups to build the most 

comprehensive catalogue of fully characterized glycolipid surfactants that can be 

manufactured from renewable feedstocks by means of green chemical transformations. By 

the time the present dissertation work started, glycolipids with a permanent cationic charge 

were not part of this catalogue. In this chapter a synthetic method is proposed to obtain these 

cationic surfactants from glucosamine, the monomer of the second most abundant bio-

polymer on the planet. The activation of glucosamine is a challenge, and this work presents 

the chemical circumventions implemented to deal with this lack of reactivity. 

Chapter 7: Synthesis of Rha-C3-C3 for its use in the determination of the intermolecular 

interaction thermodynamics of the complexation of rhamnolipids with rare earth metals.  

This chapter is the only piece of research within the present work that deals with the ability 

of rhamnolipids to complex metals. In this chapter, the synthetic methodology to synthesize 

a non-amphiphilic congener of rhamnolipids. The amphiphilicity is intentionally suppressed 

by removing the lipid tails in order to avoid aggregation. Aggregation is undesired in this case, 

because it interferes with calorimetric measurements of the alleged interaction of the so-

called claw of rhamnolipids and metal ions.  
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The central efforts of this work focused on understanding the structure-performance 

relationship of rhamnolipids. Here, we explore the effect of lipid tail symmetry on the surface 

activity and aggregation behavior of diastereomeric mixtures of a series of 

monorhamnolipids. The development of an original method to obtain them in pure form and 

with the desired lipid tails enabled access to pure materials at the gram scale with specific 

structural features that are bio-inspired but either not found in nature, impossible to harvest 

and isolate from microbial colonies, or impractical to produce by means of the synthetic 

methodologies previously reported. The high purity enables many fundamental studies 

including solution phase property investigation and tuning for specific application. The 

thermodynamics of their surface activity are described by surface tensiometry at the air-

water interface at pH 8. Characteristics of their aggregation behavior in aqueous solutions 

including hydrodynamic radius, aggregation number, and aggregate morphology are 

determined using dynamic light scattering spectroscopy and time resolved fluorescence 

quenching spectroscopy. 

Bioinspired molecular design of rhamnolipids to tailor their surfactant properties using 
motifs found in biosynthesized rhamnolipids 

In principle, the affinity for an interface and the self-assembly behavior in solution of a 

surfactant can be modulated by modifying its molecular structure within certain limits. These 

limits are delineated by the goals of the study. The research performed in this group on the 

structure-performance relationship of rhamnolipids has taken two main routes: i) To explore 

the function of the moieties of the rhamnolipids by suppressing them serially and ii) to 

investigate a series of congeners that have in common a structural feature being modulated, 
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keeping the identity of the rhamnolipids, and using building blocks found in naturally 

produced rhamnolipids. The former approach (a) was explored by Dr. Wang and Dr. Coss,14,22 

past members of this research group, and answered questions about the role of the unique 

combination of functionalities of rhamnolipids. Their approach consisted on characterizing a 

series of materials that went from the native complex structure of rhamnolipids to simpler 

primary alcohol rhamnosides (Figure 1. 4i).  The later approach (ii) is described in the present 

study and aims to understand the tailorability of the surfactant properties of rhamnolipids 

while keeping their structural identity. To keep the identity of the rhamnolipids is important 

to maintain the structural features that make these materials non-toxic and biodegradable, 

giving place to a new class of biosurfactants that were classified as bioinspired. Figure 1. 4 

schematizes approaches (i) and (ii), and provides additional series that can expand the 

number of series of bioinspired congeners to study tailorability of rhamnolipids under the 

bioinspired approach (ii).  

Although we have a general sense of the comparative interfacial affinity among surfactant 

classes (ionic/ non-ionic; double tailed/single tailed), there is not yet a theory available to 

predict accurately the relationship between structure and the affinity for interfaces between 

structurally related congeners. However, Tanford,23 Israelachvili24 and others25,26 have 

developed a set of rules that allows rough prediction of the self-assembly behavior of 

surfactants in aqueous solution using a mixture of experimental measurements or 

estimations and empirical geometric ratios, known as packing parameters. 
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i) 

 

ii) 

 

ii-a) 

 

ii-b) 

 

ii-c) 

 

 
Figure 1. 4. i) Rhamnolipid series used in the study developed by Dr. Wang and Dr. Coss to explore structure-function relationship by suppressing moieties. The 
last two congeners of this truncation modification approach do not qualify as rhamnolipids that exist in nature, ii) Rha-C14-Cx series used to study the effect of 
the symmetry of the lipid tails on the affinity for the air/water interface and self-assembly behavior. Panels ii-a, ii-b and ii-c are other possible examples where 
the building blocks of natural rhamnolipids are conserved while exploring the structure function relationship with the same approach as the one developed in 

this chapter and represented in panel ii.
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Predicted surfactant performance and self-assembly based on molecular structure and 
shape.  

 
The materials synthesized for this study, the Rha-C14-Cx series (Figure 1. 4ii), were designed 

to span the space of Tanford-Israelachvili packing parameters, i.e. conical to cylindrical with 

implications on packing into particular aggregate morphologies. Previous work and 

computational calculations19 show rhamnolipids with symmetric lipid tails self-assemble in 

solution, form pre-aggregates above the CMC detected indirectly by tensiometry, and evolve 

into polydisperse, non-compact aggregates at higher concentrations with a less hydrophobic 

interior than traditional surfactant aggregates. This is an issue for several technological 

applications, like the solubilization of hydrocarbon contaminants, detergency, drug delivery, 

etc. It happens that the most abundant, hence most studied, congener obtained by 

biotechnological methods from the mutant P. aeruginosa ATCC 9027 has symmetric lipid tails; 

therefore, no work has previously been done to describe the effect of the symmetry of the 

lipid tails before the technologies developed and presented herein.   Within the frame of the 

packing parameter theory, it was hypothesized that congeners with highly asymmetric lipid 

tails would pack into more spherical and hydrophobic aggregates. To better describe the 

landscape of aggregation, a series of congeners with gradual differences in lipid tail symmetry 

were synthesized. From highly asymmetric to totally symmetric: Rha-C14-C6, Rha-C14-C8, 

Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14.  

The theory behind surfactant packing parameters in aqueous solutions has been explained 

extensively elsewhere,23,24,26–28 and a short explanation is provided here. The shape and size 

of an aggregate depends on the chemical potential, 𝜇𝑁
0 , of the monomers (individual 
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surfactant molecules) that are included in that aggregate. If the average chemical potential 

of an individual monomer reaches a local minimum inside an aggregate of a given aggregation 

number at a given concentration, that monomer is part of the aggregate instead of remaining 

monomeric in solution or becomes part of another aggregate of a different aggregation 

number. This is represented in Figure 1. 5. The aggregate with the smallest chemical potential 

will be the most abundant in the population of equilibrated aggregates and is going to adopt 

a shape that balances the repulsive and attractive forces that keep an aggregate assembled. 

The inventory of repulsive forces consists of hydrophilic, ionic, and/or steric repulsions of the 

hydrophilic headgroup and inter-chain steric hindrance inside the aggregate. The attractive 

force involves the interfacial tension () between the fraction of the hydrocarbon chain 

exposed and the polar molecules of water.  

 
Figure 1. 5. Attractive and repulsive forces involved in the aggregation of amphiphiles. 
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This interfacial energy operates in a way that the hydrophobic area exposed per molecule is 

minimized. Water molecules at this interface find a similar intermolecular interaction picture 

as when they are part of a solvent cage of a hydrophobic moiety at the water/air interface 

where the polar-polar interactions with other water or polar molecules are interrupted, 

originating free energy in the form of interfacial tension. The interfacial tension,, at the 

interface of micelles/droplets formed by hydrocarbons is ~ 50 mJ/m2; however, the proximity 

of the hydrophilic headgroup reduces interfacial tension to ~20 mJ/m2. The attractive 

interfacial energy contribution to 𝜇𝑁
0  is 𝛾 ∗ 𝑎, where a is the area of the  headgroup.  

A highly accurate description of the collective attractive and repulsive interactions requires 

highly complex expressions that become impractical for the scope of the applications in this 

work. However, the first and largest term of any energy expansion may be estimated from 

the two-dimensional van der Waals equation of state where the energy contribution is 

inversely proportional to the surface area occupied per headgroup, a, (energy contribution  

1/a). The headgroup area of a surfactant is a measurable or estimable value. The headgroup 

area equals the footprint of the atoms at the head group plus the space created from the 

headgroup-headgroup repulsive interactions in which water molecules or counterions may 

reside. The headgroup area, a0, in an aggregate has been measured directly with x-rays,29 but 

this direct measurement and others are not always possible due to the dynamic and soft 

nature of these aggregates in solution. An accepted approximation is to estimate the value 

of the optimal headgroup area, a0, from the fitting parameters of an adsorption isotherm of 

the surfactant to an interface made of at least one of the phases involved in the aggregation; 

since the aggregation occurs in water, an air/water interface would suffice in this 
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rationalization for estimation of the area of the head group. The experiment is fully described 

below (page 214), but in brief, it consists of measuring the surface tension of the air/water 

interface while the surfactant incrementally adsorbs to the interface with increasing 

concentration. In a well-controlled experiment, due to the amphiphilic nature of the 

surfactant molecules, they would adsorb at the interface of interest. For a typical surfactant, 

1 out of every 10 thousand molecules will remain in solution, while the others adsorb at the 

interface (i.e. an adsorption coefficient, Kads, = 104). The reduction of the surface tension as 

the number of surfactant molecules adsorbed at the interface increases can be described in 

terms of several adsorption isotherm models. The model most commonly applied is the 

Langmuir isotherm, which assumes that the surfactants adsorbs as a simple monolayer at the 

interface in equilibrium with surfactants molecules in the form of monomers in the bulk.30–32 

Other models consider non-ideal surface layers,33 interfacial reorientations,34 changes in 

molecular areas,35,36  interaction between adsorbed molecules,37–39 and/or the formation of 

clusters or surface aggregates at the interface.40–43 Although primitive, the Langmuir-

Szyszkowski isotherm has found many applications in the description of surfactant adsorption  

thermodynamics at the air/water interface, perhaps because of its simplicity and robustness. 

From an appropriate algebraic manipulation of the Langmuir isotherm, one can access the 

Langmuir-Szyszkowski relationship. By fitting this equation to the surface tension-

concentration curves, the value of a0 can be estimated, along with other important 

thermodynamic parameters that describe surfactant adsorption. The values of a0 obtained in 

this way are approximations, since they do not include contributions to the headgroup area 

due to interlipid interactions that occur in more sterically hindered aggregates due to the 
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curvature of the aggregate. In addition, a0 is calculated from an isotherm that does not fully 

consider the adsorption mechanism and dynamics which may introduce deviations from the 

real value. For example, the average headgroup area of systems that adsorb at the interface 

as islands/interface aggregates or as multiple interface adsorption layers will differ 

significantly from the headgroup area of an aggregate in solution. Even though these 

deviations might be important, fitting the surface tension-concentration curves to the data is 

the most accessible and practical method to estimate this very important parameter about 

the morphology of the aggregate that dominates the population of aggregates in solution. 

This approach is intended as a first approximation and will be analyzed alongside other 

complementary data. 

The minimum chemical potential is then calculated from this a0 value. After considering the 

minimum, 
𝑑𝜇𝑁

0

𝑑𝑎
= 0, and 𝜇𝑁 𝑚𝑖𝑛

0 = 2𝛾𝑎0, Equation 1.1 may be formulated to include the 

contributions from interfacial tension at the aggregate/water interface and the first energy 

expansion that takes into account the energy contributions from the hydrophilic headgroups 

repulsions. Minimum interaction free energy is reached when a = a0. 

Equation 1. 1 

𝜇𝑁
0 = 2𝛾𝑎0 +

𝛾

𝑎
(𝑎 − 𝑎0)

2 

 

After defining the equation that describes the energetics of the aggregate in terms of the 

measurable or estimable geometry parameter, a0, and the aggregate/water interfacial 

tension 𝛾, a clear idea of the correlation between structure of the amphiphile (hydrophilic 

headgroup/lipid tails) and aggregate formation can be established. It is important to state 



67 
 

that the optimal headgroup area (a0) does not necessarily correspond to the footprint of the 

hydrophilic headgroup and this value can vary depending on experimental conditions. For 

example, a0 can be reduced by increasing the ionic strength for ionic surfactants, due to a 

screening of ionic repulsions.  

Important predictions about the optimal geometry and number of monomers per aggregate 

can be made using a0 in conjunction with the volume of the lipid tails and their length. The 

packing parameter (𝑃𝑐 = 𝑣 𝑎0ℓ𝑐⁄ ) can be used to predict the morphology of the most stable 

aggregate in solution; e.g. Pc < 1/3 corresponds to conical monomers that pack in spherical 

micellar aggregates. In this work, a0 has been determined from the surface tension 

measurements (Equation 5.1 and Equation 5.2). 

The critical lipid tail (ℓ𝑐) length is estimated to be the maximum effective length that the 

chains can assume, i.e. without folding. Smaller lengths may occur, but ℓ𝑐 cannot exceed 

ℓ𝑚𝑎𝑥 which is defined by Equation 1. 2 for a hydrocarbon chain where n is the number of 

carbons. 

Equation 1. 2 

ℓ𝑐 ≤ ℓ𝑚𝑎𝑥 ≈ (0.154 + 0.1265n) nm 

The volume of the hydrophobic chains comes from their consideration as deformable non-

compressible liquids. The volume, v, can be estimated according to Equation 1. 3 

Equation 1. 3 

𝑣 ≈ (27.4 + 26.9𝑛) × 10−3 𝑛𝑚3 

The values obtained from 𝑣 𝑎0ℓ𝑐⁄  where ℓ𝑐 = ℓ𝑚𝑎𝑥 are used to classify the limiting geometry 

of the aggregates in solution and the monomers inside that aggregate. The term limiting 

geometry is used, because it should be understood that aggregates can also pack in structures 
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in which the headgroup area and volume remain constant but the critical length extends or 

collapses below the boundaries of ℓ𝑚𝑎𝑥. This variability in ℓ𝑚𝑎𝑥 opens the possibility of 

having aggregates with different packing parameter geometries and sizes and the same 

chemical potential (Equation 1. 1). This leads to a very important question: which of these 

geometries is going to be favored in the prediction of aggregation geometries in solution. 

Entropy will favor the aggregate with the smaller aggregation number, and this structure is 

unique. 

Rhamnolipids belong to a special case of surfactants and their representation as a monomeric 

entity embedded in an aggregate or adsorbed at the interface requires careful analysis of its 

structure to make more accurate estimations of ℓ𝑐. Figure 1. 6 shows several ways the 

chemical structure of rhamnolipids is often represented in literature. Most of these 

representations are misleading in that rhamnolipids are shown having a decentralized 

hydrophilic group. However, from experimental work developed in our laboratories20 and 

computational modeling44 it is known that the carboxylic acid functional group can be in close 

contact with a hydroxyl group (perhaps the HO-C4, see Chapter 7) of the rhamnose unit 

forming a claw that is capable of chelating metals. These experimental and theoretical 

calculations provide a better understanding of the structure of the hydrophilic group and lipid 

tails. Essentially, the hydrophilic group is composed of the rhamnose unit and the 3-((3-

hydroxypropanoyl)oxy)propanoic acid bridge that connect the two lipid tails. The polarity of 

this bridge can be explained in terms of the multiple polar groups this moiety has.  Overall, 

this means that the lipid tails are effectively three carbons shorter than the nominal number 

of carbons attached during the glycosylation and esterification steps: Rha-C10-C10 is 
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considered to have n=7 hydrophobic carbons per chain (Equation 1. 3 and Equation 1. 2), i.e. 

the hydrophilic portion includes three carbons of the lipid tails. In the work reported in this 

dissertation, most of the rhamnolipids under study have asymmetric lipid tails, so the 

calculations for length, lc and lmax, are performed using the longer lipid tail. The larger number 

of carbons (n) is used, considering n-3 for the carbons that belong the 3-((3-

hydroxypropanoyl)oxy)propanoic acid bridge. 

 

I) III) II) IV) 

 
   

Figure 1. 6. The structure of rhamnolipids is often represented in literature as depicted in panels I and II. For 
determining the packing parameters is convenient to represent its structure as depicted in panels III and IV, 

where the involvement of the 6 carbons from the lipid tails in the hydrophilic headgroup is highlighted. Panels 
III and IV also show the how to count the number of carbons in the rhamnolipids with symmetric and 

asymmetric lipid tails. 

Motivation for use of diasteromic mixtures of target set of bioinspired rhamnolipids to 
explore the effects of lipid tail symmetry on performance: Rha-C14-Cx series (x = 6, 8, 
10, 12, 14) 

The synthetic methodology to manufacture four diastereomers of rhamnolipids developed in 

our laboratories proved to be superior in cost effectiveness, robustness, scalability and 

flexibility compared to the synthetic methods available at the time.45,46 However, this method 

could be further improved by removing isolation of the diastereomers by flash column 

chromatography enrichment. This step represents a bottle neck in the procedure due to the 
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high volumes of solvent, energy and time consumed for this task, and since the methodology 

is not stereospecific, a lot of waste is generated. For example, if only one diastereomer is of 

interest, the yield would be reduced by 75%. One way to improve the cost effectiveness of 

the production of rhamnolipids using this synthetic methodology, is to manufacture these 

glycolipids as diastereomeric mixtures.  

The study of solutions of surfactant mixtures is not trivial, but if the components behave 

ideally in the mixture and there is data available about the behavior of the pure components 

of the mixture or related compounds, their study can be simplified. In previous work13 in our 

laboratories, the correlation between the absolute configuration of the lipid tails of Rha-C10-

C10 and the surfactant performance was investigated, both aggregation behavior and surface 

activity. From these studies on the four diastereomers of Rha-C10-C10, it was concluded that 

the aggregation behavior and surface activity at the air/water interface were, although 

statistically different, too close to find one of the diastereomers significantly superior. 

Therefore, the diastereomeric identity does not affect the surface activity and the mixture of 

diastereomers follows ideal solution theory. 

The CMC of a mixture can be predicted using the thermodynamics of ideal solution theory 

when two or more structurally related surfactants with similar independent experimentally 

measured CMCs are mixed.47 In this ideal case, the experimentally observed mixture CMC 

would match the calculated value based on the mole fraction of each component and their 

individual CMCs. Since the members of such mixtures are closely related structurally, the 

performance of the mixture would not be enhanced or diminished by synergistic or 

antagonistic effects,48 respectively. Mixtures with synergistic or antagonistic effects that 
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oppose ideal mixing involve inter-surfactant repulsions or attractions that change the 

chemical picture of the adsorption layer at the interface and the aggregates in solution (Figure 

1. 7). In ideal mixing, the intermolecular interactions between the components of the 

mixtures are similar to the intermolecular interactions existing in pure solutions, and the 

composition of the adsorption layer and the aggregates is a representation of the nominal 

composition of the solution. The monomers of the components of the mixture intercalate 

stochastically in the aggregates and at the interface. In the case of antagonistic mixtures, the 

monomer components of the mixture undergo a microscopic phase separation due the 

presence of surfactant-surfactant repulsions. Islands of surfactants of each component of the 

mixture form at the interface and in solution aggregates made of only one kind of surfactant 

are formed. When the mixture promotes a synergistic effect on performance, there are inter-

surfactant attractions at the interface and in the aggregates. The composition of the interface 

and aggregates depends on the nature and magnitude of this interaction, but does not 

correspond to the nominal concentrations of the components.  

 

Figure 1. 7. Different types of intermolecular interaction occurring in surfactant mixtures.  
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After a thorough understanding of the thermodynamics of solutions of surfactant mixtures, 

the experimental results on solutions of pure diastereomers of Rha-C10-C10, and the clear 

advantages of bypassing the diastereomeric enrichment step, it was resolved that 

synthesizing the members of the series Rha-C14-Cx as diastereomeric mixtures would be 

convenient for the acceleration of their production. There is no anticipated benefit of the 

additional separation steps, because the diastereomic mixture behavior would be closely 

related to the individual pure diastereomers.  

Investigation of the interfacial properties by surface tensiometry  

Determination of the thermodynamics of the adsorption of sodium salts of the 
members of the Rha-C14-Cx at the air/water interface.  

This section provides a brief explanation of how the energetics of the air/water interface are 

monitored while the surfactant concentration changes; including, a phenomenological 

account of the origin of the surface tension, the reasons for surfactant adsorption at the 

interface and adsorption of surfactants effect on the surface tension. Also, a description of 

the surface tension measurement and the model used to fit the data and calculate the 

thermodynamics of the interfacial adsorption are provided.   

Surface tension reflects the thermodynamic properties of the interface. In principle, the 

surface tension is a manifestation of an asymmetry of the intermolecular interactions in 

between the phases that compose the interface. For example, air molecules interact by 

dispersion forces, while water molecules interact with each other by permanent dipole-

dipole interactions in the liquid. The water molecules at the interface are in a unique 
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situation. Their electron cloud is being attracted and deformed by the water molecules in the 

bulk, without other water or air molecules capable of compensating for this partial 

polarization. In response, the liquid reaches equilibrium by minimizing the number of water 

molecules electrically imbalanced by decreasing the surface of the interface when possible. 

These interfacial molecules effectively pull inward and the bulk of the liquid liberates free 

energy that is manifested as surface tension. This free energy can be used to do actual 

mechanical work like holding objects at the interface that are denser than water. When 

comparing interfaces made up of air and a liquid, the surface tension will increase as the 

nature of the intermolecular interactions become stronger in the liquid phase (Figure 1. 8).  

 

Figure 1. 8. Surface tension of different liquids. As the nature of the intermolecular interactions in the liquid 
becomes stronger, the surface tension of the pure liquid increases too.  

 

The surface tension of the air/water interface can be reduced when added amphipathic 

molecules adsorb at the interface. The hydrophilic moiety of the amphiphile interacts with 

water molecules at the interface, compensating for a portion of their electronic cloud 
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imbalance; while the hydrophobic moiety resides in the gaseous phase (Figure 1. 9). The 

amphiphiles adsorb to the interface below a certain threshold concentration before 

aggregates form (the critical micelle concentration, CMC) because of the presence of the 

hydrophobic tail. For a typical surfactant, 1 in every 104 molecules resides somewhere 

different than at the interface below the CMC. 

When the dependence of the surface tension with concentration is determined for a series 

of structurally related surfactants, important insight about the structure-performance 

relationship can be obtained (Figure 1. 9). The solution conditions and the structure of the 

amphiphile dictates the affinity of the surfactant for the interface. The use or application of 

the surfactant can be ascertained from the profile of the surface tension-concentration curve, 

including the necessary concentration for aggregate formation, the minimum surface tension 

attainable, and indications of the self-assembly structure.  

 

Figure 1. 9. Surfactant A is more surface active and forms aggregates at lower concentrations than surfactants 
B, C and D. Surfactant B is better at reducing the surface tension. Surfactant A has a better performance. 
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 The surface tension measurements for the evaluation of the structure-performance 

relationship of the members of the Rha-C14-Cx series has a twofold goal: 1) to understand 

the thermodynamics of the adsorption at the air/water interface and 2) get insight about the 

self-assembly behavior.  

The thermodynamics of adsorption at the air/water interface are determined by the 

measuring the dependence of the surface tension at the air/water interface with surfactant 

concentration. There are several ways to measure the surface tension of interfaces.49 In this 

work, surface tension is measured by the Du Nuoy ring method.50 The Du Nuoy ring is made 

of an alloy of Ir/Pt and is dipped into the solution of interest and pulled out of it slowly. At 

the interface, the ring experiences the cohesion intermolecular forces that are result of the 

free energy resulted from the molecular asymmetry of the two phases51, i.e. surface tension. 

The force necessary to disrupt the cohesive force between the ring and the interface is 

measured.  The surface tension-concentration curves have three regions52 (Figure 1. 10): A) 

at very low concentration the surfactant molecules do not have an impact on surface tension, 

followed by B) a range where increasing the surfactant concentration makes the surface 

tension decrease as the number of adsorbed molecules continually increases, and C) any 

addition of surfactant concentration does not make the surface tension change appreciably. 

Region C begins at a certain concentration (CMC) where the surfactants assemble into 

aggregates in solution rather than adsorb to the surface. 

The thermodynamics of the adsorption (Table 1. 1) are obtained by fitting the data (regions 

A and B) with the proper model that describes the dependence of the surface tension with 

surfactant concentration. There are several models that may describe this dependence. The 
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The Langmuir-Szyszkowski30,53,54 isotherm is the most commonly used model in systems 

where simple adsorption is assumed: i.e. no complications such as adsorption takes place as 

complex layers, aggregation occurs at the interface, or the enthalpy of the adsorption is not 

constant with concentration. The Langmuir-Szyszkowski model can be applied to the data in 

regions A and B of the surface tension-concentration curves (non-linear version of the 

isotherm, Equation 1. 4) or only to the region 2 (linear version of the isotherm, Equation 1. 

5). The advantage of doing the non-linear fitting is that the adsorption behavior at low and 

high concentrations are included in the analysis which is more accurate to the model by 

capturing more of the behavior and reduces uncertainty of the fit and parameters calculated 

from it. However, this requires a system that is highly in line with this model. The main 

observed drawback is that region 1 is very low surfactant concentration (<10-9 M typical for 

rhamnolipids), making the measurements more susceptible to potential interferences from 

competing surface-active contamination intrinsic to the sample or that were introduced 

during the sample preparation and/or its measurement. Additionally, if only region 2 is used, 

a more simplistic linear fitting algorithm can be used. As is common in surfactant studies, in 

this study, linear fitting is used that does not include the information from region 1 of the 

surface tension-concentration curves. 

Equation 1. 4 

𝛾 = 𝛾0 −
𝑛𝑅𝑇

𝜔
𝑙𝑛(1 + 𝐾𝑎𝑑𝑠𝑐) 

Equation 1. 5 

Π = 𝛾0 − 𝛾 = 2.303𝑛𝑅𝑇Γ𝐿𝑜𝑔(1 + 𝐾𝑎𝑑𝑠𝑐) 
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Figure 1. 10. Regions of surface-tension concentration curves and the chemical pictures of the surfactant 
adsorption at the air-water interface and self-assembly in the bulk. 

 

 

Figure 1. 11. Determination of the CMC by finding the intersection of the lines that describe the linear 
behavior of the surface tension-concentration curves before and after the CMC.  

 

 



78 
 

Table 1. 1. Thermodynamic parameters determined from (A) fitting the Langmuir-Szyszkowski equation to the 
data of surface-tension concentration curves and (B) from the profile of the curves for region 2 and 3 as shown 

in Figure 1. 11. 

Source Parameter Definition Units 

A 

𝑲𝒂𝒅𝒔 Adsorption equilibrium constant  M-1 

𝜟𝑮𝒂𝒅𝒔 Free energy of adsorption J mol-1 

𝒂𝒐 Cross sectional area Å2/molecule 

B 

𝑪𝑴𝑪 Critical micelle concentration mol L-1 

𝜸𝑪𝑴𝑪 Minimum surface tension mN m-1 

𝜟𝑮𝑪𝑴𝑪 Free energy of aggregation J mol-1 

−𝜟𝜸/𝜟𝒄 Surface activity mN L m-1 mol-1 

The second goal from analysis of this data is to obtain information about the self-assembly 

behavior of the members of the Rha-C14-Cx series which includes the critical micelle 

concentration and the head group area. The CMC and CMC are obtained by finding the 

intersections of the linear portions of the surface tension-concentration semi-logarithmic 

plots after and before the CMC (Figure 1. 11). The head group area (a0) is obtained from the 

Langmuir-Szyszkowski isotherm fitting. It is possible to calculate the average free energy 

involved in the aggregation from the CMC values. The head group area is an important 

experimental parameter used in combination with other semi-empirical values, like the 

maximum lipid tail length and volume, to predict the geometry and size of the aggregate with 

the minimum average chemical potential per monomer of surfactant and subsequently, the 

most abundant aggregate. 

In summary, in this study the surface tension-concentration curves are used to obtain 

parameters that describe the interfacial properties, CMC, and insight about the self-assembly 

behavior. The interfacial properties are obtained by fitting the data of the surface tension-
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concentration curves with the Langmuir-Szyszkowski isotherm. Insight about the self-

assembly behavior is obtained by finding the CMC and using the head group area to make 

predictions about the geometry of the most abundant aggregate that would be found in 

solution above the CMC.  

Aggregate self-assembly behavior in aqueous solution 

Dynamic light scattering spectroscopy: Theory, general description of the experiment 
and scope 

To determine the self-assembly behavior in solutions of sodium salts of the Rha-C14-Cx series, 

the aggregates were investigated by dynamic light scattering (DLS) measurements (also 

known as quasi-elastic light scattering or intensity fluctuation spectroscopy). By 

implementing the proper mathematical analysis, the hydrodynamic radius of the different 

populations of aggregates in solution can be calculated. The distribution of hydrodynamic 

radii is important, because it is possible to infer the morphology of the aggregates in solution 

and get insight about polydispersity in aggregation.  

There are several comprehensive publications about dynamic light scattering 

instrumentation available.55 Since this technique is in the mainstream of measurement 

science, only a block diagram of the essential parts of the hardware of the instrumentation is 

provided (Figure 1. 12). In principle, the core of this particular spectrometer, the correlator, 

monitors changes in the Brownian motion by correlating the voltage fluctuations in the 

detector caused by the scattered light from the sample. The frequency and amplitude of the 

fluctuations of the scattered light over time are inversely proportional to the size of the 
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particle, with contributions of destructive and constructive interference. Small particles 

undergo weaker shear forces and move quickly in the liquid (i.e. faster fluctuations in 

scattered light resulting in correlated light intensity over shorter time), while bigger particles 

move slower (i.e. slower fluctuations in scattered light resulting in correlated light over longer 

time). This is valid when comparing particles with similar geometries, densities and both 

moving due to purely random Brownian thermal propulsion. 

 

Figure 1. 12. Block diagram of the dynamic light scattering apparatus. 

The relationship between the translational motion over time (diffusion) and size is given by 

the Einstein-Stokes equation56–58 (Equation 1. 6), where kB is the Boltzman constant, T is 

temperature, eta is the refractive index, Rh is the hydrodynamic radius, and dh is the 

hydrodynamic diameter. 

Equation 1. 6 

𝐷𝑇 =
𝑘𝐵𝑇

6𝜋𝜂𝑅ℎ
=

𝑘𝐵𝑇

3𝜋𝜂𝑑ℎ
 

DLS is used to calculate the translational diffusion coefficient (DT) and the hydrodynamic 

radius (Rh) from the correlation of scattering over time. The hydrodynamic radius here is the 

apparent hydrodynamic radius that is equal to the radius of a spherical particle with the same 

DT as the aggregate measured; therefore, it is minimally sensitive to growth in a single axial 

direction, i.e. minimal anisotropy does not significantly affect measured Rh.54 The 

mathematical algorithms used to translate the scattering data into Rh will be described in 

more detail herein. When a liquid sample with suspended particles scatters light into a 
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screen, an immense but finite number of immobile bright spots can be observed. Although it 

is undetected by the human eye, every single spot is having an intensity fluctuation. It is 

impossible to notice because the fluctuations are very small and very fast. If a detector is 

positioned in the exact place where one of the spots is being projected, the fluctuation would 

look like random white noise (Figure 1. 13A). This is precisely how raw data for DLS 

experiments looks, and this is the way the measurement is done. The lifetime of the 

fluctuations are on the order of microseconds, and the parameters are adjusted to reach an 

amplitude on the order of kilo (103) counts. The detector and correlator58 monitors the 

fluctuations during short increments of time for which the difference in fluctuations between 

spots (coherence areas) are not too close together. When these comparative or differential 

fluctuations are plotted in a semi-logarithmic curve with amplitude on the y-axis and time on 

the x-axis, the data usually adopts an s-shaped curve known as a correlation function (Figure 

1. 13B). This correlation function can also be understood as the difference in amplitude of the 

scattered light intensity compared to the intensity at some point earlier in time. Figure 1. 13A 

shows representative raw data and the correlation functions derived from it. The fluctuation 

of coherence areas was monitored for 5 min and the correlation functions were obtained 

during 5 s x 100 times over the elapsed time period (Figure 1. 13B). The correlation function 

for a liquid solution of monodisperse scatters can be modeled by the correlation function 

depicted in Equation 1. 7, where A is an amplitude constant, Γ is the decay rate, and t is time. 

Γ is a coefficient related to the properties of the particle. From Γ, the diffusion coefficient, and 

consequently, the hydrodynamic radius can be determined using the Stokes-Einstein 

equation. Equation 1. 9 defines the scattering vector, q, in function of the wavelength of the 
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angle of scattering (ϕ) with respect to the x-axis, which is defined by the experimentalist or 

the manufacturer (as in this case). In practice, the autocorrelation functions are averaged to 

obtain a combined correlation function (Figure 1. 14), to which the model in Equation 1. 7 is 

fit using a least squares regression analysis method. From the regression analysis, Γ and DT 

are calculated, and in consequence, the hydrodynamic radius Rh. 

 

Figure 1. 13. Intensity fluctuations of light scattered by the aggregates in solution (A) and the autocorrelation 
function generated by sampling the intensity fluctuations at 100 different points during 5 seconds over an 

elapsed time of 5 minutes (B). 

Equation 1. 7 

𝑔2(𝑡) = 𝐴𝑒−2Γt + 1 

Equation 1. 8 

𝛤 = 𝐷𝑇𝑞
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Equation 1. 9 

𝑞 =
4𝜋𝑛

𝜆
𝑠𝑖𝑛 (

𝜙

2
) 

This is the simplistic case for a monodisperse system, when in reality it is safer to assume that 

an unknown scattering sample is rather polydisperse, since this situation is way more 

common. The model that would describe the correlation function consists of the summation 

of different mono-exponential functions with different decay rates. A general expression for 

such a model is defined in Equation 1. 10, where 𝐺(Γ) represents the distributions of line 

widths due to the distribution of particle sizes. Γ𝑚𝑎𝑥 and Γ𝑚𝑖𝑛 define the range of line width; 

in principle, Γ𝑚𝑖𝑛 = 0 and Γ𝑚𝑎𝑥 = ∞. It is easy to calculate 𝑔1(𝑡𝑑) from a known size 

distribution 𝐺(Γ), but extremely difficult to perform the inverse transformation to extract 

𝐺(Γ) from 𝑔1(𝑡𝑑). Equation 1. 10 belongs to a class of linear Laplace transformations that are 

known to be ill conditioned. This means that in the presence of any noise, many different 

solutions for the functional form of 𝐺(Γ) are possible.  A repetition of the measurement on 

the same sample will yield a slightly different 𝑔1(𝑡𝑑) with a slightly different noise 

contribution, resulting in a different 𝐺(Γ). This behavior can render the results of a DLS 

instrument apparently “not repeatable”. For these fundamental reasons of physics, DLS will 

not become a high-resolution technique for particle sizing. 

Equation 1. 10 

𝑔1(𝑡𝑑) = ∫ 𝐺(Γ)𝑒−Γt𝑑𝑑Γ
Γ𝑚𝑎𝑥

Γ𝑚𝑖𝑛

 

In the present work, the hydrodynamic radius distributions for solutions of the members of 

Rha-C14-Cx series are measured as a function of concentration. The results are presented in 

a more comprehensive way that combines the information similar to Figure 1. 15 for each 
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concentration as shown in Figure 1. 16. The amplitudes of the distributions are proportional 

to the areas of the circles and the result of averaging 3 replicate measurements. The error 

bars are standard deviations of the average of three measurements. If a circle is not visible 

around an error bar, it means that the amplitude for that data point is smaller than 1%. 

 

 
Figure 1. 14. Combine autocorrelation function (A) obtained from the average and normalization of correlation 

functions shown in Figure 1.13B. The red line shows the model of 𝑔1(𝑡𝑑) obtained by regularization. The 
residuals of the fittings are shown below in panel (B). 

In summary, dynamic light scattering measurements provide information about the 

hydrodynamic radius of colloidal particles suspended in liquids. The raw data consists of time 

dependent fluctuations of coherent areas collected and processed during short time periods 

by the detector and correlator of the spectrometer. The fluctuations at different points are 

plotted in the form of semi logarithmic decay S-shaped curves called autocorrelation 
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functions. These curves are averaged into a combined autocorrelation function. The model 

that fits the combined autocorrelation function is built by means of a regularization 

algorithm. The hydrodynamic radii of the different aggregates in solution is obtained by fitting 

this model to the combined autocorrelation function. The solution is provided in the form of 

intensity, mass and number distribution plots (Figure 1. 15). 

   

Figure 1. 15. Intensity, mass and number distributions obtained from the model fitted to the combined 
autocorrelation function, the mass model and the Einstein-Stokes equation. Intensity and mass distributions 

are offset in the y axis for clarity. 

Mass Distribution Number Distribution Intensity Distribution 

   
Figure 1. 16. Mass, number and intensity distributions in function of concentration. The area of the circles 
represents the relative abundance of the aggregates of different sizes. The data and the error bars are the 

average of triplicate measurements. If a circle is not visible around an error bar, it means that the amplitude 
for that data point is smaller than 1%.  

Time resolved fluorescence quenching spectroscopy: General description of the 
experiment and scope 

Time resolved fluorescence quenching (TRFQ) experiments59 are performed in solutions of 

surfactant aggregates to gain information about the 1) self-assembly behavior related to 

aggregation numbers, 2) polydispersity of aggregation numbers, and 3) the inner 
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environment of the aggregates like microviscosity,60,61 micropolarity,62–65 partition 

coefficients63,66–68 and the dynamics of the exchange of the solubilizates used to probe the 

aggregates.67,69–72 In this section, a brief description of the experiment is provided to establish 

the limits of the applicability of this technique and to provide a brief introduction of the 

photophysical properties of the fluorescent dye and quencher used. 

The TRFQ experiments performed in this study were designed to determine the aggregation 

numbers of the aggregates of the members of Rha-C14-Cx series in aqueous solutions at pH 

8.0. The experimental design includes the determination of aggregation number 

polydispersity, and this involves the study of a set of solutions with constant surfactant 

concentration, constant hydrophobic fluorescent dye concentration and different 

hydrophobic quencher concentrations. The photophysical properties of the fluorescent dye 

and the emission decays are concentration dependent, so special attention to this parameter 

needs to be taken into account to meet the assumptions of the model generally used to 

describe the intensity decays, the Tachiya-Infelta model.67,73  

The solution of surfactant aggregates is loaded with the reagents. A common loading method 

that was used here consists of adding the fluorophore and quencher dissolved in cyclohexane 

to the top the aqueous surfactant solutions, let the organic solvent evaporate and then 

solubilize the reagents by stirring. The solutions are equilibrated and then transferred to pre-

silanized, air tight, quartz cuvettes and deoxygenated by freeze-pump-thaw cycles74 or 

agitation75,76. Oxygen is an efficient quencher of the fluorescent dye77 and its presence leads 

to spurious results.78–81 The cuvettes with deoxygenated solutions are illuminated with an 

excitation pulse of known wavelength. The emission decay is recorded over time using TCSPC 
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technology.82 The emission decay data is then fit to the Tachiya-Infelta model, and the fitting 

parameters are used to calculate the aggregation number and the statistics that describe its 

distribution (standard deviation, skewness, polydispersity, etc.).  

Behavior of luminescent probes in surfactant solutions  

In order to understand the basics of the TRFQ experiments, it is important to have present 

the physical chemistry behind the luminescent probing of microheterogeneous systems. The 

goal of this section is to provide the fundamentals, not serve as a comprehensive review. 

Equation 1. 11 to Equation 1. 13 summarize the photophysical processes that can occur 

during a TRFQ experiment. Equation 1. 11 represents the excitation of the fluorescent dye, 

where MP is the aggregate with P number of fluorescent probes or dyes, MP-1P* is the 

aggregate with a fluorescent dye in the excited state, and k0 is the emission constant in s-1. 

Equation 1. 12 represents the photo-process where an aggregate with P number of 

fluorescent dyes gets excited in the form of an excimer pair83 governed by the excitation and 

relaxation constants kE and k-E. Equation 1. 13 schematizes the quenching of the excited 

florescent dye P* with a quencher Q in an aggregate MQP* that contains them. In a first order 

reaction, the relaxation to MP,Q is governed by [Q]kQ , where [Q] is quencher concentration 

and kQ is the quenching rate. 

  Equation 1. 11 
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  Equation 1. 12 

 

  Equation 1. 13 

 

The formation of excimers and quenching represented in Equation 1. 12 and Equation 1. 13 

compete with the natural vibrational relaxation (Equation 1. 11) for the depletion of 

fluorescent dyes in their excited states. Formation of excimers can be considered quenching, 

as the resultant emitted fluorescence does not have the same properties. To simplify the 

kinetics, the experimental conditions are designed to promote only one of these two 

quenching, competing mechanisms. When more than one dye resides in an aggregate, the 

formation of excimers is possible. For the experiments reported here, the conditions are 

selected such that the number of dyes per aggregate is no more than one. Subsequently, 

there are no excimers formed, and the emission is quenched by the bimolecular collision only. 

Alternatively, the experiment may be performed with quenching by excimer formation, but 

the mathematical treatment becomes more complex and cannot assess polydisperisity.84,85 

Impact of the distribution of reactants in a microheterogeneous systems on the 
development of models for the emission decay of fluorescent quenching  

In microheterogeneous and homogeneous systems, the energy transfer mechanism from the 

excited probe to the quencher is very similar and can be modeled using the essentially the 

same physicochemical theories. For example, the rate constant for diffusion-controlled 

collisions can be determined by the Stokes-Einstein-Smoluchowski equation (Equation 1. 14) 
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in both cases, with some minor adjustments to account for the changes in the shear viscosity, 

𝜂, for different materials and at different parts of the aggregate where the bimolecular 

collision can happen.86 From the Stokes-Einstein-Smoluchowski equation, the rate constant 

of quenching, 𝑘𝑄, can be obtained by Equation 1. 15, where P is the probability of quenching 

upon collision, 𝑘𝐷 is the rate constant for diffusion-controlled collisions between two types 

of molecules in L/mol, and [Q] is the effective concentration of the quenchers.  

Equation 1. 14 

𝑘𝐷 =
8𝑅𝑇

3000𝜂
 

Equation 1. 15 

𝑘𝑄 = 𝑃𝑘𝐷[𝑄] 

However, even when the dynamics of the quenching are not significantly different on the 

molecular scale, the bulk effects on the emission decays of quenched probes in homogenous 

solutions and microheterogeneous solutions can be easily distinguished. The semi-

logarithmic emission decays of quenching of a fluorescent dye in homogenous solution is a 

straight line, while its counterpart in a microheterogeneous system is multi-exponential and 

shows curvature on the logarithmic scale. The reason behind the curvature is profound, and 

holds a wealth of thermodynamic information about the aggregate compartmentalizing the 

reaction.  

A solution of surfactant aggregates is a microheterogeneous, compartmentalized system. The 

quenching reaction is confined to a particular volume, much smaller than the bulk, causing 

deviations from the general Stern-Volmer kinetics. In this case, the confined interaction 

volume and reactant distribution must be considered.87  When the reagents are loaded into 



90 
 

the aggregates, they distribute stochastically among them.  For TRFQ experiments, the 

fluorescent dye is added in quantities such that no more than one dye molecule resides inside 

each aggregate.1  When the quencher is added, there is a stochastic distribution of the 

reagents that promotes the following situations: existence of aggregates with fluorescent dye 

or quencher, with one fluorescent dye molecule, with dye and quencher, or with dye and 

more than one quencher molecules. The emission decay rates depend strongly on the 

product of the number of quenchers per aggregate (n) and the fluorescence quenching rate 

constant (kQ). The fraction of aggregates with a given number of quencher molecules per 

aggregate and one fluorescent dye can be described in terms of discrete probability Poisson 

distributions.72,85,88–92 It has been exhaustively supported that Poisson statistics describe the 

distribution of solubilizates in aggregates with higher accuracy than binomial or geometric 

distributions.91,93 

The calculation of these distributions requires the consideration of the processes by which 

the quencher enters and leaves the micelle, as represented in Equation 1. 16 and Equation 1. 

17.73 

Equation 1. 16 

 
Equation 1. 17 

 

                                                       
1 The determination of the concentration of fluorophore to fulfill this condition requires estimation of the 
aggregation number of the surfactant. This concentration is selected to avoid quenching by the formation of the 
exciplexes. Formation of exciplexes can be detected for pyrene, the probe used here, by the profile of the 
steady-state emission spectrum.234 In general, the concentration is selected to have no more than one dye 
molecule per aggregate. Most aggregates will be empty. The lower limit of the dye concentration is dictated by 
the sensitivity of the instrumentation. An intensity of >104 counts provides good S/N in most TCSPC instruments, 
but may take an impractical collection time if the dye concentration is too low. 
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𝑘+and 𝑘− are the second-order rate constant for the entry of a quencher molecule into the 

micelle and the first-order rate constant for exit of a quencher molecule from a micelle, 

respectively. [𝑄]𝑎 is the equilibrium concentration of the quencher molecules in the aqueous 

phase. Applying Poisson distribution statistics, the probability of finding an aggregate with n 

quenchers is given by Equation 1. 18, where [Mn] and [M] indicate the concentration of the 

aggregates with n number of quenchers and the total aggregate concentration, respectively. 

〈𝑄〉 is the average number of quenchers per micelle and can be expressed by Equation 1. 19.  

Since [Q]a is not an easily measurable value, it is more convenient to express 〈𝑄〉 as a function 

of the known added, measurable total quencher concentration [Q]tot as represented in 

Equation 1. 20. Algebraic substitution of [Q]a in Equation 1. 19 and Equation 1. 20 yields 

Equation 1. 21, where 𝐾 =
𝑘+

𝑘−
. It should be noted that if there is negligible partitioning into 

the aqueous phase, such as generally occurs for a hydrophobic dye, [Q]tot = [Q]. 

Equation 1. 18 

𝛼𝑃 =
[𝑀𝑛]

[𝑀]
=
〈𝑄〉𝑛

𝑛!
𝑒−≺𝑄> 

Equation 1. 19 

〈𝑄〉 =
𝑘+
𝑘−
[𝑄]𝑎 =

[𝑄]

[𝑀]
 

Equation 1. 20 

[𝑄]𝑡𝑜𝑡 = 〈𝑄〉[𝑀] + [𝑄]𝑎 

Equation 1. 21 

〈𝑄〉 =
𝐾

1 + 𝐾[𝑀]
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The total micelle concentration is calculated by Equation 1. 22 where Nagg, CMC and [S] are 

the aggregation number, critical micelle concentration, and the total surfactant 

concentration.  

Equation 1. 22 

[𝑀] =
[𝑆] − 𝐶𝑀𝐶

𝑁𝑎𝑔𝑔
 

For the model used in this study, the quencher partitioning processes (Equation 1. 16 and 

Equation 1. 17) is combined with the overall emission decay of the intramicellar quenching 

process by n number of quenchers represented in Equation 1. 23 . Equation 1. 23 is a result 

of the quenching and natural fluorescence decay processes (Equation 1. 12 and Equation 1. 

13). From these reactions, the probability of finding a micelle with one excited probe and n 

quencher molecules at a given time t, P*
n(t), is represented by Equation 1. 24 with the initial 

condition 𝑃𝑛
∗(0) = 𝑃𝑛 .73 

Equation 1. 23 

 

Equation 1. 24 

𝑑𝑃∗

𝑑𝑡
= −{𝑘0 + 𝑘+[𝑄]𝑎 + (𝑘𝑄 + 𝑘−)𝑛}𝑃𝑛

∗ + 𝑘+[𝑄]𝑎𝑃𝑛−1
∗ + (𝑛 + 1)𝑘𝑃𝑛+1

∗  

 

The emission curves are measured as time-dependent fluorescence emission intensity, 𝐼(𝑡), 

which is proportional to the total survival probability, ∑ 𝑃𝑛
∗

𝑛 .  
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Equation 1. 23 

 

 can be solved by applying Poisson statistics and the generating function method to 

determine 𝐼(𝑡). The expression for the fluorescent emission decay after the excitation pulse 

(t=0, I0) is represented by Equation 1.25, where 𝜏 is the lifetime and 𝜏−1 = 𝑘0. Equation 1. 25 

can be modified further to obtain more complex models to describe systems in which there 

is an exchange of reactants during the lifetime of the fluorescent dye. 

Equation 1. 25 

𝐼(𝑡) = 𝐼0𝑒
{−
𝑡
𝜏−
〈𝑄〉(1−𝑒

(−𝑘𝑄𝑡))} 

The above discussion clearly evidences the significance of Poisson distribution statistics on 

the development of models that describe the quenching in microheterogeneous systems. The 

following section includes a set of simulations depicted in Figure 1. 17 and Figure 1. 18 that 

are useful to understand the Poisson distributions and to explain the principles for the 

selection of the adequate experimental conditions for the TRFQ experiments, mainly the 

necessity for a <Q> < 2. Figure 1. 17 shows a log-log plot of the dependence between the 

average quencher concentration in the aggregates, <Q>, and the experimental quencher 

concentration, [Q], in solutions of benchmark anionic surfactant for general experimental 

parameters. The most important lesson from this figure is that small amounts of a 

hydrophobic quencher added to the solution will result in concentrations within the micelles 

that are several orders of magnitude larger than the nominal experimental concentration. 

This is due to the partition coefficient that makes the binding into the aggregates favorable 

(K > 104), and the small volume of them compared to bulk.  
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Figure 1. 17. Simulation of the dependence of average quencher concentration inside the 

aggregates, <Q>, with total quencher concentration of the solution, [Q], at various total 

concentrations of surfactants, [S]. For the calculations Equation 1. 21 and Equation 1. 22 were 

used, considering 𝑘+ = 2 𝑥 1010𝑀−1𝑠−1 , 𝑘− = 2.00 𝑥 106, CMC = 8.2 mM, and Nagg = 62  

which are the values reported67,69,72 for benzophenone in SDS at 25 oC, a quencher used 

in this study and an anionic surfactant used as benchmark, respectively. Due to the large 

partition coefficient (1 x 104), small nominal concentrations of quencher [Q], result in 

concentrations inside the aggregate <Q> that are 3 or more orders of magnitude larger. 

Figure 1. 18A shows the probability mass functions as a function of the number of quencher 

molecules per aggregate at different <Q>. Values of n < 1 do not have a physical meaning. 

Figure 1. 18A shows that it is unavoidable to have aggregates with more than one quencher 

at reasonable levels of quencher for the experiment (<Q>~1-2); however, by choosing the 

appropriate [Q], it can be promoted that the occupancy of aggregates centers around a 

chosen more probable number, <Q>. For example, if it happens that it is desired that the 
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most abundant population of aggregates has 2 quenchers per aggregate, then a solution with 

a <Q> = 2 should be prepared. Note that the fluorescent dye distribution also follows the 

Poisson distribution, and so the minimization of micelles with more than one probe is 

controlled by maintaining the average probe per micelle concentration, [P]/[M], < 0.05. To 

prepare solutions of specific <Q> or [P]/[M], Equation 1. 21 and Equation 1. 22 become handy.  

 

  

Figure 1. 18. A) Probabilities mass function calculated using Poisson distributions (Equation 1. 18) in function 
of number of quenchers per aggregate, n, at different <Q> concentrations. B) Fraction of all the occupied 

aggregates by any number of quencher molecules and unoccupied aggregates. The values were obtained by 
integrating the probability mass curves in panel A. C) Average quencher concentration <Q> in function of the 

number of quencher molecules, assuming spherical micellar aggregates with 1 and 2 nm in radius. 
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A solution that has a total concentration of surfactant [S] = 20 mM with a partition coefficient 

K = 104 would require a concentration of quencher [Q] = 58 mM.  Figure 1. 18B shows the 

fraction of occupied and unoccupied aggregates as a function of <Q> from 0.05 to 10 mM ([Q] 

= {10-5-10-3 M}) using the same conditions as in Figure 1. 17. Figure 1. 18B highlights the fact 

that there are aggregates that do not contain any quencher, which is important for the 

understanding of the emission decay profile at later times in TRFQ experiments. At later times 

relative to I(0), the decay profile is dominated by the emission of aggregates that contain only 

the fluorescent dye, so when the emission decay is represented as a semi-logarithmic plot, 

this portion of the curve would be parallel to the decay of microheterogeneous solutions free 

of quencher. Figure 1. 18C shows the average quencher concentration as a function of the 

number quencher molecules per aggregate when the volume of the aggregate is known. In 

this simulation, aggregates with radii of 1 and 2 nm were considered.   

In summary, the Poisson distribution is crucial to describe the distribution of reactants among 

the aggregates, understand the photophysical processes occurring in microheterogeneous 

systems, and to develop the models used to extract information about the aggregates from 

the emission decays (Equation 1. 25). The next section describes the different types of 

emission decays that can be observed in TRFQ experiments and what characteristics of the 

aggregates promote these kinds of emissions. 
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Qualitative distinction of emission decays of fluorescence quenching in 
microheterogeneous systems and the correlation of their profile with the aggregate 
dynamics and morphology 

The previous section provided a sense of the effects of the compartmentalization of 

reactants, stochastic distribution of reactants, aggregate/water partition coefficient of 

reactants and the resulting model used to extract information about the aggregates from the 

emission decays (Equation 1. 25). In addition, it provided tools to understand the logic of the 

experimental design (Figure 1. 17 and Figure 1. 18). This section will define the characteristics 

of the most common types of emission decays along with a description of the properties of 

aggregates that promote these emission decay profiles.  

It is paramount to know how to visually recognize the characteristics of these emission decays 

qualitatively, because it provides insight about the feasibility of the extensive and time-

consuming data analysis using the models available. These distinctions are made by observing 

the shape of the emission decays plotted as semi-logarithmic curves (time vs 𝐿𝑛[𝐼(0)]). The 

semilog plot exacerbates the visual differences. Otherwise, when plotted as raw data (time 

vs I(0)), it is difficult to perceive any distinctions. 

The profile of the semi-logarithmic plots of the emission decay for fluorescence quenching in 

microheterogeneous systems have curvature at the shorter times of the emission, and then 

become linear at longer times (Figure 1. 19). The curvature or the multi-exponential portion 

of the decay is due to the natural Poisson distribution of quenchers where it is possible to 

have compartmentalized the fluorescent dye with one or more quencher molecules per 

aggregate (see mass function Poisson distributions on Figure 1. 18A). The linear portion is 

also the result of the Poisson distribution, where it is possible to have aggregates with 
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fluorescent dye but without quencher (see Figure 1. 18B). The linear portion of the decay 

should be parallel to the emission of microheterogeneous solutions not containing quencher. 

The eccentricity and length of the multi-exponential curved portion of the emission decay 

provides insight about the system. 

The reasons the curvature of the semi-logarithmic plot of the emission decay can change are 

i) the quenching rate/emission rate ratio (R = kQ/k0) and the value of <Q>, ii) the dynamics of 

inter-aggregate quencher exchange faster than the lifetime of the fluorescent dye and, iii) the 

morphology of the aggregate. Changes in the eccentricity of the multi-exponential emission 

decay curve due to reason i) can be controlled experimentally, but ii) and iii) are reflections 

of intrinsic properties of the system related to the morphology of the aggregates, mass 

transport of the reactants, and the lifetime of the aggregates during the lifetime of the 

fluorescent dye. A more descriptive analysis of the meaning of the emission decay curve 

shape are described in the following sections along with the appropriate models. 

Effect of the quenching rate to fluorescence decay rate ratio (kQ/kO) and average 
quencher per micelle, <Q>, on the emission decay when the reactants are immobile 
and the lifetime of the aggregate is longer than the lifetime of the fluorescent dye. 

The emission decay curves and the models that describes fluorescent quenching in an ideal 

microheterogeneous system are described here. This is the simplest of the systems, wherein 

the aggregates are mostly micelles (>80% of the mass, Nagg <100), there is not inter-aggregate 

migration of the reactants during the lifetime of the probe fluorescent, the aggregates have 

a narrow polydispersity, the reactants do not partition into the water, and the aggregation 

number does not change significantly during the lifetime of the probe fluorescence. The k+ 
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and k- values are negligible and drop out of the model, simplifying it to Equation 1. 25. In this 

case, the added, measurable [Q]tot is equal to <Q>. Systems like this typically produce 

emission decay curves that show a fast, multi-exponential decay right after the excitation 

pulse and then follow the emission decay of the non-quenched fluorophore at later times. 

The experimental time resolved fluorescent data from these systems can be fit to Equation 

1. 25. The eccentricity of this curve depends on the kQ/k0 ratio (R) and the average quencher 

concentration inside the micelles <Q>. The larger the value of R and <Q>, the more 

pronounced the eccentricity and length of the curvature becomes. In principle, R and <Q> can 

be controlled experimentally. Selecting the quencher with the appropriate partition 

coefficient and the fluorophore/quencher pair with the appropriate kQ/k0 ratio promotes the 

emissions decays that can be fit with high certainty with Equation 1. 25 and also are feasible 

to measure experimentally. 

Figure 1. 19A shows the emission decays of multiple hypothetical fluorophore/quencher pairs 

with different R values. Emission decays of systems with R<0.4 resemble a linear emission 

decay that can be fit with other models with misleading high goodness of fit parameters if 

the correct model is not selected a priori. For example, the emission decays with R<0.4 can 

be fit with models that typically describe fluorescence quenching in homogeneous solutions 

with apparently good fitting statistics and will not provide good uncertainty for the micellar 

model due to lack of capturing the multi-exponential region.  

Figure 1. 19B shows the semi-logarithmic emission decay for a system where R = 6.0 and <Q> 

is being varied from 0 to 6 M (See Figure 1. 17 for description of the correlation between [Q] 

and <Q>). The eccentricity of the emission decay curve at shorter times is directly 
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proportional to <Q>. This reflects the larger number of quenchers per aggregate and the 

broader distribution of populations with different number of quenchers as <Q> increases 

(Figure 1. 18A and B). The higher the value of <Q>, the lower the photon counts will be at 

later collection times. Measurements at high values of <Q> represent a challenge due to the 

low S/N. For example, in a typical time resolved measurement of the fluorescence with TCSPC 

technology, the measurement is taken in such a way that the first acquisition channels collect 

a number of counts on the order of 104. This means that I(0) = 104, so any value of 

Ln[(I(t)/I(0)]>-4.5 would translate to the collection of <100 counts per channel, which is a 

reasonable S/N ratio cutoff for current instrumentation. For the sake of a better goodness of 

fit and higher certainty, it is desirable to have the multi-exponential decay section of the 

emission within channels with larger number of counts, i.e. maintain the quenching within an 

optimal range of 104 counts. 

  

Figure 1. 19. A) Simulation of the semi-logarithmic emission decays of a hypothetic microheterogeneous 
systems composed by micelles and immobile reactants with a fluorescent dye with an emission rate constant 

of k0 = 2.63 x106, paired with different quenchers at <Q> = 1.0. The eccentricity of the multi-exponential decay 
at shorter times is directly proportional to the ratio R = kQ/k0 of the fluorophore/quencher pairs. B) Shows the 

simulation of the semi-logarithmic emission decays of the system described on panel (A) with R = 6.0 at 
different values of <Q>. The eccentricity of the multi-exponential decay at shorter times is directly 

proportional to <Q>. 
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Emission decays for microheterogeneous systems in which the quencher partitions to 
the bulk solution and/or experiences inter-aggregate migration, with an immobile 
fluorescent dye. 

This section describes two cases with additional complexities of mobile reactants: a) the case 

in which the quencher partitions to the bulk solution faster than the lifetime of the 

fluorescent dye, and b) the case where the quencher migrates to other aggregates and 

partitions to the bulk solution at rates faster than the lifetime of the fluorescent dye. In 

principle, highly hydrophobic fluorescent dyes, like pyrene, remain immobile regardless of 

the migration and/or partition of the quencher. If the lifetime of the fluorescent probe is long 

enough, and the quencher has hydrophilic moieties, there is a chance that mass transport 

phenomena would factor into the fluorescence quenching phenomena. Amphiphilic 

quenchers are prone to partition, since they behave as another surfactant monomer that 

hops from the aggregate to the bulk,94–96 and eventually from the bulk to another aggregate. 

It has been observed that ionic quenchers like Cu+2 and I- partition to the bulk too, due to 

their hydrophilicity.97–99 

It is important to distinguish between partitioning and migration. Migration occurs when the 

quencher is transported from aggregate to aggregate. This exchange occurs upon inter-

aggregate collision.94,100 The frequency and effectiveness of these collisions increase as the 

concentration of aggregates increase.100 These collisions are known as sticky collisions, and 

they may involve a change in the aggregation number due to a transfer of surfactant 

monomers as well. Figure 1. 20 depicts some of the mechanisms involved in quencher 

transport.  
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Figure 1. 20. Sticky collisions and mechanism for the quencher migration.  

The emission decay of this systems can be described using the multi-exponential model 

described in Equation 1. 26, which resembles Equation 1. 25 that is used for systems that do 

not experience inter-aggregate reagents exchange, except that the pre-exponential factors 

A2, A3 and A4 take different meaning depending on the mass transport processes occurring.  

Equation 1. 26 

𝐼(𝑡) = 𝐼0𝑒
{−𝑨2𝑡−𝑨3(1−𝑒

(−𝑨4𝑡))} 

This is the generalized Tachiya-Infelta model and the elucidation of these parameters has 

been described elsewhere.92 The A terms can be modified depending on particular situations 

and degree of complexity: A2, A3 and A4 for microheterogeneous systems where (1) the 

quencher migration rate between aggregates is faster than the lifetime of the probe 

(Equation 1.29 toEquation 1.31), (2) the quencher migration between aggregates is faster 

than the lifetime of the probe and there is partitioning to solvent (Equation 1. 32 to Equation 

1. 34), or (3) both reactants can be considered immobile during the lifetime of the fluorescent 

probe (Equation 1. 27 to Equation 1. 29). Again, the model for the emission decay described 

by Equation 1. 26 is limited to describe solutions of aggregates composed mainly of micelles 

and a few vesicles.  
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The most decisive way to determine if there is a transport phenomenon factoring in the 

emission decay, is by fitting the decay to Equation 1. 26 and then plotting the values of A2 as 

a function of quencher concentration. If A2 does not change at different quencher 

concentrations, then the microheterogeneous system does not experience mass transport of 

the quencher at rates faster than the lifetime of the probe. If the quencher is immobile, the 

A2 term remains constant and dependent only on kf. If, however, there is migration of the 

quencher, the A2 term changes. This manifests visually in comparison of the decay curves at 

long times as a function of <Q> on semilog axes; the decay curves are parallel if no migration 

occurs and they are antiparallel if migration occurs on the timescale of fluorescence. The 

multi-exponential curvature could be more eccentric due to a re-distribution of quencher that 

ends up with higher localized <Q>. However, other mechanisms related to the experimental 

design and estimations of the aggregation number could lead to similar profiles (See Figure 

1. 19). 

Immobile reactants 
  Equation 1. 27 

 𝑨𝟐 = 𝑘𝐹  

  Equation 1. 28 

 
𝑨3 =

[𝑄]

[𝑴]
= 〈𝑄〉 

 

  Equation 1. 29 

 𝑨𝟒 = 𝑘𝑄  

Quencher migration rate faster than life time of probe, immobile probe 

  Equation 1. 30 

 
𝑨𝟐 = 𝑘𝐹 + [𝑄] (

𝑘𝑄
𝐴4
) (

𝑘−

[𝑴]
) 
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Equation 1. 31 
 

𝑨𝟑 =
[𝑄]

[𝑴]
(
𝑘𝑄
𝐴4
)
2

 
 

  Equation 1. 32 

 𝑨𝟒 = 𝑘𝑄 + 𝑘−  

Quencher partitioning and migration faster than lifetime of probe, immobile probe 

  Equation 1. 33 

 
𝑨𝟐 = 𝑘𝐹 + [𝑄] (

𝑘𝑄
𝐴4
) (

𝑘−

1 + 𝐾[𝑴]
) 

 

  Equation 1. 34 

 
𝑨𝟑 =

[𝑄]

[𝑴]
(
𝑘𝑄
𝐴4
)

2

(
𝐾

1 + 𝐾[𝑴]
) 

 

  Equation 1. 35 

 𝑨𝟒 = 𝑘𝑄 + 𝑘−  

Emission decays for vesicle rich microheterogeneous systems: Pseudo-homogeneous 
fluorescence quenching 

This section provides a brief description of the models used to extract information from the 

emission decays of microheterogeneous systems that are composed of 1) only vesicles and 

2) mixtures of vesicles and micelles. As a reminder, the model depicted on Equation 1. 26 and 

Equation 1. 25 can be used to extract valid information from systems with a mass of 

surfactant as micelles above 75%. The model that describes systems composed of only 

vesicles resembles the Stern-Volmer equation used to describe fluorescence quenching in 

homogeneous solutions. In the case of systems composed by mixtures of vesicles and 

micelles, a model that arises from the combination of Equation 1. 25 and the Stern-Volmer 

equation is used.101  
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Microheterogeneous systems composed of only vesicles  

Vesicles are typically formed by double chain surfactants due to their cylindrical molecular 

shape,24 so may be expected and must be considered for some of the molecules studied 

herein with more symmetric tails. When the microheterogeneous solution is composed only 

of large aggregates like vesicles or liposomes, the emission decay of the fluorescence 

quenching resembles the emission decay of fluorescence quenching that occurs in 

homogeneous solutions. Aggregates of the size of vesicles and liposomes (radius > 10 nm) 

generally present this behavior. There are two factors that distinguish quenching in 

microheterogeneous systems from quenching in homogeneous solutions: 1) Due to the small 

volumes of micelles, the quenching kinetics are pseudo-first order, even when the rate is 

proportional to the number of quenchers per micelle, while in homogeneous solutions the 

kinetics are second order; and 2) in microheterogeneous systems, the fluorescent dye collides 

with a discrete number of quenchers per aggregate dictated by Poisson distributions, while 

in homogeneous solutions, this fluorescent dye encounters an average number of quenchers 

that is representative  throughout the entire bulk of the solution. 

In large aggregates like vesicles and liposomes, the kinetics are second order and the 

fluorescent probe will collide with an average number of quenchers, just like in homogeneous 

solutions. The first-order decay of the unquenched fluorescence is represented in Equation 

1. 36 and the second-order quenching reaction represented in Equation 1. 37 where V is 

vesicle. The differential equation and its solution for combined quenching and natural 

relaxation are represented in Equation 1. 38 and Equation 1. 38, respectively. Equation 1. 39 

is the Stern-Volmer equation for fluorescence quenching in bulk solution.  
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Equation 1. 36 

 

Equation 1. 37 

 

Equation 1. 38 

𝑑[𝑉∗]

𝑑𝑡
= −𝑘1[𝑉

∗] − 𝑘𝑣[𝑄𝑎][𝑉
∗] 

Equation 1. 39 

[𝑉∗](𝑡) = [𝑉∗](0)𝑒
−(𝑘1+𝑘𝑣[𝑄𝑎])𝑡 = [𝑉∗](0)𝑒

−𝑘𝑎𝑝𝑝𝑡 

 

In order to use Equation 1. 39, it has to be assumed that the aggregates behave collectively 

as the bulk solvent of the fluorescent dye molecules. This is certainly not the situation for any 

microheterogeneous system. Although hard to distinguish by inspection, the semi-

logarithmic emission decays of solutions composed of 100% vesicles show a gradual multi-

exponential behavior extending over a larger timescale than micellar systems. This can be 

explained in terms of the diffusion depletion effect in collisional quenching102,103 that occurs 

when the lifetime of the excited probe is shorter than the time necessary for the quencher to 

diffuse. There are several ways to modify the Stern-Volmer equation to account for this 

diffusion depletion. The models available consider 3D103 and 2D104 diffusional trajectories of 

the quencher at the bilayer. Both treatments arrive at models very similar105 to the one 

represented and simplified in Equation 1. 40, where 𝑘0is the unquenched fluorescence decay 

constant; 𝑘𝑣and 𝑘𝐷are functions for the diffusion constant D and reaction encounter distance 

R; 𝑘𝐷0 and 𝑘𝑎𝑝𝑝 include [Q]a for simplicity. 
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Equation 1. 40 

[𝑉∗](𝑡) = [𝑉∗](0)[𝑒−(𝑘0𝑡+𝑘𝑣[𝑄]𝑎𝑡+𝑘𝐷[𝑄]𝑎𝑡
1 2⁄ )] 

[𝑉∗](𝑡) = [𝑉∗](0)[𝑒−(𝑘𝑎𝑝𝑝𝑡+𝑘𝐷0𝑡
1 2⁄ )] 

It has been shown that another reason for the deviation from Stern-Volmer behavior could 

be local heterogeneities inside the vesicles.101 There are different environments at the inner 

and outer leaf of the bilayer and the surface vs. the interior of the bilayer.106 These differences 

can become prominent if the exchange of reactants is slower than the lifetime of the 

fluorescent dye. When the measurements are performed at temperatures below the gel to 

liquid transition (Tc) of the vesicle, the dye and the quencher cannot exchange quickly enough 

and simulate a diffusion depletion. Below Tc, the hydrocarbon chains are tightly packed as a 

heterogeneous quasi-crystalline matrix that can give rise to different quenching rates that, 

along with diffusion depletion, can explain the multi-exponential behavior. The appropriate 

model for a situation with vesicles is therefore Equation 1. 41 rather than the Tachiya- Infelta 

model (Equation 1. 26).  

Microheterogeneous systems composed of mixtures of vesicles and micelles. 

The model that describes systems with mixtures of micelles and vesicles is represented in 

Equation 1. 41, and is obtained by combining the micelle only and vesicle only models from 

Equation 1. 25 and Equation 1. 40. The mass balance of the total concentration of excited 

fluorescent dyes is distributed in micelles and vesicles: [𝑆∗] = [𝑀∗] + [𝑉∗]. In Equation 1. 41, 

the fraction of surfactant in the micellar form is 𝑓𝑚 = [𝑀∗] [𝑆∗]⁄ , the fraction of surfactants 

in the vesicle form, equals (1 − 𝑓𝑚), 𝑘𝐷0 = 𝑘𝐷[𝑄]𝑣  and 𝑘𝑎𝑝𝑝 = 1 + 𝑘𝑣[𝑄]𝑣 . The main 
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assumption is that the concentration of quencher will distribute between micelles and 

vesicles according to the volume fraction occupied by each type of aggregate. In Equation 1. 

41, the concentration of monomer surfactants is neglected, which is a safe assumption since 

vesicle forming surfactants have very low solubility due to the presence of two or more 

hydrophobic tails. This model is equivalent in simplicity to Equation 1. 25, in that it does not 

consider partitioning or/and migration of the reactants. 

Equation 1. 41 

[𝑆∗](𝑡) = [𝑆∗](0) × [𝑓𝑚𝑒
(−𝑘0𝑡−〈𝑄〉(1−𝑒

−𝑘𝑄𝑡))
+ (1 − 𝑓𝑚)𝑒

(−𝑘𝑎𝑝𝑝𝑡−𝑘𝐷0𝑡
1 2⁄ )] 

It is difficult to distinguish by visual inspection the emission decays of microheterogeneous 

systems that contain only vesicles from systems that are mixtures of vesicles and micelles. 

Semi-logarithmic plots of emission decays of the fluorescence quenching of solutions of 

vesicles and micelles have profiles that are mixtures of the emission decays from vesicles and 

micelles. Semi-logarithmic plots of the emission decays of solutions dominated by vesicles 

appear to be closer to a straight line, while the emission decays of solutions dominated by 

micelles show more curvature at earlier times of the emission decay and acquire a more 

eccentric curvature.  One way to determine if a microheterogeneous systems contains 

vesicles, is by forcing the emission decay data to fit Equation 1. 26. The values obtained for 

A4 show a dependence on <Q> if vesicles are present. The stronger the dependence of A4 with 

<Q>, the larger the fraction of surfactant mass in the form of vesicle. The reason A4 depends 

on the quencher concentration is because, in mixtures of micelles and vesicles, A4 is governed 

not only by kQ (see Equation 1. 32 and Equation 1. 35) but also by kapp and kD0 which are 

functions of [Q]v (see above in this section). Estimations of 𝑓𝑚 can be done by plotting the 
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ratio of A4/A4min in function of <Q>, where A4min is the smallest A4 observed.101 Also, the 

goodness of fit of the model of Equation 1. 26 can be used to indicate the presence of vesicles. 

It has been shown that for systems with 100% micelles, χ2  1.0; 75% micelles, χ2  1.5; and 

100% vesicles, χ2  3-4.101 

Evaluation of polydispersity: Aggregation number distribution 

The previous sections provided a summary of the pertinent models used for the 

determination of aggregation numbers. By fitting these models represented in Equation 1. 

25, Equation 1. 26, Equation 1. 40, or Equation 1. 41 to the TCSPC data of the emission decays, 

obtaining the resulting concentration of aggregates [M] and using Equation 1.22, the 

aggregation number Nagg can be obtained. This value can be misleading without 

understanding that it represents a number average (Nagg,N) or a weight average (Nagg,W).  

The aggregation number of a solution of aggregates can be monodisperse (Nagg,w/Nagg,N  1) 

or polydisperse (Nagg,w/Nagg,N > 1). Monodisperse solutions have aggregates with only one 

population of aggregates with Nagg centered on an average value with a narrow standard 

deviation. Polydisperse solutions may have several populations of aggregates, or only one 

population with a wide standard deviation. In principle, single tail ionic surfactants form small 

micellar aggregates that are apparent monodisperse solutions. Polydisperse aggregates are 

usually formed in solutions of double tail surfactants that assemble as mixtures of vesicles 

and micelles. The mathematical functions that describe the distributions, either 

monodisperse or polydisperse, is another layer of detail that describes the aggregation 

numbers of the aggregates in solution. Special attention has been given to Gaussian, 
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exponential, triangular, and ZOLD functions to describe the dispersity.  Depending on the 

experimental conditions (pH, temperature, ionic strength, counter-ions, etc.), the distribution 

function of aggregation numbers can change from monodisperse to polydisperse and vice 

versa.  

Any time resolved experiment like TRFQ requires previous knowledge about how fast the 

properties that are being measured change during the time window of the experiment. For 

this particular experiment, the time window starts with the excitation pulse and ends with 

the last photon collected of the emission decay. Typically, the excitation pulse lasts about 200 

ps; the monitoring time of the emission decay depends on the lifetime of the fluorescent dye, 

but for pyrene, the monitoring spans up to ~1600 ns.  

The derivation of Equation 1. 25, Equation 1. 26, Equation 1. 40, and Equation 1.41 is done 

under the following assumptions that are affected by the level of polydispersity:  

1. The constants kQ, k+ and k- are the same for all aggregates in solution. This is only true 

for aggregates that have the same size. 

2. In order to describe the random distribution of quenchers using Poisson statistics over 

all aggregates in solution, all aggregates must have the same size or be centered on 

an average value with a  narrow variance. 

3. Simple Poisson distributions apply only if the residence time of the probe is shorter 

than the lifetime of the aggregate with the same aggregation number, i.e. the probe 

decay reflects only a discrete aggregation number. Poisson statistics apply for 

aggregates with faster dynamics, but its application to describe the random 
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distribution of reactants has to be done in subsets of aggregates with similar 

properties.   

Surfactant aggregation is a dynamic process. In an experiment like TRFQ, the dynamics are 

described by the lifetime of the aggregates at a given aggregation number, the time of 

residence of the fluorescent dye, and the time of residence of the surfactant monomers. Two 

cases arise depending on the rate of these lifetimes and residence times: the static limit and 

the dynamic limit in terms of the Nagg fluctuations. 

 Systems where the residence time and fluorescence lifetime of the fluorophore are shorter 

than the lifetime of the aggregate at a given aggregation number are at the static limit of 

aggregate change, i.e. Nagg remains a constant discrete value as reported by the probe. The 

Poisson distribution presented in Equation 1. 18 can still be applied, but it would have to be 

done for each subset of aggregates with different aggregation numbers. In this case, the 

average occupancy of quenchers in aggregates is a function of Nagg and 𝜂 (Equation 1. 42) 

where 𝜂 is the ratio of micelle-bound quenchers to micelle-bound surfactant molecules 

represented in Equation 1. 43. For highly hydrophobic quenchers, [𝑄]𝑎 can be neglected. 

 

Equation 1. 42 

〈𝑄〉𝑁𝑎𝑔𝑔 = 𝜂𝑁𝑎𝑔𝑔 

Equation 1. 43 

𝜂 =
[𝑄]𝑡𝑜𝑡𝑎𝑙 − [𝑄]𝑎
[𝑆]𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑀𝐶

≈
[𝑄]𝑡𝑜𝑡𝑎𝑙

[𝑆]𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑀𝐶
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For the dynamic limit, wherein the fluorescent dye and quencher residence times are longer 

than the lifetime of the aggregate of a given Nagg, the size fluctuations will cover a more 

representative distribution. In other words, the quencher will be bound to an average 

aggregate, undergoing statistical size fluctuations. The Poisson distribution would apply to 

the whole system as well as to each subset,107 but with an average occupancy number 

dependent on the average aggregation number <Nagg>, instead of the individual Nagg values 

(Equation 1. 44) 

Equation 1. 44 

〈𝑄〉 = 〈𝑄〉𝑁𝑎𝑔𝑔 = 𝜂〈𝑁𝑎𝑔𝑔〉 

Globular small micellar aggregates are usually in the dynamic limit, while rod-like large 

aggregates are usually in the static limit. The fluctuation in Nagg over time is described by its 

standard deviation (). Microheterogeneous systems with fluctuations of the aggregation 

number (Nagg) close to  are in the dynamic limit situation. These can be assessed using 

Equation 1.45 where 𝜏𝑝, 𝜏𝑚 and 〈𝑁𝑎𝑔𝑔〉𝑁 are the residence time of the fluorescence dye, the 

residence time of a particular monomer and the number-average aggregation number, 

respectively. Figure 1. 21 shows measured69,108 values of 𝜏𝑝 for pyrene inside micelles of alkyl 

sulfates, values of 𝜏𝑚,  values of the lifetime 𝜏𝑠 of micelles with a given aggregation number 

and the ratios 
𝜏𝑝

𝜏𝑚
 and 

𝜏𝑝

𝜏𝑠
  all as a function of the hydrocarbon chain length of the alkyl sulfate. 

Equation 1. 45 

𝜏𝑝
𝜏𝑚

≥
𝜎2

2〈𝑁𝑎𝑔𝑔〉𝑁
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Figure 1. 21. A) Values of the residence time (𝜏𝑝) of guest molecules pyrene in a micelle, the 

lifetime of a micelle at an aggregation number s (𝜏𝑠), and the residence time of a particular 
monomer in the micelle (𝜏𝑚). B) Ratios of the residence time of pyrene and the lifetime of a 
micelle with a given aggregation number (𝜏𝑝/𝜏𝑠) /tm), and the residence time of pyrene and 

the residence time of a particular monomer in a micelle (𝜏𝑝/𝜏𝑚).   

 

Polydispersity evaluation in the static limit 

Fluorescence emission decay in the static limit is defined by the general expression depicted 

in Equation 1. 46 accounting for the contribution of each aggregate with different aggregation 

number (𝐴(𝑁𝑎𝑔𝑔)), and different numbers of quenchers per aggregate dictated by the 
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Poisson distribution (Equation 1. 42). Also, this expression was developed under the more 

realistic and experimentally proven assumption (see above) that the quenching constant is a 

function of the number of quenchers in each individual aggregate and their aggregation 

number: 𝑘𝑄𝑖 = 𝑘𝑄 (
𝑄𝑖

 𝑁𝑎𝑔𝑔,𝑖
).  

Equation 1. 46 

𝐼(𝑡)

𝐼(0)
= 𝑒−𝑘0𝑡

∑ [𝑁𝑎𝑔𝑔𝐴(𝑁𝑎𝑔𝑔)]𝑒
[−𝑁𝑎𝑔𝑔𝜂(1−𝑒

(−
𝑘𝑄𝑡

𝑁𝑎𝑔𝑔
)
)]

𝑁𝑎𝑔𝑔

∑ [𝑁𝑎𝑔𝑔𝐴(𝑁𝑎𝑔𝑔)]𝑁𝑎𝑔𝑔

 

 

Equation 1. 46 is a general expression that requires solving to a model form for fitting 

emission decay data. Its importance resides in the subsequent expressions that can be 

developed for describing the correlation between aggregation number and the experimental 

quencher concentration like Equation 1. 47. Equation 1. 47 shows that in the low quencher 

concentration limit, 𝜂 → 0, 〈𝑁𝑎𝑔𝑔〉𝑄(or apparent Nagg) becomes the weight average 

(〈𝑁𝑎𝑔𝑔〉𝑤). This observation is paramount, and it is the crux of the method developed for 

checking for polydispersity used in this study. The experiment consists of changing the 

quencher concentration (𝜂 usually takes on values between 0.01 and 0.03), while keeping the 

probe and surfactant concentration constant. If Nagg changes with 𝜂, it means that the system 

is in the static limit and is polydisperse.  

Equation 1. 47 

〈𝑁𝑎𝑔𝑔〉𝑄 =
1

𝜂
ln (

𝐹(0)

𝐹∞(0)
) =

1

𝜂

∑ 𝑁𝑎𝑔𝑔𝐴(𝑁𝑎𝑔𝑔)𝑁𝑎𝑔𝑔

∑ 𝑁𝑎𝑔𝑔𝑒
(−𝜂𝑁𝑎𝑔𝑔)

𝑁𝑎𝑔𝑔 𝐴(𝑁𝑎𝑔𝑔)
 

〈𝑵𝒂𝒈𝒈〉𝒘 = 𝐥𝐢𝐦
𝑸→𝟎

〈𝑵𝒂𝒈𝒈〉𝑸 
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The dependence of 〈𝑵𝒂𝒈𝒈〉𝑸 on 𝜂 can be described with a function that corresponds to the 

type of distribution of aggregates with different aggregation numbers: Gaussian, exponential, 

ZOLD, triangular, etc. For example, Equation 1. 48  shows the expression of the dependence 

of  〈𝑁𝑎𝑔𝑔〉𝑄 on 𝜂 for a Gaussian micelle distribution. By fitting this equation to a 〈𝑁𝑎𝑔𝑔〉𝑄 vs. 𝜂 

curve, it is possible to calculate the standard deviation (𝜎) and the weighted and number 

average of Nagg (〈𝑁𝑎𝑔𝑔〉𝑁): 

Equation 1. 48 

〈𝑁𝑎𝑔𝑔〉𝑄 = 〈𝑁𝑎𝑔𝑔〉𝑁 + 𝜎2 (
1

〈𝑁𝑎𝑔𝑔〉𝑁
−
𝜂

2
) 

〈𝑁𝑎𝑔𝑔〉𝑄 = 〈𝑁𝑎𝑔𝑔〉𝑤 − 𝜎2
𝜂

2
 

 

Although expressions similar to Equation 1.48 are available for other types of ideal statistical 

distributions, there are not thermodynamic reasons to expect real data to fit perfectly to such 

distribution models. For this reason, it is more productive to describe the distribution with 

general parameters like standard deviation (𝜎), kurtosis (E) and skewness (Λ), also known as 

the moments of the distribution. By fitting Equation 1. 49 to the 〈𝑁𝑎𝑔𝑔〉𝑄vs 𝜂 curves, these 

values can be obtained regardless of distribution type. 

Equation 1. 49 

〈𝑁𝑎𝑔𝑔〉𝑄 = 〈𝑁𝑎𝑔𝑔〉𝑤 −
𝜎2𝜂

2
+
Λ𝜂2

6
−
Ε𝜂3

24
 

 

The even moments of the distributions (𝜎2 and E) are always positive, and Λ can be either 

positive or negative. The skewness and kurtosis are usually standardized with respect to 

Gaussian distribution as shown in Equation 1. 50 and Equation 1. 51. 𝜆 > 0 denotes positive 
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skewness (mean > mode) and 𝜀 > 0 means that the distribution is more peaked about 

〈𝑁𝑎𝑔𝑔〉𝑤 than a Gaussian distribution.88 

Equation 1. 50 

𝜆 =
Λ

2𝜎2
 

Equation 1. 51 

𝜀 =
1

8
(
E

𝜎4
− 3) 

Polydispersity evaluation in the dynamic limit 

The general expression that describes the emission decays for polydisperse systems in the 

dynamic limit is presented in Equation 1. 52. In this expression, just like for the static limit, 

the emission decay is the result of the contributions from aggregates with different Nagg and 

quenchers.   Again, the quenching constant is also a function of the numbers of quenchers in 

each individual aggregate and their aggregation number: 𝑘𝑄𝑖 = 𝑘𝑄 (
𝑄𝑖

 𝑁𝑎𝑔𝑔,𝑖
). Due to fast size 

fluctuations (Figure 1.21 and Equation 1.45), the quenchers occupy aggregates that cover the 

whole distribution of sizes, so most of the effects of polydispersity will be absent. 

Measurements of 𝑁𝑎𝑔𝑔 at any value of 𝜂 will reflect 〈𝑁𝑎𝑔𝑔〉𝑁.88,107 

Equation 1. 52 

𝐼(𝑡)

𝐼(0)
=
∑ [𝑁𝑎𝑔𝑔𝐴(𝑁𝑎𝑔𝑔)]𝑒

[〈𝑁𝑎𝑔𝑔〉𝜂𝑒
(−

𝑘𝑄𝑡

𝑁𝑎𝑔𝑔
)
]

𝑁𝑎𝑔𝑔

∑ [𝑁𝑎𝑔𝑔𝐴(𝑁𝑎𝑔𝑔)]𝑁𝑎𝑔𝑔

𝑒(−𝑘0𝑡−𝜂〈𝑁𝑎𝑔𝑔〉) 
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Chapter 2: Materials & methods 

 

This chapter provides detailed information about the materials, instrumentation and 

experimental protocols used in the studies discussed in this dissertation. Additional 

experimental details are provided in the following chapters as needed. 

Chemical synthesis  

Solvent purification and storage 

Solvents were used for four different purposes: sample preparation, chemical reactions, work 

up of chemical reactions, and chromatography. Solvents used in chemical reactions sensitive 

to water were purchased as nominally dry solvents from Sigma-Aldrich or EMD chemicals Inc. 

In-lab dry solvents were obtained using one of the following methods:109 

• Distillation at reduced pressure using CaH2 as dehydrating agent. All glassware involved 

is oven or flame/vacuum dried. CaH2 is deactivated with ethanol and iced water.  

• Filtration through activated alumina/silica columns. Activation of the alumina/silica 

occurs by heating up the solid mixture at 350oC overnight, and cooling down at room 

temperature under a nitrogen atmosphere. The dry, cool powder is placed in a glass 

column or plastic syringe with glass wool at the bottom. Solvent is pushed through the 

column by applying dry nitrogen, vacuum or pushing with the plunger of the syringe. 

Traces of alumina/silica powder were eliminated by gravity filtration or disk filters, 

depending of the volume. All glassware involved is oven or flame/vacuum dried.  
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Dryness of solvent was guaranteed over time by storing them with 4 Å molecular sieves, 

placing the containers covered with parafilm inside a desiccator sealed with silicon grease 

with Drierite to maintain low humidity conditions. 

The water used was from a Millipore water purification system (Direct-Q® 3 with UV) which 

produced 18 M quality water with < 6 ppb TOC. It is referred to here as Milli-Q® water. The 

purified water was typically stored in low density polyethylene wash bottles or recently 

base/acid bathed and thoroughly rinsed glassware for its immediate use. Acetone used for 

rinsing glassware was recycled using rotoevaporation  

Chemicals  

All chemicals were purchased from Aldrich Chemical Company, Acros Chemicals, Chem-Impex 

International, STREM chemicals, Fisher scientific or EMD Chemicals; they were used as 

received unless otherwise stated. Water sensitive materials were stored inside desiccators 

sealed with silicon grease and with a bed of Drierite. Materials that were known to be air 

and/or water sensitive were stored and manipulated inside a glovebox saturated with argon. 

Since one of the purposes of this project was to generate synthetic methodologies that can 

be easily adapted to large industrial scale with a high cost/efficiency ratio, only Noyori’s 

catalyst was handled under glovebox conditions.   

Chemical transformations  

All chemical transformations were performed in glassware. Different types of reaction vessels 

were used depending on the volume of the reaction mixture. Reaction mixtures with small 
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volumes (< 10 mL) were carried in glass vials. Chemical transformations that required reaction 

mixtures of larger volumes were performed in round bottom borosilicate flasks with one or 

up to three female ground glass necks (14/20 or 24/40). Typical cleansing procedures 

involved depositing the glassware into a base bath (KOH, ethanol/isopropanol) overnight, 

followed by a thorough rinse with water and final rinse with recycled acetone. The glassware 

was placed in an oven at 100 oC for drying or exposed to an acetylene torch while the necks 

were connected to a vacuum pump in case its use was immediate.110 

Chemical transformations sensitive to oxygen or moisture were handled in a glovebox.74 For 

reaction mixtures with components that reacted slowly with water and/or oxygen, the 

chemical transformations were performed out of a glovebox in flame-vacuum dried 

glassware and purged with argon. Inert atmospheres out of the glovebox were sustained by 

delivering a gentle stream of argon using a Tygon tube connected to a septum placed at the 

mouth of the flask or vial. 

Asymmetric Noyori’s hydrogenation  

To perform this reaction, special equipment was installed. Noyori’s asymmetric 

hydrogenation111 requires constant and vigorous agitation under a hydrogen atmosphere at 

high temperatures. These experimental conditions require a specific experimental set up 

wherein temperature can be controlled and monitored and guarantee zero leaks of gas while 

using a pressure resistant vessel being agitated. Agitation at a constant frequency is provided 

by a Parr® shaker (model 3911) that has a stage wherein a thick wall borosilicate bottle can 

be placed, capped and secured. The apparatus used is equipped with a tank that is full of 
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hydrogen gas and a weak vacuum pump to evacuate and purge the headspace of the vessel. 

As a safety measure, a metallic net is placed around the stage. The temperature is controlled 

using the Parr® temperature controller (model 4833) unit that monitors the temperature 

using a J-type thermocouple inserted into the top of the bottle; the heat is provided by a 

heating mantle that surrounds the vessel.  

The chemicals are loaded into an oven-dried 500 mL Pyrex bottle suitable for a 3911 Parr® 

shaker hydrogenation reactor under a controlled atmosphere saturated with argon inside a 

glovebox. The reaction mixture is composed of 15 mL of 0.24 M degassed ethylic solution of 

the benzyl 3-oxoalakanote ester, and 40 mg of Noyori’s type catalyst (CAS# 199684-47-4) 

purchased from Strem Chemicals, Inc. The ethanol was freshly bi-distilled over CaH2 and 

filtered before used. Solution degassing was accomplished by triplicate freeze-pump-thaw 

cycles. The bottle with the reaction mixture saturated with argon is capped, placed and 

secured on the Parr Shaker. The bottle goes through three H2 saturation-evacuation cycles 

before increasing the pressure to 45 psi in H2, setting the temperature to 115 oC, and shaking 

for 72 hours. After this period of time, the bottle is evacuated at low pressure while it cools 

down. Celite and methylene chloride are added. The solids are filtered and the solution 

concentrated by roto-evaporation at reduced pressure at 40 oC.  The crude dark reddish oil 

obtained is purified by flash column chromatography in 100 g of silica equilibrated with 5% 

ethyl acetate/hexanes. 
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Isolation of compounds at preparative scale and preliminary evaluation purity  

Chromatography 

The progress of chemical reactions was tracked by thin layer chromatography on purchased 

SiliCycle SiliaPlate analytical TLC plates (250 m thickness, glass backed). When the 

components of the mixtures evaluated were not UV active, they were revealed using 

Hannesian’s stain or 10% ethylic solution of H2SO4 if sugar moieties were present.112 

The nature of the compounds synthesized in this work made it impractical to use isolation 

methods different than liquid chromatography on preparative scales (>0.5 g). The columns 

were packed in house with bare silica gel purchased at Sylicycle (Silia Flash P60 Silica Gel, 40-

63 μm, 60 Å). The equilibration, mobile phase injection and fraction collection was performed 

using two HPFC systems built by Biotage®, Inc. (Horizon and Isolera models). Typical mobile 

phases used in this work included solvents like hexanes, ethyl acetate, ether, methanol, and 

dichloromethane. The separation method was developed according to the guidelines 

suggested by Still et al.113 

High performance liquid chromatography with evaporative light scattering detection  

Evaluation of purity the glycolipids was performed by high performance liquid 

chromatography equipped with an evaporative light scattering detector (HPLC-ELSD).114 This 

evaporative light scattering detector is ideal due to the lack of chromophores and 

electroactivity of the glycolipids investigated. The HPLC system was composed of units and 

controls that originated from different instrument manufacturers. The high precision, high 

pressure pump unit controller was purchased from Waters (Model 600E). The ELS detector 
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was manufactured by Polymer Labs (Model PL-EMD 960). The detection occurred by 

converting the eluent into an aerosol under a stream of argon at 70 oC with a flowrate of 4 L 

min-1. Data acquisition was carried out using the PeakSimple Chromatography model 203 

single-channel data console with PeakSimple Chromatography software. Separations of 

rhamnolipids were achieved using analytical columns packed with a stationary phase 

composed of silica particles modified with C18 alky chains (Phenomenex Kinetex 5um EVO 

C18 150 x 4.6mm). Mobile phases were composed of HPLC grade solvents and Milli-Q water. 

When a solvent was not commercially available as HPLC grade, purification was performed in 

our laboratories as described above, adding a filtration step using an HPLC solvent filtration 

kit. Trifluoroacetic acid was typically used as additive when needed. Samples were filtrated 

prior to loading using Acrodisc Supor Membrane syringe filters (Pall Corporation) with pore 

sizes of 0.45 m, 0.2 m and 0.1 m.  

Molecular structure characterization by NMR, MS, LC-MS and polarimetry   

1H and 13C-NMR spectra were recorded on Bruker DRX-400 (400 MHz), DRX-500 (500 MHz), 

or DRX-600 (600 MHz) spectrometers using CDCl3 and MeOD as solvents with trimethyl silane 

(TMS) as the internal standard. All NMR spectra were analyzed and interpreted using 

MestReNova software. Optical rotation measurements were performed on a Jasco P-1020® 

polarimeter, with a cell length of 50 mm, at a wavelength of 589 nm from a Na lamp, taking 

100 readings per sample at concentrations 0.38-1.77 % w/v in dry CHCl3.  

Mass spectrometry data was collected with a Thermofisher-Finnigan linear quadrupole mass 

spectrometer managed by the Mass Spectrometry Facility in the Department of Chemistry 
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and Biochemistry at the University of Arizona. Typically, polar samples were diluted with a 

1:1 MeOH-H2O + 2% v/v acetic acid (AcOH) solution, and then injected into the spectrometer 

by direct infusion through a syringe pump for negative mode electrospray ionization.  

LC-MS experiments were performed on a Waters Acquity iClass UPLC with a Waters Acquity 

UPLC BEH C18, 1.7μm, 2.1x50 mm column at room temperature. The mobile phase used for 

analyzing Rha-C10-C10 diastereomers was 50% acetonitrile:50% water (0.1% formic acid). 

The injection volume was 1 μL of 0.1 mg/mL in 50% acetonitrile: 50% water. The detector is 

a Waters Xevo G2-S QToF operated in negative electrospray ionization mode scanning from 

100-1000 Daltons. The source conditions were as follows; capillary voltage of 2.3 kV, sampling 

cone 50 V, source offset 30 V, source temperature 150°C, desolvation temperature 600 μC, 

cone gas 0 L/h, desolvation gas 550 L/h. 

Procedures and instrumentation for characterization of interfacial properties, self-
assembly behavior of surfactants, and purity 

Surface tensiometry 

Surface tension measurements were performed at room temperature on the Fisher Surface 

Tensiomat (Model 21). The data from this instrument is collected manually. An appropriate 

container with the liquid sample is placed on a stage and the Du Nuoy ring is dipped into the 

interface of the solution using the manual mechanism of the instrument. With the same 

mechanism, the Du Nuoy ring is pulled out of the interface of the solution; the force used to 

overcome the adhesion forces between the molecules at the air/water interface and the Pt-
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Ir metallic atoms of the ring is correlated with the force needed for detachment of the ring 

from the interface.  

An appropriate container for the sample should meet the following requirements: 1) the 

diameter of the mouth of the container should be big enough to allow the ring to travel to 

contact with the interface without interferences with the walls of the container and the wall-

liquid meniscus and 2) adsorption of surfactant on the walls of the container should be 

minimized. In this work, plastic Nalgene 30 mL beakers were used to make the 

measurements. The surface tension was probed using an Ir-Pt Du Nouy ring50 of wire radius 

of 0.01778 cm and 6 cm in circumference at 20 oC. The relationship between the surface 

tension, 𝛾,  and the force, 𝐹, used to overcome the adhesion forces in laboratory air between 

the water/air interface and the surface of the ring is expressed in Equation 2. 1. The inner and 

outer radii of the ring are represented by 𝑟𝑖 and 𝑟𝑎. 

Equation 2. 1 

𝐹 = 2𝜋 ∗ (𝑟𝑖 + 𝑟𝑎) ∗ 𝛾 

 

The surface tension measurements were corrected using Equation 2. 2 as the manual 

provided by the manufacturer of the tensiometer indicates. 

Equation 2. 2 

𝐹 = 0.7250 + √
0.01452𝑃

𝐶2(𝐷 − 𝑑)
+ 0.04534 −

1.679𝑟

𝑅
 

where the following are the surfactant adsorption parameters from surface tension 

measurements: 
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𝑃 apparent surface tension value 
or dial reading  

 

𝐶 circumference of the ring  6 cm 
𝐷 density of the lower phase Water at 20 oC = 0.998 g cm-3 

𝑑 density of the upper phase Air at 20 oC = 1.23 x 10-3 g cm-3 
𝑟 radius of the Pt/Ir wire 0.007 inches = 0.01778 cm 
𝑅 radius of the ring R = 6 cm/2π 

 

In the simplest case, molecules of surfactant dissolved in water participate in two equilibrium 

systems: adsorption at the air-water interface and the formation of self-assembled dynamic 

supramolecular aggregates, as a manifestation of the amphiphilic properties. In the ideal 

case, the formation of aggregates only occurs above a given concentration known as the 

critical micelle concentration (CMC) or critical aggregation concentration (CAC). Below the 

CMC or CAC, the only equilibrium dynamic operating is adsorption at the air/water interface. 

Complications may arise when simultaneous equilibria like adsorption on the walls of the 

vessel, formation of pre-micelles and admicellization operate inadvertently. Models for these 

specific situations exist, but they are complex and often do not provide additional 

information. From a purely phenomenological perspective, the adsorption of surfactants has 

an impact on the surface tension of water due to a modulation of the energetics of the 

interface via intermolecular interactions of the stressed water molecules at the surface and 

the hydrophilic moiety of the amphiphile. The hydrophobic moiety of the amphiphile can 

establish intermolecular interactions through weak dispersion forces with the gases of the air 

mixture. When using surface tension measurements to characterize thermodynamic 

parameters that describe the affinity of the surfactants for the air-water interface, the Gibbs 

isotherm is commonly invoked in the form of Equation 2. 3, since an explicit relationship 
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between the change in the surface tension (𝛾) relative to the change in concentration (c) and 

the surface excess, Γ, is stated. R is the gas constant with a value of 8.314 J mol-1 K-1 and T is 

the temperature in Kelvin. In this case, surface excess is defined as the moles of surfactant 

that adsorb at the interface and have an impact on the surface tension of the liquid. 

Equation 2. 3 

𝑑𝛾

𝑑𝑙𝑛𝑐
= −𝑅𝑇 Γ 

The Gibbs adsorption isotherm can be rearranged to give the change in surface tension as 

function of the change in concentration as expressed in Equation 2. 4. 

Equation 2. 4 

𝑑𝛾 = −
𝑅𝑇 Γ

𝑐
𝑑𝑐 

Equation 2. 4 can be integrated to give the surface tension as a function of surfactant 

concentration if we know the relationship between the surface excess and the concentration. 

If we assume that the enthalpy of adsorption is constant, this relationship is given by the 

Langmuir isotherm expressed in Equation 2. 5, where 𝜔 is the cross-sectional area in m2/mole 

of surfactant molecules at the interface and 𝐾𝑎𝑑𝑠 is the equilibrium constant for the 

adsorption.  

Equation 2. 5 

𝜔Γ = −
𝐾𝑎𝑑𝑠𝑐

1 + 𝐾𝑎𝑑𝑠𝑐
 

Solving Equation 2. 5 for surface excess, substituting this expression into Equation 2. 4, and 

integrating produces the Szyszkowski equation, expressed in Equation 2. 6, where 𝛾0 is the 

surface tension of pure water (0.07 N m-1). The following section contains a detailed 
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explanation on how to extract data from Equation 2. 6 to make inferences about the self-

assembly behavior of the surfactants studied. 

Equation 2. 6 

𝛾 = 𝛾0 − 𝑛 𝑅𝑇 Γ 𝑙𝑛(1 + 𝐾𝑎𝑑𝑠𝑐) 

Determination of critical micelle concentration (CMC), minimum surface tension (𝛾𝐶𝑀𝐶) 
and free energy of micellar formation (𝛥𝐶𝑀𝐶𝐺

𝑜)  

The surface tension-concentration curves were plotted as averaged data points of the 

measured surface tension (mN m-1) in function of ln([Rha-C14-Cx] (µM)). The critical micelle 

concentration (CMC) was determined by finding the intersection of the lines fitted by 

regression analysis to the two linear regions of the curve. From Langmuir-Syzkowski isotherm, 

the lines fitted to leg 1 and leg 2 of the curves can be described by Equation 2.7 where y = 

surface tension, x = lnc, c is surfactant concentration, m is the slope and b is the intersection 

with the y-axis.  

Equation 2. 7 

𝛾 = 𝑚𝑙𝑛𝑐 + 𝑏 

The intersection of lines 1 and 2 can be calculated by combining the equations that describe 

them into Equation 2. 8.  

Equation 2. 8 

𝐶𝑀𝐶 = 𝑒
(
𝑏2−𝑏1
𝑚1−𝑚2

)
 

The combined uncertainty associated with the error propagated in the calculation of CMC by 

this method is described by Equation 2.9, where 𝑆𝑏𝑛and 𝑆𝑚𝑛
are the standard deviations for 

the y-axis intersection and slope for both lines, respectively.  
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Equation 2. 9 
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In similar fashion, the minimum surface tension, 𝛾𝐶𝑀𝐶, is calculated by combining the 

equations of the straight lines fit to regions 1 and 2 of the surface tension-concentration curve 

into Equation 2. 10 

Equation 2. 10 

𝛾𝐶𝑀𝐶 =
𝑚2𝑏1 −𝑚1𝑏2
𝑚2 −𝑚1

 

The relative combined uncertainty associated with the error propagated in the calculation of  

𝛾𝐶𝑀𝐶  by this method is described by Equation 2. 11, with the same nomenclature for all terms. 

Equation 2. 11 
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The free energy of the critical micelle concentration can be calculated from Equation 2. 12 

Equation 2. 12 

𝛥𝐶𝑀𝐶𝐺
𝑜 = 𝑅𝑇 ln (𝐶𝑀𝐶) 

The uncertainty associated with the error propagated in the calculation of  𝛥𝐶𝑀𝐶𝐺
𝑜 is 

described by Equation 2. 13, with the same nomenclature for all the terms. 

Equation 2. 13 

𝑒𝛥𝐶𝑀𝐶𝐺
𝑜 = 𝛥𝐶𝑀𝐶𝐺

𝑜 (
𝑒𝐶𝑀𝐶
𝐶𝑀𝐶

) 
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Calculation of surface excess, molecular area, and adsorption equilibrium constant 

Calculation of the surface excess, Γ, and the equilibrium constant for the adsorption of 

surfactant at the air/water interface, 𝐾𝑎𝑑𝑠, can be performed using two different numerical 

methods. The first one consists of expressing the Langmuir-Szyszkowski equation like  

Equation 2. 14,  plotting the averaged data points of the differences of (𝛾0 − 𝛾), , (~𝑁 𝑚⁄ ) 

as a function of 𝐿𝑜𝑔([𝑅ℎ𝑎𝐶14𝐶𝑥](~𝑚𝑜𝑙 𝐿−1)) and fitting a straight line to the data points 

below the CMC by the minimum least squares linear regression method. 

Equation 2. 14 

Π = 𝛾0 − 𝛾 = 2.303𝑛𝑅𝑇Γ𝐿𝑜𝑔(1 + 𝐾𝑎𝑑𝑠𝑐) 

The slope of the fit line equals 2.303𝑛𝑅𝑇Γ where 𝑛 is the number of species introduced in 

solution per molecule of surfactant. In this case, 𝑛 = 2, since the rhamnolipids are added as 

sodium salts, 𝑅 is the gas constant 8.314 J mol-1 K-1, 𝑇 is the temperature in Kelvin, and Γ is 

the surface excess in mol m-2. The relative uncertainty associated with the error propagation 

in this calculation was determined by Equation 2. 15, where 𝑚 is the slope in Equation 2. 14 

and 𝑠𝑚  is the standard deviation obtained from the least squared regression analysis of the 

fitting.  

Equation 2. 15 

𝑒𝑎0 = 𝑎0
𝑠𝑚
𝑚

 

The adsorption equilibrium constant, 𝐾𝑎𝑑𝑠, can be obtained by minimizing the sum of the 

squared differences between the experimental averaged data points of (𝛾0 − 𝛾) (𝑁 𝑚⁄ ) (𝑦𝑖) 

and the theoretical values of (𝛾0 − 𝛾) (𝑁 𝑚⁄ ) calculated using the experimental 

concentration (mol L-1) below the CMC, the surface excess obtained as stated above, and 
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iterative estimations 𝐾𝑎𝑑𝑠, Equation 2. 16. This operation was performed in Excel® with the 

add-in data analysis Solver.115 

Equation 2. 16 

𝑠𝑢𝑚 = ∑[𝑦𝑖 − {2.303𝑛𝑅𝑇Γ𝐿𝑜𝑔(1 + 𝐾𝑎𝑑𝑠𝑐)}]
2

𝑛

𝑖=1

 

In the second method, the averaged data points of surface tension are plotted in function of 

concentration below the CMC following the expression of Langmuir-Szyszkowski equation as 

expressed in Equation 2. 17. 116 

Equation 2. 17 

𝛾 = 𝛾0 −
𝑛𝑅𝑇

𝜔
𝑙𝑛(1 + 𝐾𝑎𝑑𝑠𝑐) 

𝐾𝑎𝑑𝑠 and 𝜔 are obtained by minimizing the sum expressed in Equation 2. 18, which is sum of 

the squared differences between the experimental and theoretical surface tension 

𝛾(~𝑁 𝑚−1) calculated using the experimental concentration and iterative estimations of 

𝐾𝑎𝑑𝑠 and 𝜔 in Excel’s add-in data analysis package Solver. 

Equation 2. 18 

𝑠𝑢𝑚 =∑[𝑦𝑖 − {𝛾0 − 𝑛𝑅𝑇Γ𝑙𝑛(1 + 𝐾𝑎𝑑𝑠𝑐)}]
2

𝑛

𝑖=1

 

The goodness of the fit was obtained by MatLab’s curve fitting application. Uncertainties 

associated with 𝐾𝑎𝑑𝑠 and 𝜔 were determined by the “jackknife” method within Matlab as the 

method.117–119  
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Dynamic light scattering 

Measurement of the hydrodynamic radius was performed by correlation spectroscopy using 

the dynamic light scattering55 instrument developed by Viscotek (Model Viscotek 802 DLS). 

The instrument has a size range of 0.5 nm – 1 m, with a minimum sample volume of 12 L 

and a minimum sample concentration of 0.1 mg mL-1 Lysozyme 14 kDa monomer (100 s 

acquisition). The instrument is able to control temperature of the sample over a range of 0 

oC to 90 oC. The sample is illuminated with a 50 mW fiber-coupled diode laser with a 

wavelength of 830 nm. The scattered light is handled by a single-mode fiber and detected 

with a single photon counting module with a correlator resolution of 256 channels. The 

operator interface and correlation function analysis is managed by OmniSIZE software 

(Version 3.0.0.296).  Liquid samples of surfactants were filtered using Acrodisc Supor® 

membrane 25 mm syringe filters (Pall Corporation) with pore sizes of 0.45 m, 0.2 m and 

0.1 m. After filtration, the solutions were equilibrated 24 hours in 1.5 mL Eppendorf tubes 

prior transferring to the surface fluoroalkyl-silanized (to prevent rhamnolipid adsorption) 

submicro quartz Starna® cells for their measurement. 

Time resolved fluorescence quenching 

Time-resolved fluorescence quenching measurements120 were performed using time-

correlated single photong counting (TCSPC)82 built in the Quanta Master 40 

spectrofluorometer (Photon Technologies, Inc.) The system is equipped with a 340 nm LED 

(Photon Technologies, Inc.), an excitation band pass filter (340 ± 10 nm, Edmund Optics), and 

an emission long pass filter (364 nm, OD >6, 300-363.8 nm, Semrock Inc.). The sample 
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chamber was continually purged prior to and during the measurements with a stream of Ar 

or N2 delivered through a Tygon tube connected to the chamber. The cuvette holder is 

equipped with a TLC 50TM thermoelectric temperature control system (Quantum 

Northwest).  

Samples were prepared as buffered solutions (sodium phosphate buffer 10 mM, pH 8.0) in 

Teflon vials and equilibrated overnight. Pyrene was added first from a stock filtered ethanol 

solution to the bottom of the Teflon vial, the solvent was allowed to evaporate at room 

temperature, and then the stock buffered and filtered solution of the glycolipid investigated 

was added. The mixture was stirred gently overnight. Sample measurements were made in 

semi-micro quartz fluorimeter screw cap with septum cells (Starna Cells), which were 

fluorealkyl-silanized with a (tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane) coating to 

prevent surfactant adsorption to the cuvette walls. The quencher benzophenone was added 

by spiking the sample in the cuvette with a stock solution of benzophenone dissolved in 

cyclohexane. The organic solvent was allowed to evaporate, and then the sample was 

deoxygenated by agitating it on an automatic shaker placed inside a controlled atmosphere 

Plexiglas box purged with nitrogen. All data were collected using Felix GX Software version 

4.1 for a range of 2000 ns, delay of 2200 ns, emission wavelength of 372 nm, offset of 15%, 

and binning of 1024 channels. Spectra were collected until the initial fluorescence intensity 

was >10K counts. Slit widths were set such that the ADC signal was <2% of the LED pulse 

repetition rate, typically 1-1.5 mm. Three replicate measurements were averaged for each 

[Q].  
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Silanization procedure for quartz cuvettes to avoid adsorption to the walls 

To prevent mRL adsorption to the glass walls, fluorescence cuvettes were silanized with a 

fluoro-terminated alkylsilane. Fluorescence cuvettes were pretreated with a cleaning 

solution consisting of 4:1:1 (v/v) water, 30% (v/v) hydrogen peroxide and concentrated 

NH4OH (14.5 M) by boiling in the solution for at least 45 min, followed by thorough rinsing 

with Milli-Q water. They were then dried under vacuum for 2-3 h at 120 °C. Next, the silanizing 

solution was made in an environmental control box under constant Ar and N2 flow to 

eliminate water contamination. This solution was made by mixing dry toluene at 97.5% (v/v), 

dry (tridecafluoro-1,1,2,2-tetrahydrooctyl) triethoxysilane at 2% (v/v), and dry pyridine at 

0.5% (v/v) for 10 min and immediately added to the cuvettes, which were filled for an even 

coating. The solution was allowed to sit in the cuvette for 4 h. The glassware was rinsed with 

several aliquots of dry toluene, followed by several aliquots of absolute ethanol. The cuvettes 

were placed under vacuum for 12 h at 100 °C to allow the coating to cure. 

Quantitative Nuclear Magnetic Resonance 

qNMR was used to assess the purity of glycolipids synthesized in our laboratories. If the 

materials under study were isolated as oils or syrups, they would be dissolved in previously 

purified dichloromethane, transferred to the weighting vials, and the solvent would be 

removed by roto-evaporation at reduced pressure (checked by registering constant mass 3 

consecutive times). The mass of the empty vials, the vials + dry sample, and the vials + dry 

sample + standard were was measured 5 times on 5 independently prepared samples. The 
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massing of the samples was performed in a HR-202i balance manufactured by A&D 

Weighting®.  

Table 2. 1. Technical specifications of the HR-202i balance manufactured by A&D Weighting®. 

Specification Value 

Mass range 42 x 0.00001 g 

Linearity ± 0.0002g, ± 0.00003g 

Stabilization time (typical) 3.5/8 s 

Repeatability/Standard Deviation 0.00002 g 

Sensitivity drift ± 2 ppm oC-1 (10°C~30°C / 50°F~ 86°F) 

 

For massing, the following precautions were taken: 1) ensure balance pan is free of dust 

(stability time increase when balance pan is dirty); 2) avoid electrostatic sources (gloves, 

fibers, etc.); 3) avoid writing on vials; 4) hygroscopic samples require lyophilization. 

The NMR standard used was 1,2,4,5-tetrachloro-3-nitrobenzene. The mixture of sample and 

standard were dissolved in the proper deuterated solvent. MeOD is a good start for 

glycolipids. The samples are homogenized by vortexing the solutions for three min. The 

sample solutions are then transferred to 3 mm NMR tubes. 

The 1H-NMR spectra of each sample were collected 3 times, and each repetition was the 

result of the average of 32 scans with time delays of 50 seconds, which is long enough to 

allow all protons of the molecule to relax. The determination of the proper time delay is done 

by measuring the relaxation times by the inversion recovery method of the proton of the 

standard and the protons of the sample determined as candidates for the quantification. The 
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optimal experimental parameters for the spectral acquisition in a standard commercial 

spectrometer are listed in Table 2. 2. 

Table 2. 2. Optimal experimental parameters for the spectral acquisition in a standard commercial 
spectrometer.121 

Parameter 
Bruker’s 
Nomenclature 

Value 

90o Pulse strength Pl1 Instrument specific  

90o Pulse length P1 Instrument specific  

Spin rotation  Optional 

Measurement temperature  300 K 

Frequency of excitation  o1 Middle of spectrum 

Pulse angle  30o 

Preacquisition delay DE 5 μs 

Acquisition time AQ 3.41 s 

Repetition time D1 ≥5x longest T1 

Sweep width  SW 16 ppm 

Filter width  FW ≥20 ppm 

Number of FID points TD 32 k  

Number of scans NS Declined of reached S/N 

Signal to noise ratio S/N ≥250 

Line broadening (em) lb 0.3 Hz 

Number of frequency points SI 64 k 
 

The data work up involved phase and baseline correction. To avoid a biased manipulation of 

the data, an automatic protocol available on MestRenova was selected for the phase 

correction and for integration of the peaks. The baseline correction was performed by a 

polynomial fit method. The effect of the polynomial order used for the baseline correction 

on the precision of the quantification was evaluated on the best resolved proton multiplets.  
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Chapter 3: Absolute configuration assignments of carbinols at the 
lipid tails of Rha-C10-C10 diastereomers 

Introduction 

Rhamnolipids are amphipathic glycolipids with outstanding surfactant properties 

biosynthesized by microorganisms122–125 mainly belonging to the class of 

Gammaproteobacteria like Pseudomonas aeruginosa, although others from the 

Actinobacteria, Bacilli, Betaprotobacteria and Deltaproteobacteria classes have been 

identified as producers as well.126 More than 50 biosynthesized congeners have been 

identified in mixtures, but the general structure shown in Figure 3. 1 is comprised of a lipid 

unit of (R,R)-β-hydroxyalkanoyl-β-hydroxyalkanoic acids127 of variable chain lengths (C6-

C14),128,129 trans-1,2-O-glycosylated130 by mono- or dimeric carbohydrate L-rhamnopyranosyl 

units.131  

 

Figure 3. 1. Structural chemical diversity of (R,R)-rhamnolipids produced by Pseudomonas aeruginosa. Traces 
of rhamnolipids with unsaturation on both alkyl chains and monoacetylated rhamnose have been harvested 

from cultures of P. aeruginosa. 
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Biofilm regulation,126,132–137 antimicrobial activity,138–141 uptake and biodegradation of poorly 

soluble substrates,142 immune modulators and virulence factors,143–155 and surface 

motility156–160  are some of the physiological functions attributed to rhamnolipids. 

Applications such as complexation and flushing of heavy metals from contaminated soils,161–

166 hydrocarbon removal from soils,167–169 enhancers of hydrocarbon biodegradation,167,170–

172 and use as biological control agents173–176 have been suggested. Both, the biological roles 

and the developing biotechnology mentioned above rely on the powerful pH-modulated16 

surfactant properties of these materials. In their anionic form, the low critical micelle 

concentrations (CMCs) and high surface activity of rhamnolipids are several orders of 

magnitude lower than related anionic synthetic petroleum-based derivatives and current 

commercially available counterparts. In their nonionic form, their CMCs are comparable to 

nonionic synthetic petroleum-based surfactants. These characteristics make rhamnolipids 

competitive177 green alternative biomaterials for industrial specialty surfactant sectors. 

However, regardless of the high interest of the industrial and scientific communities, few 

studies15 have dealt with pure materials whose structure-surfactant performance can be 

evaluated. This is because until now, the only practical source of rhamnolipids has been 

harvesting from microorganisms that produce condition-dependent multicomponent 

mixtures of congeners. In addition, access to the interfacial and solution aggregation 

properties of diastereomers of these surfactants has been prohibited by virtue of the 

exclusive bioproduction of L-lipid units only.125,178  

Being the understanding of structure-performance of relationship of rhamnolipids as 

surfactants is incomplete, our research group took on the quest of accessing these materials 



138 
 

in pure forms and quantities large enough to assure the practicality of their characterization. 

Many approaches can be taken to explore the structure-performance (See chapter 5). In this 

particular work, the impact of the absolute stereochemical configuration of the two carbinol 

groups on the lipid tails of the rhamnolipid congener with one sugar unit and two symmetrical 

10 carbon saturated lipid tails was explored. The target structures for this study are presented 

in Figure 3. 2. 

 
Figure 3. 2. Target chemical structures to explore the structure-performance relationship of rhamnolipids by 

changing the absolute stereochemical configuration of the carbinols of the lipid tails. 

Two general options were considered: biotechnological methods and chemical synthesis. The 

biotechnological method has been developed to the point of genetically designing a mutant 

that produces rhamnolipids in reasonable, but non-predictable, yields with mixtures where 

one congener domains the mass produced ((R,R)-Rha-C10-C10). Also, our collaborators have 

determined the biochemical pathway of rhamnolipid biosynthesis179 and what substrates 

enhance their production.180 Unfortunately, their experience indicates that using bacteria to 

produce rhamnolipids is not yet a reproducible method. In addition, the surfactants produced 

by bacteria are obtained as mixtures with unpredictable compositions (Figure 3. 3).181 The 

characteristics of these materials do not meet our requirements to explore the structure-
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performance relationship. The isolation of a specific structure is impractical due to the 

complexity of the mixtures. Bioengineering a mutant to produce a specific congener would 

also be impractical, not to mention that the above issues would be present anyway.  

 
Figure 3. 3. Congeners found in the mixture of rhamnolipids produced by the Pseudomonas aeruginosa ATCC 

9027. 

Chemical synthesis results in a more convenient and powerful method to tailor the structures 

of rhamnolipids and produce them in higher yields and purities. To date, two approaches to 

the chemical synthesis of rhamnolipids have been reported.46,182 Both approaches are 

versatile and can be used to produce any saturated mono- or dirhamnolipid with any desired 

stereochemistry. Unfortunately, these approaches are not readily amenable to production of 
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these materials at large scale, as they are labor intensive (>18 steps per diastereomer), use 

expensive reagents, dangerous procedures, and low yielding reactions. We developed in our 

laboratories (Figure 3. 6)13 a solution phase methodology in which a long shelf life, air and 

moisture stable peracetylated rhamnose donor can be activated in the presence of a 

minimally competent Lewis acid11 to glycosylate a racemic mixture of the lipid acceptor 3.6 

(Figure 3. 4) that can be resolved in a flash preparative silica column by means of enantiomer-

to-diastereomer conversion after the stereo-controlled glycosylation. 

 
Figure 3. 4. Synthesis of the benzyl 3-hydroxydecanoate ester as a racemic mixture. 

Figure 3.5 shows some of the possible intermolecular interactions of the diastereomers with 

the silica when different protecting groups were explored to find the proper protecting group 

scheme to isolate the diastereomers in a flash bare silica column. The free acids with the 

acetylated sugars 3.8a/b were resolved efficiently by flash column chromatography.  

 

 
Figure 3. 5. Protecting groups tested for the enhancement of the separation of the diastereomers in a flash 

column packed with bare silica, and the hypothesized intermolecular interactions. 
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The pure free acid diastereomers are esterified with the second lipid unit to render a new 

mixture of diastereomers that is separable as free acids by conventional flash column 

chromatography. The rhamnose units of the pure diastereomers are deacetylated 

orthogonally by transesterification to yield the final products. The methodology is sufficiently 

flexible to allow modification of the sugar and lipid moieties to create other glycolipids as 

well. Other significant attributes include scalability, mild reaction conditions, high green 

indices, and cost-effectiveness compared to the two synthetic methods previously reported.  

This methodology allowed us to access to multigram quantities of the diastereomers. 

However, as can be appreciated in Figure 3. 6 this methodology is not stereoselective. Yes, 

the diastereomers can be isolated, but there is not a way to know a priori the absolute 

configuration of the lipid tails. This apparent shortcoming is part of the price paid for 

designing a greener synthetic methodology. Stereoselective methods are not only hard to 

scale up, but they represent a hazard. For example, Noyori’s asymmetric reduction requires 

to keep reaction mixtures containing a specialty catalyst inside vessels under high pressure 

of hydrogen (50 atm, in some cases) at high temperatures (100 oC).
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Figure 3. 6. Synthetic methodology for manufacturing the diastereomers (R,R), (R,S), (S,S) and (S,R) of Rha-C10-C10. The stages where the diastereomers were 
enriched by preparative normal phase liquid chromatography (NP-LC) are marked by doted circles. The steps involved are i) glycosylation of 3.5 in presence of 
Bi(OTf)3 and dry MeCN refluxed during 2.5 h; ii) debenzylation with Pd/C, 1 atm H2 and dry THF, at RT overnight; iii) Steglich sterification of 3.5 in presence of 

EDC and DMAP in dry DCM at RT; iv) Deacetylation under Zemplein conditions with MeONa/MeOH.  
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The present synthetic methodology requires identification of the diastereomers after their 

production. There are multiple approaches to do this,127,183–185 but none of them is 

straightforward. The assignment of the absolute stereochemical assignments of the carbinol 

groups in this case is complex due to the presence of multiple stereocenters in the rhamnose 

unit and lipid tails. Methods like optical rotation measurements cannot be applied on the 

final products.  

The only easily accessible feature that distinguishes the four diastereomers of the 

rhamnolipids are the Rf values of the free acid forms of the single or double tailed 

rhamnolipids when the carbohydrate unit is acetylated. Figure 3. 7 shows the TLCs, the Rf 

values in the corresponding mobile phases, with the temporary nicknames for identification 

(bottom, top, etc.). The goal became to correlate the absolute stereochemical configuration 

of the carbinols on the lipid tails with the Rf values.  

 

Figure 3. 7. Rf values of the Rf values of the free acids forms of the single or double tailed rhamnolipids when 
the carbohydrate unit is acetylated. 
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Results and discussion  

Assignment of the absolute configuration of the carbinol groups at the lipid tails of each of 

the diastereomers in terms of their relative Rf values was achieved using a combination of 1H-

NMR Mosher’s ester analysis186–188 and optical rotation measurements (Figure 3. 10). In order 

to determine the absolute configuration of the carbinols of the inner lipid tails, the glycosidic 

bond of a sample of deacetylated 3.8a and 3.8b was exo-cleaved189–193 by methanolysis.147  

 
Figure 3. 8. Endocyclic cleavage is minor cleaveage mode for pyranosides, however EW protecting groups 

promote endocleaveage. The exocyclic cleavage plays the role of major reactivity channel.  

The resulting methyl β-hydroxydecanoate esters were esterified with (R)- and (S)-MTPA-Cl to 

render the (S)- and (R)-Mosher’s esters. The four Mosher’s esters obtained were 

characterized by 1H-NMR and the chemical shifts were compared according to ΔδSR = (δS - δR) 

(Figure 3. 9). As a control, the absolute configuration of the carbinols of the methyl ester lipid 

products of the acidic methanolysis of the monorhamnolipids produced by Pseudomonas 

aeruginosa ATCC 9027 was also determined by Mosher’s ester analysis. Absolute 

configuration assignment of the secondary lipid tails was performed in similar fashion. 

Samples of the four diastereomeric, double lipid tail rhamnolipids (Rha-C10-C10) were 

hydrolyzed with 2 M NaOH to obtain the 3-hydroxydecanoic acid, and esterified with BF3-

MeOH,194–196 Figure 3. 10. After isolation by flash column chromatography, optical rotation 
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measurements of the four chloroform solutions were performed and compared with the 

literature values of D-3-hydroxy esters and acids of similar or longer chain length.127,131,197–200  

As a control for the correlation of absolute configuration with the levorotary and dextrorotary 

attributes of the individual methyl (±)-3-hydroxydecanoate esters, we measured the optical 

rotation values of methyl (R)-3-hydroxydecanoate (12) prepared in nominally high %ee 

(>99%) by a well described Noyori’s catalytic hydrogenation method,201–203 and methyl 3-(S)-

hydroxydecanoate ester (8b’) with confirmed absolute configuration by Mosher’s esters 

analysis.  All data pertaining to this analysis can be found below, including synthetic methods, 

NMR structural characterization, Mosher’s ester analysis, and the optical rotation 

measurements.  

 
Figure 3. 9. Rotational isomers used for the analysis for each of the diastereomeric Mosher esters. The phenyl 

group shielding effect is indicated by the dotted arrows in each representation. 
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Figure 3. 10. Approaches followed to determine the absolute configuration of a) the inner lipid tail carbinols by Mosher’s ester analysis and b) the outer lipid 
tail carbinols by optical rotation measurements. For the inner lipid tail, the Mosher’s esters of the naturally produced rhamnolipid were used as controls. 

Methyl (R)-3-hydroxydecanaote was obtained by Noyori’s enantioselective hydrogenation and used as control for the optical rotation measurements. 
Derivatization reactions: i) MeONa, MeOH, RT; ii) MeOH, HCl 0.625 M, 70 oC, 12 h; iii) 2M NaOH(aq), RT; iv) 1.3 M BF3-MeOH, 1.1 eq DMP 50 oC, 15 min; v) (R)-

BINAP, EtOH, H2 45 PSI, 115 oC, 72 h.
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Conclusions 

The absolute configuration of rhamnolipids was determined in correlation with the Rf values of 

the free acids of the double and single tailed peracetylated rhamnolipids. The whole project 

relied on our capability to selectively cleave glycosidic bonds and the ester bond at the lipid tails 

without affecting other moieties. This was achieved by taking advantage of the high stability of 

the glycosidic bond in extreme basic pH and its lability under acidic conditions. This allows the 

selective cleavage of the ester bond in basic conditions on the double tailed rhamnolipid while 

keeping the glycosidic bond intact. The esterification of the β-hydroxydecanoic acids to render 

the methyl β-hydroxydecanoate ester facilitated their analysis by polarimetry and its 

derivatization by the Mosher’s acid chloride by increasing the solubility in a hydrophobic solvent 

like chloroform. The standards used as controls in our experiment were manufactured in house 

by means of Noyori’s asymmetric hydrogenation. 

Our degradation scheme of the rhamnolipids and the spectroscopic analysis was successful and 

enabled us to identify the absolute stereochemical configuration of the four diastereomers of 

Rha-C10-C10. At the same time, we were able to confirm indisputably for the first time the 

absolute stereochemical configuration of the carbinol groups of the lipid tails of the naturally 

produced rhamnolipids as (R,R). The impact of this study on our research is broad. Knowing the 

stereochemistry of the rhamnolipids paves the way to finding a correlation between the atomic 

arrangement in the space of the atoms at the lipid tail and the performance as surfactants, their 

toxicity, their biodegradability and their ability to complex metals.  

Figure 3. 11 and Table 3. 1 provide a summary of the absolute configurations in function of their 

TLC Rf values. With the information available, it is impossible to explain the impact of the 
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stereochemistry of the glycolipids on their Rf values. It can only be said that the orientation of 

the lipid tails makes a difference in the differential intermolecular interaction with the mobile 

phase and the silica plate.  

 

Table 3. 1. Absolute configuration assignments for the carbinols of lipid tails. aAssignments determined from 
Mosher's ester analysis and optical rotation measurements. See Supporting Information for additional details. Rf 

values obtained with analytical TLC with 1:1 hexanes/ethyl ether +1% v/v AcOH as mobile phase. 

 

 

Compound Rf 
Abs. config. of  

carbinol(s) @ lipid tail(s)a 

3.8a 0.38 (R) 

3.8b 0.26 (S) 

3.10a 0.36 (R,R) 

3.10b 0.44 (R,S) 

3.10c 0.22 (S,S) 

3.10d 0.27 (S,R) 
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Figure 3. 11. Absolute configuration assignments of the free acid glycolipids 3.8a and 3.8b; and 3.10a, 3.10b, 3.10c and 3.10d in terms of their TLC Rf’s. The 

stereochemistry is listed from right to left, starting with the carbinol closer to the rhamnopyranosyl ring (Inner lipid tail, outer lipid tail).
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Experimental procedures and spectroscopic data 

Methanolisys of deacetylated 3.8a and 3.8b, and naturally produced rhamnolipids 

Methyl 3-Hydroxydecanoate (3.8a’, 3.8b’ and 3.11) 

In three 25 mL round bottom flasks equipped with stir bars and condensers, dissolve the 

deacetylated diastereomers 3.8a (49 mg, 0.146 mmol; Rf  0.38, 1:1 Et2O:hexanes with 1% v/v 

AcOH)  and 3.8b (129.5 mg, 387 µmol; Rf = 0.26, 1:1 Et2O:hexanes with 1% v/v AcOH) and 

naturally produced rhamnolipids (154 mg, 0.305 mmol) in 10 mL of a 0.625 M methanolic 

solution of HCl(aq), stir 12 h at 70 oC respectively. Let the reaction mixtures cool down, add 10 

mL of aqueous sat. NaHCO3, extract 5 times with 10 mL of ethyl acetate, collect the organic 

layers, dry it with MgSO4, filter it, and remove the solvent by roto-evaporation at reduced 

pressure at 35 oC. The methyl esters are isolated from their respective pale yellowish oils by 

flash column chromatography in 25 g of silica columns equilibrated with hexanes. The mixture 

is dissolved in 2 mL of a 1:1 hexanes/DCM mixture, loaded into the column and eluted with 

25 mL/min of 10% ethyl acetate/hexanes while monitoring absorbance at 200 nm to yield 

3.8a’, 3.8b’ and 3.11 as clear oils. Typical yields 88-90%. TLC Rf 0.38, 20% EtAcO/Hex. 

3.8a’: 1H-NMR (400 MHz, Chloroform-d) δ 4.00 (ddq, J = 12.0, 7.8, 3.7 Hz, 1H), 3.71 (s, 3H), 

2.85 (d, J = 4.0 Hz, 1H), 2.52 (dd, J = 16.4, 3.2 Hz, 1H), 2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.43 (dtd, 

J = 7.9, 4.3, 1.9 Hz, 2H), 1.37 – 1.26 (m, 10H), 0.92 – 0.84 (m, 3H). 13C-NMR (101 MHz, CDCl3) 

δ 173.51, 68.03, 51.72, 41.09, 36.53, 31.79, 29.47, 29.22, 25.48, 22.64, 14.08. 

3.8b’: 1H-NMR (400 MHz, Chloroform-d) δ 4.00 (ddt, J = 12.0, 7.4, 3.9 Hz, 1H), 3.71 (s, 3H), 

2.89 (d, J = 3.9 Hz, 1H), 2.51 (dd, J = 16.3, 3.2 Hz, 1H), 2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.48 – 
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1.40 (m, 2H), 1.37 – 1.20 (m, 10H), 0.94 – 0.82 (m, 3H). 13C-NMR (101 MHz, CDCl3) δ 173.48, 

68.02, 51.70, 41.12, 36.53, 31.78, 29.46, 29.21, 25.47, 22.63, 14.07. 

3.11: 1H-NMR (400 MHz, Chloroform-d) δ 4.04 – 3.95 (m, 1H), 3.71 (s, 3H), 2.87 (d,J = 4.0 Hz, 

1H), 2.51 (dd, J = 16.4, 3.2 Hz, 1H), 2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.48 – 1.40 (m, 2H), 1.39 – 

1.21 (m, 10H), 0.91 – 0.84 (m, 3H); 13C-NMR (101 MHz, CDCl3) δ 173.50, 68.03, 51.72, 41.11, 

36.53, 31.78, 29.47, 29.21, 25.47, 22.63, 14.07. 

Mosher ester synthesis 

Methyl (R)-3-(((R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)decanoate (3.8a’-(R)) 

To a stirred solution of the methyl 3-hydroxydecanoate ester 3.8a’ (10 mg, 46.2 µmol) and 

dry pyridine (11.31 mg, 0.143 mmol) in dry CDCl3 1 mL  at room temperature, S-(‒)-MTPA-Cl 

(23.18 mg , 92 µmol) was added. The reaction progress was monitored by TLC on silica gel 

(20% ethyl acetate/hexanes). The reaction was stopped after 3 h and the unreacted acid 

chloride was quenched with water and Et2O. The aqueous layer was extracted with two 

additional portions of ether, and the combined organic layers were dried with MgSO4, 

filtered, and concentrated by roto-evaporation at reduced pressure and at 30 oC. The 

Mosher’s ester is isolated from the pale yellowish oil by flash column chromatography in a 25 

g of silica equilibrated with hexanes. The mixture is dissolved in 1 mL of a 1:1 hexanes/DCM 

mixture, loaded into a silica column equilibrated with 165 mL 5% EtOAc/Hex  and eluted at 

25 mL/min with 33 mL 5% EtOAc/Hex, a gradient from 5%-40% over 330 mL, and 66 mL 40% 

EtOAc/Hex while monitoring absorbance at 200 nm to yield 3.8a’-(R) as a clear oil: 64%, TLC 

Rf 0.67, 20% EtAcO/Hex. 1H-NMR (400 MHz, Chloroform-d) δ 7.56 – 7.50 (m, 2H), 7.39 (dd, J 
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= 5.1, 2.2 Hz, 3H), 5.48 (ddt, J = 7.8, 6.4, 5.2 Hz, 1H), 3.66 (s, 3H), 3.55 (s, 3H), 2.70 (dd, J = 

15.9, 8.2 Hz, 1H), 2.61 (dd, J = 15.9, 4.7 Hz, 1H), 1.71 – 1.58 (m, 2H), 1.37 – 1.11 (m, 10H), 0.87 

(t, J = 7.0 Hz, 3H); 13C-NMR (101 MHz, CDCl3) δ 170.51, 165.92, 132.31, 129.53, 128.30, 127.31, 

121.84, 73.31, 55.45, 51.88, 38.60, 33.61, 31.63, 29.13, 29.01, 24.60, 22.59, 14.05. 

 

Methyl (R)-3-(((S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)decanoate (3.8a’-(S)) 

To a stirred solution of the methyl 3-hydroxydecanoate ester 3.8a’ (10 mg, 46.2 µmol) and 

dry pyridine (11.31 mg, 0.143 mmol) in dry CDCl3 1 mL at room temperature, R-(‒)-MTPA-Cl 

(23.18 mg , 92 µmol) was added. The reaction progress was monitored by TLC on silica gel 

(20% ethyl acetate/hexanes). The reaction was stopped after 3 h and the unreacted acid 

chloride was quenched with water and Et2O. The aqueous layer was extracted with two 

additional portions of ether, and the combined organic layers were dried with MgSO4, 

filtered, and concentrated by roto-evaporation at reduced pressure and at 30 oC. The 

Mosher’s ester is isolated from the pale yellowish oil by flash column chromatography in a 25 

g of silica equilibrated with hexanes. The mixture is dissolved in 1 mL of a 1:1 hexanes/DCM 

mixture, loaded into a silica column equilibrated with 165 mL 5% EtOAc/Hex  and eluted at 

25 mL/min with 33 mL 5% EtOAc/Hex, a gradient from 5%-40% over 330 mL, and 66 mL 40% 

EtOAc/Hex while monitoring absorbance at 200 nm to yield 3.8a’-(S) as a clear oil: 50%, TLC  

Rf  0.67, 20% EtAcO/Hex. 1H-NMR (400 MHz, Chloroform-d) δ 7.54 – 7.50 (m, 2H), 7.43 – 7.36 

(m, 3H), 5.48 (tt, J = 6.8, 5.3 Hz, 1H), 3.59 (s, 3H), 3.53 (q, J = 1.2 Hz, 3H), 2.65 (dd, J = 15.9, 8.0 

Hz, 1H), 2.57 (dd, J = 15.9, 5.0 Hz, 1H), 1.67 (dddd, J = 22.3, 16.2, 11.3, 5.0 Hz, 2H), 1.38 – 1.25 

(m, 10H), 0.88 (t, J = 6.7 Hz, 3H); 13C-NMR (101 MHz, CDCl3) δ 170.32, 165.85, 132.18, 129.53, 
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128.33, 127.43, 121.85, 73.50, 55.36, 51.80, 38.44, 33.76, 31.67, 29.20, 29.06, 24.99, 22.60, 

14.06. 

 

Methyl (S)-3-(((R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)decanoate (3.8b’-(R)) 

To a stirred solution of the methyl 3-hydroxydecanoate ester 3.8b’ (9.6 mg, 44.3 µmol) and 

dry pyridine (10.8 mg, 137.6 µmol) in dry CDCl3 1 mL at room temperature, S-(‒)-MTPA-Cl 

(22.3 mg , 88.7 µmol) was added. The reaction progress was monitored by TLC on silica gel 

(20% ethyl acetate/hexanes). The reaction was stopped after 3 h and the unreacted acid 

chloride was quenched with water and Et2O. The aqueous layer was extracted with two 

additional portions of ether, and the combined organic layers were dried with MgSO4, 

filtered, and concentrated by roto-evaporation at reduced pressure and at 30 oC. The 

Mosher’s ester is isolated from the pale yellowish oil by flash column chromatography in a 25 

g of silica equilibrated with hexanes. The mixture is dissolved in 1 mL of a 1:1 hexanes/DCM 

mixture, loaded into a silica column equilibrated with 165 mL 5% EtOAc/Hex and eluted at 25 

mL/min with 33 mL 5% EtOAc/Hex, a gradient from 5%-40% over 330 mL, and 66 mL 40% 

EtOAc/Hex while monitoring absorbance at 200 nm to yield 3.8b’-(R) as a clear oil: 64%, TLC 

Rf  0.64, 20% EtAcO/Hex. 1H-NMR (400 MHz, Chloroform-d) δ 7.53 (dd, J = 6.5, 2.9 Hz, 2H), 

7.39 (dd, J = 5.2, 1.8 Hz, 3H), 5.53 – 5.42 (m, 1H), 3.59 (s, 3H), 3.53 (d, J = 1.3 Hz, 3H), 2.65 (dd, 

J = 15.9, 7.9 Hz, 1H), 2.57 (dd, J = 15.9, 5.0 Hz, 1H), 1.80 – 1.57 (m, 2H), 1.40 – 1.14 (m, 10H), 

0.88 (t, J = 6.8 Hz, 3H); 13C-NMR (101 MHz, CDCl3) δ 170.31, 165.85, 132.18, 129.53, 128.33, 

127.45, 121.85, 73.49, 55.38, 51.79, 38.44, 33.76, 31.67, 29.20, 29.06, 24.99, 22.60, 14.06. 
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Methyl (S)-3-(((S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)decanoate (3.8b’-(S)) 

To a stirred solution of the methyl 3-hydroxydecanoate ester 3.8b’ (11.2 mg, 51.7 µmol) and 

dry pyridine (12.7 mg, 160.5 µmol) in dry CDCl3 1 mL at room temperature, R-(‒)-MTPA-Cl 

(26.1 mg , 103.5 µmol) was added. The reaction progress was monitored by TLC on silica gel 

(20% ethyl acetate/hexanes). The reaction was stopped after 3 h and the unreacted acid 

chloride was quenched with water and Et2O. The aqueous layer was extracted with two 

additional portions of ether, and the combined organic layers were dried with MgSO4, 

filtered, and concentrated by roto-evaporation at reduced pressure and at 30 oC. The 

Mosher’s ester is isolated from the pale yellowish oil by flash column chromatography in a 25 

g of silica equilibrated with hexanes. The mixture is dissolved in 1 mL of a 1:1 hexanes/DCM 

mixture, loaded into a silica column equilibrated with 165 mL 5% EtOAc/Hex  and eluted at 

25 mL/min with 33 mL 5% EtOAc/Hex, a gradient from 5%-40% over 330 mL, and 66 mL 40% 

EtOAc/Hex while monitoring absorbance at 200 nm to yield 3.8b’-(S) as a clear oil: 64%, TLC 

Rf  0.64, 20% EtAcO/Hex. 1H-NMR (400 MHz, Chloroform-d) δ 7.53 (dd, J = 6.9, 2.9 Hz, 2H), 

7.39 (dd, J = 5.1, 2.0 Hz, 3H), 5.52 – 5.42 (m, 1H), 3.66 (s, 3H), 3.54 (d, J = 1.4 Hz, 3H), 2.70 (dd, 

J = 16.0, 8.2 Hz, 1H), 2.60 (dd, J = 15.9, 4.6 Hz, 1H), 1.73 – 1.50 (m, 2H), 1.29 – 1.23 (m, 10H), 

0.87 (t, J = 7.0 Hz, 3H). 

 

Methyl (R)-3-(((S)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)decanoate (3.11-(S)) 

To a stirred solution of the methyl 3-hydroxydecanoate ester 3.11 (11.6 mg, 53.6 µmol) and 

dry pyridine (13.1 mg, 166.2 µmol) in dry CDCl3 1 mL at room temperature, R-(‒)-MTPA-Cl 

(27.0 mg , 107.2 µmol) was added. The reaction progress was monitored by TLC on silica gel 

(20% ethyl acetate/hexanes). The reaction was stopped after 3 h and the unreacted acid 
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chloride was quenched with water and Et2O. The aqueous layer was extracted with two 

additional portions of ether, and the combined organic layers were dried with MgSO4, 

filtered, and concentrated by roto-evaporation at reduced pressure and at 30 oC. The 

Mosher’s ester is isolated from the pale yellowish oil by flash column chromatography in a 25 

g of silica equilibrated with hexanes. The mixture is dissolved in 1 mL of a 1:1 hexanes/DCM 

mixture, loaded into a silica column equilibrated with 165 mL 5% EtOAc/hexanes and eluted 

at 25 mL/min with 33 mL 5% EtOAc/Hex, a gradient from 5%-40% over 330 mL, and 66 mL 

40% EtOAc/Hex while monitoring absorbance at 200 nm to yield 3.11-(S) as a clear oil: 64%, 

TLC Rf  0.67, 20% EtAcO/Hex. 1H-NMR (400 MHz, Chloroform-d) δ 7.53 (dd, J = 6.8, 2.9 Hz, 2H), 

7.42 – 7.38 (m, 3H), 5.48 (tt, J = 6.7, 5.4 Hz, 1H), 3.59 (s, 3H), 3.53 (s, 2H), 2.65 (dd, J = 15.9, 

7.9 Hz, 1H), 2.57 (dd, J = 15.9, 5.0 Hz, 1H), 1.80 – 1.61 (m, 2H), 1.38 – 1.16 (m, 10H), 0.88 (t, J 

= 6.8 Hz, 3H); 13C-NMR (101 MHz, CDCl3) δ 170.31, 165.85, 132.17, 129.53, 128.33, 127.44, 

121.84, 73.49, 55.36, 51.79, 38.44, 33.76, 31.66, 29.19, 29.05, 24.98, 22.59, 14.06. 

 

Methyl (R)-3-(((R)-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl)oxy)decanoate (3.11-(R)) 

To a stirred solution of the methyl 3-hydroxydecanoate ester 3.11 (14.7 mg, 67.9 µmol) and 

dry pyridine (16.6 mg, 210.6 µmol) in dry CDCl3 1 mL at room temperature, S-(‒)-MTPA-Cl 

(34.2 mg , 135.9 µmol) was added. The reaction progress was monitored by TLC on silica gel 

(20% ethyl acetate/hexanes). The reaction was stopped after 3 h and the unreacted acid 

chloride was quenched with water and Et2O. The aqueous layer was extracted with two 

additional portions of ether, and the combined organic layers were dried with MgSO4, 

filtered, and concentrated by roto-evaporation at reduced pressure and at 30 oC. The 

Mosher’s ester is isolated from the pale yellowish oil by flash column chromatography in a 25 
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g of silica equilibrated with hexanes. The mixture is dissolved in 1 mL of a 1:1 hexanes/DCM 

mixture, loaded into a silica column equilibrated with 165 mL 5% EtOAc/Hexanes and eluted 

at 25 mL/min with 33 mL 5% EtOAc/Hex, a gradient from 5%-40% over 330 mL, and 66 mL 

40% EtOAc/Hex while monitoring absorbance at 200 nm to yield 3.11-(R) as a clear oil: 64%, 

TLC Rf  0.67, 20% EtAcO/Hex. 1H-NMR (400 MHz, Chloroform-d) δ 7.53 (dd, J = 6.8, 2.9 Hz, 2H), 

7.39 (dd, J = 5.1, 2.0 Hz, 3H), 5.47 (tt, J = 6.5, 5.0 Hz, 1H), 3.66 (s, 3H), 3.55 (s, 3H), 2.70 (dd, J 

= 15.9, 8.1 Hz, 1H), 2.61 (dd, J = 15.9, 4.7 Hz, 1H), 1.68 – 1.58 (m, 2H), 1.31 – 1.23 (m, 10H), 

0.90 – 0.84 (m, 3H); 13C-NMR (101 MHz, CDCl3) δ 170.52, 165.92, 132.31, 129.53, 128.30, 

127.30, 121.84, 73.32, 55.45, 51.88, 38.60, 33.61, 31.63, 29.13, 29.01, 24.60, 22.59, 14.05. 
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Mosher ester analysis  

 

 

 
Table 3. 2. 1H-NMR spectral data for the S- and R-MTPA esters pairs: 3.8a’-(S) and 3.8a’-(R); 3.8b’-(S) and 3.8b’-(R); and 3.11-(S) and 3.11-(R) which are 

derivatives of the product of the methanolysis of the acetylated single chain rhamnolipids 3.8a (TLC Rf = 0.38) and 3.8b (TLC Rf = 0.26), and natural 
rhamnolipids respectively. The ΔδSR = (δS - δR) data is presented in ppm and Hertz. See for the interpretation of its meaning for each pair. 

 

δ S-ester 
(3.8a’-(S)) 

(ppm) 

δ R-ester 
(3.8a’-(R)) 

(ppm) 

ΔδSR = (δS - δR) δ S-ester 

(3.8b’-(S)) 

(ppm) 

δ R-ester 

(3.8b’-(R)) 

(ppm) 

ΔδSR = (δS - δR) δ S-ester 

(3.11-(S)) 

(ppm) 

δ R-ester 

(3.11-(R)) 

(ppm) 

ΔδSR = (δS - δR) 

 ppm Hz (400 Mhz) ppm Hz (400 Mhz) ppm Hz (400 Mhz) 

Me- 
0.88 0.87 +0.01 +4 0.87 0.88 -0.01 -4 0.88 0.86 +0.02 +8 

-(CH2)5- 
1.28 1.22 +0.06 +24 1.26 1.27 -0.01 -4 1.28 1.23 +0.05 +20 

γ-H2 
1.67 1.63 +0.04 +16 1.61 1.69 -0.08 -32 1.70 1.63 +0.07 +28 

β-H 
5.48 5.48 0.00 0.00 5.47 5.47 0.00 0.00 5.48 5.47 0.01 +4 

α-H’ 
2.57 2.61 -0.04 -16 2.60 2.57 +0.03 +12 2.57 2.61 -0.04 -16 

α-H’ 
2.65 2.70 -0.05 -20 2.70 2.65 +0.05 +20 2.65 2.70 -0.05 -20 

MeOCO- 
3.59 3.66 -0.07 -28 3.66 3.59 +0.07 +28 3.59 3.66 -0.07 -28 
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Figure 3. 12. Absolute configuration assignments by Mosher ester analysis of the carbinols of the lipid esters product of the methanolisys of 3.8a and 3.8b. 

The Newman’s projections of the empirically based conformational picture are shown in which the ester adopts the usual s-trans arrangement about the 
O-CO bond, and both the trifluoromethyl substituent, the methine proton of the carbinol are syn-coplanar with the carbonyl group. The anisotropic 

shielding effect of the aryl group of the MTPA moiety results in a more upfield chemical shift for the affected protons in the NMR spectrum. The signs of 
ΔδSR values for protons residing in R1 will be positive and those on R2 will be negative as depicted in the left panel. According to this data, presented at the 

bottom of each panel, the absolute configuration of the carbinol in the lipid tail of 3.8a is R and the one in the lipid tail of 3.8b is S. Natural rhamnolipid 
was used as control since it has been reported elsewhere that the absolute configuration of the carbinols of its lipid tails are R, which is congruent with our 

studies and the biochemistry of the microorganism
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Absolute configuration determination of the outer lipid tail by optical rotation 
measurements  

Cleavage of outer lipid tails of deacetylated Rha-C10-C10 diastereomers 

 

Methyl 3-hydroxydecanoate (3.1a, 3.2a, 3.3a, 3.4a) 

To a four 25 mL round bottom flasks, distinctively labeled and equipped with stir bars, 

dissolve the diastereomers 3.1 (247.6 mg, 490.9 µmol, Rf = 0.36, 1:1 Et2O: hexanes with 1% 

v/v AcOH), 3.2 (200 mg, 396.5 µmol, Rf = 0.44, 1:1 Et2O: hexanes with 1% v/v AcOH), 3.3 (227.2 

mg, 450.5 µmol, Rf = 0.22, 1:1 Et2O: hexanes with 1% v/v AcOH), and 3.4 (220.9 mg, 438.0 

µmol, Rf = 0.27, 1:1 Et2O: hexanes with 1% v/v AcOH) in 3.0 mL of a 3.0 M aqueous solution 

of NaOH and stirred at room temperature overnight. The solutions were neutralized with 

drop-wise additions of 1.0 M HCl while monitoring the pH with pH-paper. The neutral 

solutions were extracted 5 times with 10 mL of ethyl acetate. The organic layers were dried 

with MgSO4, filtered and concentrated by roto-evaporation at reduced pressure and 35 oC. 

The white solids obtained were transferred to four flame-dried 25 mL round bottom flasks, 

distinctively labeled and equipped with stir bars. The hydrolysates were dissolved in 16 mL of 

a 15% methanolic solution of BF3 and 2,2-dimethoxipropane (1.1 equivalents). The reaction 

mixture is allowed to stir for 20 min at 50 oC, cool down to room temperature, quench with 

8 mL of water, extract  5 times with 10 mL of hexanes, collect the organic layers, dry with 

MgSO4, filter and concentrate by roto-evaporation at reduced pressure and 35 oC. The methyl 

ester is isolated from the pale yellowish oil by flash column chromatography in a 25 g of silica 

equilibrated with hexanes. The mixture is dissolved in 2 mL of a 1:1 hexanes/DCM mixture, 

loaded into the column and eluted with 25 mL/min of 10% ethyl acetate/hexanes while 
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monitoring absorbance at 200 nm to yield a clear oil, typical yield 40%. %, TLC: Rf = 0.39 (20% 

ethyl acetate/hexanes).  

3.1a (R): [α]D = -8.58 ±0.16 deg cm2 g-1  (c = 0.875 in CHCl3); 1H-NMR (400 MHz, Chloroform-

d) δ 4.03 (dddd, J = 12.1, 8.8, 5.9, 3.5 Hz, 1H), 3.74 (s, 3H), 2.89 (d, J = 4.0 Hz, 1H), 2.54 (dd, J 

= 16.4, 3.2 Hz, 1H), 2.44 (dd, J = 16.4, 9.0 Hz, 1H), 1.50 – 1.43 (m, 2H), 1.39 – 1.23 (m, 10H), 

1.00 – 0.82 (m, 3H); 13C-NMR (101 MHz, CDCl3) δ 173.50, 68.03, 51.72, 41.10, 36.53, 31.79, 

29.47, 29.22, 25.48, 22.64, 14.08. 

3.2a (S): [α]D = +9.24 ±0.08 deg cm2 g-1  (c = 0.8967 in CHCl3); 1H-NMR (400 MHz, Chloroform-

d) δ 4.04 – 3.96 (m, 1H), 3.71 (s, 3H), 2.90 (d, J = 3.9 Hz, 1H), 2.51 (dd, J = 16.3, 3.2 Hz, 1H), 

2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.43 (ddq, J = 7.7, 4.7, 1.6 Hz, 2H), 1.34 – 1.24 (m, 10H), 0.94 – 

0.83 (m, 3H); 13C-NMR (101 MHz, CDCl3) δ 173.48, 68.02, 51.70, 41.12, 36.54, 31.78, 29.46, 

29.21, 25.47, 22.63, 14.06. 

3.3a (S): [α]D = +10.29 ±0.24 deg cm2 g-1  (c = 0.9433 in CHCl3); 1H-NMR (400 MHz, Chloroform-

d) δ 4.00 (ddt, J = 12.0, 7.4, 3.9 Hz, 1H), 3.71 (s, 3H), 2.89 (d, J = 3.9 Hz, 1H), 2.51 (dd, J = 16.3, 

3.2 Hz, 1H), 2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.48 – 1.40 (m, 2H), 1.37 – 1.20 (m, 10H), 0.94 – 

0.82 (m, 3H); 13C-NMR (101 MHz, CDCl3) δ 173.48, 68.02, 51.70, 41.12, 36.53, 31.78, 29.46, 

29.21, 25.47, 22.63, 14.07. 

3.4a (R): [α]D = -6.70 ±0.62 deg cm2 g-1  (c = 0.525 in CHCl3); 1H-NMR (400 MHz, Chloroform-

d) δ 4.00 (ddq, J = 12.0, 7.8, 3.7 Hz, 1H), 3.71 (s, 3H), 2.85 (d, J = 4.0 Hz, 1H), 2.52 (dd, J = 16.4, 

3.2 Hz, 1H), 2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.43 (dtd, J = 7.9, 4.3, 1.9 Hz, 2H), 1.37 – 1.26 (m, 

10H), 0.92 – 0.84 (m, 3H); 13C-NMR (101 MHz, CDCl3) δ 173.51, 68.03, 51.72, 41.09, 36.53, 

31.79, 29.47, 29.22, 25.48, 22.64, 14.08. 
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Synthesis Methyl (R)-3-hydroxydecanaote by Noyori’s enantioselective hydrogenation 
as control for optical rotation measurements  

 

Methyl (R)-3-hydroxydecanoate (3.12) 

Under a controlled atmosphere saturated with argon inside a glovebox to an oven dried 500 

mL Pyrex bottle suitable for a 3911 Parr® shaker hydrogenation reactor, add 15 mL of 0.24 M 

degassed ethylic solution of 3.5, and 40 mg of Noyori’s type catalyst (CAS# 199684-47-4) 

purchased from Strem Chemicals Inc. The ethanol was freshly bi-distilled over CaH2 and 

filtrated before used. Solution degassing was accomplished by 3 freeze-pump-thaw cycles. 

The bottle with the reaction mixture saturated with argon is capped, placed and secured at 

the Parr Shaker. The bottle goes through three H2 saturation-evacuation cycles before 

increasing the pressure to 45 psi in H2, set the temperature to 115 oC and shaking for 72 hours. 

The temperature is controlled using a J-type thermocouple looped to a 4833 Parr® 

temperature controller and a glass fabric heating mantle attached around the 500 mL glass 

bottle. Evacuate the bottle at low pressure while cool downs, add Celite and methylene 

chloride, filter and concentrate by roto-evaporation at reduced pressure at 40 oC.  The crude 

dark reddish oil obtained is purified by flash column chromatography in 100 g of silica 

equilibrated with 5% ethyl acetate/hexanes. The mixture is dissolved in 3 mL of a 1:1 

hexanes/DCM mixture, loaded into the column and eluted with 50 mL/min of 132 mL of 5% 

ethyl acetate/hexanes and a gradient of 5% to 40% over a volume of 1320 mL to yield a 

yellowish oil composed of an inseparable mixture of 70% benzyl and 30% ethyl 3-

hydroxydecanoate esters. TLC: Rf 0.67 (30% ethyl acetate/hexanes); 1H-NMR (400 MHz, 

Chloroform-d) δ 7.40 – 7.29 (m, 5H), 5.15 (s, 2H), 4.17 (q, J = 7.1 Hz, 0.8H), 4.01 (dt, J = 8.3, 

4.9 Hz, 1H), 2.93 (s, 0.4H), 2.84 (s, 1H), 2.56 (dd, J = 16.4, 3.2 Hz, 1H), 2.46 (dd, J = 16.4, 8.9 
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Hz, 1H), 2.50 (dd, J = 16.4, 3.1 Hz, 0.4H), 2.39 (dd, J = 16.4, 9.0 Hz, 0.4H), 1.47 – 1.21 (m, 

13.2H), 0.90 – 0.84 (m, 4.2H). 13C-NMR (101 MHz, CDCl3) δ 173.13, 172.87, 135.60, 128.62, 

128.38, 128.26, 68.05, 66.48, 60.66, 41.36, 41.30, 36.53, 31.79, 29.49, 29.47, 29.23, 29.21, 

25.48, 25.46, 22.64, 14.19, 14.09. To a 25 mL round bottom flask 52 mg of the mixture of 

esters was dissolved in 10 mL of a 0.625 M methanolic solution of HCl(aq) and stirred 12 h at 

70 oC. Let the reaction mixture cool down, add 10 mL of aqueous saturated NaHCO3, extract 

with 5x 10 mL of ethyl acetate, collect the organic layer, dry it with MgSO4, filter it and remove 

the solvent by roto-evaporation at reduced pressure at 35 oC. The methyl ester is isolated 

from the crude pale yellowish oil by flash column chromatography in a 25 g of silica 

equilibrated with hexanes. The mixture is dissolved in 2 mL of a 1:1 hexanes/DCM mixture, 

loaded into the column and eluted with 25 mL/min of 10% ethyl acetate/hexanes while 

monitoring absorbance at 200 nm to yield a clear oil: 47% TLC: Rf 0.39 (20% ethyl 

acetate/hexanes); [α]D = -11.51 ±0.54 deg cm2 g-1 (c = 0.82 in CHCl3);  1H-NMR (400 MHz, 

Chloroform-d) δ 4.04 – 3.93 (m, 1H), 3.71 (s, 3H), 2.89 (d, J = 2.5 Hz, 1H), 2.51 (dd, J = 16.4, 

3.2 Hz, 1H), 2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.43 (dtdd, J = 5.7, 4.7, 3.8, 2.1 Hz, 2H), 1.37 – 1.23 

(m, 10H), 0.93 – 0.73 (m, 3H); 13C-NMR (101 MHz, CDCl3) δ 173.49, 68.02, 51.71, 41.11, 36.53, 

31.78, 29.46, 29.21, 25.47, 22.63, 14.07
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Optical rotation measurements  

Table 3. 3. Specific optical rotation measurements in dry chloroform of methyl 3-hydroxydecanoate esters obtained from saponification of the outer lipid tails of 3.1, 
3.2, 3.3 and 3.4.  

 
Sample 

%w/v  
(g/100mL) 

[𝜶]𝑫
𝑻   

(deg cm2 g-1)a 
T (oC) 

Absolute 
Configuration 

 

3.1a 0.87 -8.58 ± 0.16 24.1 (R) 

3.2a 0.89 +9.24 ± 0.08 25.1 (S) 

3.3a 0.94 +10.29 ± 0.24 24.6 (S) 

3.4a 0.52 -6.70 ± 0.62 25.0 (R) 

C
o

n
tr

o
ls

 

3.12 0.82 -11.51 ± 0.54 25.2 (R) 

3.8b’ 1.77 +11.58 ± 0.19 25.2 (S) 

Li
te

ra
tu

re
 v

al
u

e
s Ref 1d 2.50 -21o c RT (?) (R) 

Ref 2 0.75 -12.9 b 20 (R) 

Ref 3 1.17 -15.5 b 30 (R) 

Ref 4 1.14 -19.6 b 23 (R) 

Ref 5 1.00 -20o c RT(?) (R) 

Ref 6 Neat -4.5o c 20 (R) 
a Results are average of 100 readings; errors are standard deviations. 
Absolute configurations assigned by comparing their values to optical rotation values of methyl 3-(R)-hydroxydecanoate ester obtained by Noyori’s 
asymmetric hydrogenation (3.12), methyl 3-(S)-hydroxydecanoate ester (3.8b’) with confirmed absolute configuration by Mosher’s esters analysis, 
and the specificb and observedc rotation values reported in literature.  d Ref 1: JACS, 1949, 71, 4124-6; Ref 2: J. Org. Chem. 2015, 80 (9), 4419–4429; 
Ref 3: Biotechnol. Bioeng. 2002, 77 (6), 717–722; Ref 4: J. Org. Chem. 1990, 55 (12), 3917–3921; Ref 5: Carbohydr. Res. 1988, 180 (2), 195–205; Ref 
6: Bull. Chem. Soc. Jpn. 2002, 75 (2), 355–363.
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Figure 3. 13. 1H-NMR spectral data for methyl 3-hydroxydecanoate esters enantiomers. 

 

3.12 
(Noyori’s) 

3.11 
(Nat.Rhamnolipid) 

3.1a, 3.4a, 3.8a’ 

3.2a, 3.3a, 3.8b’ 
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Figure 3. 14. 13C-NMR spectral data for methyl 3-hydroxydecanoate esters enantiomers. 

 

12  
(Noyori’s) 

11 
(Nat.Rhamnolipid) 

1a, 4a, 8a’ 

2a, 3a, 8b’ 
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Figure 3. 15. 1H-NMR spectral data for Mosher esters of methyl 3-hydroxydecanoate esters diastereomers. 

3.11-(S) 

3.11-(R) 

3.8b’-(S) 

3.8b’-(R) 

3.8a’-(S) 

3.8a’-(R) 
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Chapter 4: Purity determination of the diastereomers of Rha-C10-C10 
by q 1H-NMR 

Introduction 

The purity of any compound is a crucial piece of information that can define the final 

application and value of a given material.204 Purity determination is often a challenge. If either 

instrumental or wet analytical methods are used, nothing guarantees that all the components 

of the mixture are going to produce the same or any response on the detection system, or 

that there will be certified standards to define the instrumental or chemical response. Also, 

some components of the mixture are eliminated during sample preparation (e.g. solids 

filtrated away during filtration prior injection on a LC instrument) and they are ever detected 

directly. 

The research to develop a method that can be clasified as the gold standard for purity 

determination is still active, and the literature is constantly being supplied with examples that 

attempt to solve particular problems making iterative improvements or modifications to 

already available techniques.205–213 High performance liquid chromatography is regarded as 

one of the most effective intrumental methods for the determination of purity of small 

moelcules avaialble nowadays. However, the detection systems (x = MS, ELSD, UV-Vis-DAD, 

flurescence detection, electrochemical detection, etc.) with which this chromatographic 

technique is often hyphenated are not mass sensitive. For validation, it is required to have 

access to certified materials of known purities which are often impractical to manufacture or 

highly expensive. For these reasons is usual to find values of purity obtained by HPLC-x as 
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ratios of what was detected in the mixture, and that cannot be directly transformed to mass 

units.214  

One of the goals of the research presented here is to elucidate the structure-performance 

relationships. All of the materials used for this purpose are manufactured in our laboratories 

using multistep synthetic methodologies with challenging isolation methods in between 

steps. Impurities may originate from serious systematic errors in our measurements, 

especially if the impurities are amphiphiles that can compete efficiently for the air/water 

interface or induce changes in the morphology of the aggregates formed in solution. Purity 

values are crucial to be known, and if possible, the chemical structure of the impurities. Not 

many methods have this sensitivity and chemical resolution.  

Recently, the battery of mainstream purity determination methods was expanded to add 

quantiative nuclear magnetic resonance (qNMR), although it has been in development since 

the 1960’s.215,216 This methodology does not outcompete with sensitivity detection systems 

like mass spectrometry which has detection limits as low as 10-18 mol vs 10-9 mol for qNMR 

with a S/N = 3 for both.217 However, this technique is very convenient, since it relies on 

magnetically active nuclides, which are often found in the atoms of the sample in high 

abundance (1H, 14N, 19F, 31P, etc. ).218 It requires a traceable and certified internal standard, 

but this material does not have to share chemical structure, making this technique accessible 

and almost universal. Figure 4. 1 and Figure 4. 2 show the chemical structure of typical 

standards.219 In very general terms, it can be said that one of the strongest advantages of this 

method is that it is mass sensitive and  5 to 10 mg of recovarable sample are required. In 

addtion, during a NMR experiment, there is no chance of contamination, dilution, or 
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interaction with the detector, so the probe-head permits repetition of experiment on a 

sample after a long time with excellent reproducibility. 218,220 

 

 
Figure 4. 1. Traceable standards for qNMR on analytes with 1H nuclei.  

 

 
Figure 4. 2. Traceable standards for qNMR on analytes for 19F and 31P nuclides  
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In practice, known masses of the analyte and the standard are quantiatively dissolved in the 

proper solvent and transferred to an NMR tube. The integrals of the protons of the standard 

are compared with protons of the sample. The intensity of protons from different compounds 

can be compared in this way only and only if both protons have an equivalent response. The 

crux of this method is precisely that: making protons from different compounds have an 

equivalent response.218 The only way to do this is by collecting fully the resonating radio 

frequencies emitted from these protons. Complete collection of the re-emitted energy can 

be assured if the collection time is 5 times longer than the relaxation time (T1)221 of the 

proton with the longest relaxation time. Once these values are known, it is just matter of 

collecting the spectra, data processing, and calculation of uncertainty. All of this is 

summarized in Figure 4. 3. 

 
Figure 4. 3. Summary of the qNMR experiment. 

 

Even when qNMR rivals HPLC in sensitivity, speed, precision, and accuracy, while avoiding the 

need for a reference standard for each analyte, the main drawback and one of the reason 
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qNMR is not as popular as chromatographic methods is the myriad of paramters that need to 

be optimized to run an experiment. Table 4. 2 enumerates all of the parameters and their 

optimal values.222 

The main goal of this work was to implement qNMR in our laboratories for the assesment of 

the purity of glycolipids surfactants. This technique was considered suitable since these 

glycolipids have novel structures, and there are not traceable standards that are structuraly 

related available. In addition, they do not respond efficiently to most detection systems due 

to their absense of chromophores, poor electrochemical activity, and low ionization 

efficiencies.223   The challenge was divided in two stages: 1) determination of the purity and 

absolute anomer content of the mixture of β- and -melibiododecanoside, and 2) 

determination of the purity of each diastereomer and the determination of the content of 

other diastereomers of Rha-C10-C10 left over from the separation. We decided to start with 

the mixture of the anomers of melibiododecanoside, because its synthetic methodology was 

shorter (3 steps, Figure 4.4),18,224 the isolation easier, the stability of their bonds higher, and 

their manipulation was very convenient, since they were obtained in the form of powder. 

This is exactly the opposite for rhamnolipids. Rhamnolipids were manufactured as 

diastereomeric mixtures using a multistep synthetic methodolology (see chapter 3 for 

details), required an extensive and challenging isolation procedure by flash column 

chromatography aided by a mobile phase with 1% v/v acetic acid to improve the resolution, 

they are molecules that have a labile ester bond conecting the two lipid tails, and they were 

obtained in the form of hard gels  



172 
 

The melibiododecanosides were synthesized to understand the structure-performance 

relationship of a series of glycolipid surfactants where the effects of the length of the lipid 

tails, stereochemistry and size of the carbohydrate units on the thermodynamics of 

adsorption at the air water interface and aggregation in solution was explored.18 The 

diastereomers of Rha-C10-C10 were used to investigate the impact of the stereochemistry of 

the carbinols at the lipid tails in surfactant performance,12,13,15 toxicity, biodegradability, and 

their ability to chelate metals.11,20,21  

  

Figure 4. 4. General synthetic methodology for manufacturing glycosides like β- and -melibiododecanoside. 
Glycosylation may occur in a non-stereoselective fashion depending on the structure of the carbohydrate 

donor. 

Results and  discussion 

The purity of the mixture of β- and -melibiododecanoside and the anomeric content was 

evaluated by qNMR. Four signals from the 1H-NMR spectra were selected as candidates for 

the measurement and divided in two groups: the group of signals that would be useful for 

anomeric content determination, and the group of signals that can be used for total purity. 

β-H1 dublet (1H,  = 4.31 ppm) and β-H2  quartet (1H,  = 3.22 ppm) were considered for 

determining the anomeric content. Protons of the -anomer were not suitable for the 
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quantification, because they were overlapping with other signals. The pentet of the -O-CH2 

(4H,  = 1.65 ppm) and the R-CH3 multiplet (6H,  = 0.91 ppm) were considered for 

determining the total purity of the glycoside. These signals were selected, because they do 

not overlap with other resonances and could be undisputably identified by 1H-1H COSY NMR. 

 
Figure 4. 5. Structure of the melibiododecanosides investigated. The integration of the resonances of the 

protons in red were measured to calculate the anomeric content and the absolute purity. Protons in blue or 
not shown could not be used for reasons related with  

2, 3, 4, 5-nitrobenzene (TCNB) was used as the traceable standard for these measurements 

due to its high solubility in chloroform and methanol, price, easy handling and the simplicity 

of its resonance (singlet) away from the signals of the glycolipids studied in this work. Five 

independent samples were mixed with the standard as solids an then dissolved in deuterated 

methanol. The weigths of the empty vials, the vials + sample and the vials+sample+standard 

were recorded 5 times after 1 min equilibration over the stage of the analytical balance.  

 

Impurities T1 relaxation time  

TCNB contains 0.05 % TCNB (other 
isomer) at 8.50 ppm and 0.05 % 
Tetrachloroaniline at 8.35 ppm (qNMR 
data in DMSO-d6) 

CDCl3 (7.6 s), DMSO-d6 (11.9 s), CD3OD (8.9 s) and 
CD3CN (10.0 s). These times were recorded for 
the CRM only (c = 20 mg/ml), but may vary in the 
mixture 

Solubility Bp/mp 

CDCl3, DMSO-d6, CD3OD and CD3CN bp 304 °C (lit.)mp 98-101 °C (lit.) 

Figure 4. 6. Structure and properties of the standard used in this study 2,3,5, 6-tetrachloronitrobenzene 
(TCNB) and some of  its relevant properties.219 
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Before doing any quantification, the relaxation times T1 of all protons of interest were 

estimated by the inversion-recovery method.225 An example of the raw data is presented in 

Figure 4. 24. The integrals were plotted as a function of time, and the data points were fit to 

Equation 4. 1 by nonlinear regression analysis using the MestRenova Data Analysis package 

in Figure 4. 7. The parameters obtained and the goodness of the fit are included in Table 4. 5. 

Equation 4. 1 

𝐼(𝑡) = 𝐼0(1 − 2𝑒−𝑡/𝑇1) 

 

 

Figure 4. 7. Determination of the relaxation time T1 by the inverse-recovery method for the protons of the 

mixture of β- and -melibiododecanoside. The dotted lines represent the calculated data from the model 
obtained by fitting the data to Equation 4. 1 non-linear regression analysis. The parameters of the equation 

and the goodness of the fit are listed in  

Table 4. 1. 

Table 4. 1. Paramaters obtained from fitting Equation 4. 1 and its goodness of fit to the data obtained for the 

relaxation measurements for the protons of β- and -melibiododecanoside. B = I0, F = 2I0, x = t, and T1 = 1/G 
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 B F G (ms-1) Rerror ProbNotMono T1 (ms) 

β-H1 -264.17 424.17 0.77 0.161 0.9995 1298.7 

β-H2 -261.55 459.87 0.41 0.045 0.9995 2439.0 

-O-CH2- -891.32 1324.38 0.90 0.228 0.9995 1111.1 

-CH3 -1271.14 2231.84 0.34 0.030 0.9995 2941.2 

TCNB std -1055.18 1914.33 0.12 0.004 0.9995 8333.3 

ProbNotMono gives the probability (0-1) that the decay is not monoexponential. For example, 
ProbNotMono>0.7 can be read as “this could be non-monoexponential” while “this is almost certain non-

monoexponential” when ProbNotMono>0.95. 

The spectra were acquired following the optimal instrumental parameters included in Table 

4. 2. The 1H-NMR spectra of each sample was collected 3 times, and each repetition was the 

result of the average of 32 scans with time delays of 50 s, which is long enough to allow all 

protons of the molecule to relax.    

The data work up involved phase and baseline correction. To avoid a biased manipulation of 

the data, an automatic protocol available on MestRenova was selected for the phase 

correction and for the integration of peaks. The baseline correction was performed by a 

polynomial fit method. The effect of polynomial order used for the baseline correction on the 

precision of the quantification was evaluated on the protons highlighted on Figure 4. 5 by 

transforming the integrals of such proton resonances into purity values using Equation 4. 2. 

It can be seen in Figure 4. 8 that the proton β-H1 on the carbohydrate ring and the protons 

of R-CH3 of the lipid tails are the most robust to data processing. For this reason, the 

determination of the anomer content and total purities were calculated using such protons, 

respectively. The polynomial order used for the baseline correction was of the 11th order. 

Equation 4. 2 
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𝑃(𝑠𝑎𝑚𝑝𝑙𝑒) =
𝐼𝑠𝑎𝑚𝑝𝑙𝑒
𝐼𝑅𝑒𝑓

∙
𝑁𝑅𝑒𝑓
𝑁𝑠𝑎𝑚𝑝𝑙𝑒

∙
𝑀𝑠𝑎𝑚𝑝𝑙𝑒

𝑀𝑅𝑒𝑓
∙
𝑚𝑅𝑒𝑓

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
∙ 𝑃𝑅𝑒𝑓 

𝑃(𝑠𝑎𝑚𝑝𝑙𝑒) Purity of sample as mass 
fraction (%) 

𝑁𝑠𝑎𝑚𝑝𝑙𝑒 Number of reference 
protons 

𝑃𝑅𝑒𝑓 Purity of reference as mass 
fraction (%) 

𝑀𝑠𝑎𝑚𝑝𝑙𝑒 Molecular mass of the 
sample 

𝐼𝑠𝑎𝑚𝑝𝑙𝑒 Integral of the sample signal 𝑀𝑅𝑒𝑓 Molecular mass of the 
reference 

𝐼𝑅𝑒𝑓 Integral of the reference 
signal 

𝑚𝑅𝑒𝑓 Mass of the sample 

𝑁𝑅𝑒𝑓 Number of sample protons 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 Mass of the reference 

 

Table 4. 2. Optimal experimental parameters for the spectral acquisition in a standard commercial 
spectrometer.121 

Parameter 
Bruker’s 
Nomenclature 

Value 

90o Pulse strength Pl1 Instrument specific  

90o Pulse length P1 Instrument specific  

Spin rotation  Optional 

Measurement temperature  300 K 

Frequency of excitation  o1 Middle of spectrum 

Pulse angle  30o 

Preacquisition delay DE 5 μs 

Acquisition time AQ 3.41 s 

Repetition time D1 ≥5x longest T1 

Sweep width  SW 16 ppm 

Filter width  FW ≥20 ppm 

Number of FID points TD 32 k  

Number of scans NS Declined of reached S/N 

Signal to noise ratio S/N ≥250 

Line broadening (em) lb 0.3 Hz 

Number of frequency points SI 64 k 
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Figure 4. 8. Effect of the order of the polynomial fitted to the baseline of the 1H-NMR spectrum on the 
quantification of purity using Equation 4. 2 expressed as mass% (A) for each of the protons investigated for the 

melibiododecanosides. The average purity does not change much when the polynomial order changes, but 
there is an important effect on standard deviation. The /�̅� ratio is expressed as the % variation coefficient on 
(B). This data is useful to select the proton resonances that are the most robust to data processing: R-CH3 and 

β-H1. 

Determination of the sources of the uncertainties in the measurement were performed by 

building an Ishikawa diagram.226,227 This diagram is schematized in Figure 4. 9.  From this 

diagram, d Equation 4.3 

 

Equation 4. 3 was built.121 This equation was used for calculation of the global uncertainty of 

the anomer content and absolute purity quantifications. Figure 4. 10 and Figure 4. 11 show 
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the uncertainty budgets for these two measurements, which in conjunction with Figure 4. 8 

allows us to report purity values as follows: 

According to the integration of the resonance of the β-H1 doublet (1H,  = 4.31 ppm) using 

TCNB as internal standard, it was possible to determine the content of the β-anomer of 

melibiododecanoside with an average relative abundance of 52.25%. The combined 

uncertainty for the measurement is 0.45% (g/g). Considering a confidence interval of 95% (k 

= 2), the uncertainty becomes 0.9%. Hence, the relative abundance of the β-

melibiododecanoside is 52.25 ± 0.9%.  

According to the integration of the protons of the multiplet of the methyl group of the lipid 

tail R-CH3 (6H,  = 0.91 ppm) using TCNB as internal standard, it was possible to determine 

the content of the diastereomeric mixture of melibododecanosides as 93.34% on average.  

The combined uncertainty for the measurement is 0.62% (g/g). Considering a confidence 

interval of 95% (k = 2), the uncertainty becomes 1.2%. Hence, the relative abundance of the 

mixture of melibiododecanoside diastereomers is 93.34 ± 1.2%. 

 

Figure 4. 9. Ishikawa diagram used to enumerate the uncertainty sources and build Equation 4.3 
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Equation 4. 3 

u(𝑃𝑥)

= 𝑃𝑥√(
𝑢 (
𝐼𝑥
𝐼𝑠𝑡𝑑
⁄ )

𝐼𝑥
𝐼𝑠𝑡𝑑
⁄

)

2

+ (
𝑢(𝑀𝑥)

𝑀𝑥
)

2

+ (
𝑢(𝑀𝑠𝑡𝑑)

𝑀𝑠𝑡𝑑
)

2

(
𝑢(𝑚𝑥)

𝑚𝑥
)

2

+ (
𝑢(𝑚𝑠𝑡𝑑)

𝑚𝑠𝑡𝑑
)

2

+ (
𝑢(𝑃𝑠𝑡𝑑)

𝑃𝑠𝑡𝑑
)

2

 

 

 

Figure 4. 10. Uncertainty budget for the content of the β-anomer in the mixture 

 

 
Figure 4. 11. Uncertainty budget for the absolute purity of the melibiododecanoside as a mixture of anomers. 
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For determination of the purity of the four diastereomers of Rha-C10-C10, similar steps to 

the melibiododecanoside case were followed. The structure of the four diastereomers of Rha-

C10-C10 are represented in Figure 4. 12. First, few proton resonances were identified as 

candidates for using them for quantification using a combination of 1D and 2D NMR 

techniques (Figure 4. 25 to Figure 4. 33). The resonances of the protons identified, their 

multiplicity, chemical shifts and J-coupling constants are presented in  

 

Table 4. 3. Again, the ideal resonances do not overlap with other protons of the compound, 

solvent peaks or impurities (look for crosspeaks on COSY).121 The protons selected are 

highlighted in red in Figure 4. 12. 
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Figure 4. 12. Structure of the 4 diastereomers of Rha-C10-C10 and the protons that were considered for calculating purity by qNMR.
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Table 4. 3. Assignments of the protons of the 4 diastereomers of Rha-C10-C10 obtained by using the information provided by the spectrum depicted on Figure 
4. 25 to Figure 4. 33. 

  H-1 H-2 H-3 H-4 H-5 H-β H-β’ 

(R,R)-Rha-C10-C10 

δ (ppm)  4.84 δ 3.77 δ  3.35 δ 3.68 δ 3.68 δ  4.18 δ 5.37 δ 

J (Hz) N/A N/A N/A N/A N/A N/A N/A 

Multiplicity (s) (m) (m) (m) (m) (m) (m) 

(R,S)-Rha-C10-C10 

δ (ppm) 4.85 δ  3.91 δ 3.78 δ   3.49 δ 3.72 δ  3.92 δ 5.24 δ 

J (Hz) 1.2 3.3, 1.6 9.6, 3.2 9.6 9.4, 6.2 N/A 9.1, 6.3, 4.2 

Multiplicity (d) (dd) (dd) (t) (dd) (m) (dtd) 

(S,S)-Rha-C10-C10 

δ (ppm)  4.78 δ 3.81 δ 3.45  δ  3.70 δ  3.70 δ  4.05 δ 5.37 δ 

J (Hz) N/A N/A N/A N/A N/A N/A N/A 

Multiplicity (s) (s) (m) (m) (t) (m) (m) 

(S,R)-Rha-C10-C10 

δ (ppm) 4.75 δ 3.88 δ 3.71 δ 3.48 δ 3.71 δ 3.88 δ 5.43 δ 

J (Hz) N/A NA 17.6, 9.4, 4.6 9.5 17.6, 9.4, 4.6 N/A 12.2, 6.3 

Multiplicity (s) (s) (ddd) (t) (ddd) (m) (dt) 
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After undisputably indentifying the resonances, the relaxation times (T1) of this protons were 

estimated by the inversion-recovery method (Figure 4. 17 to Figure 4. 19 and Table 4. 5 to 

Table 4. 7). The only proton of TCNB had the slowest relxation time of all the protons 

considered for analysis. The spectra were acuired following the optimal instrumental 

parameters included in Table 4. 2. The 1H-NMR spectra of each sample was collected 3 times, 

and each repetition was the result of the average of 32 scans with time delays of 50 s, which 

is long enough to allow all protons of the molecule to relax.    

As mentioned in the introduction of this chapter, for this part of the project, our interest 

centered on determining the purity of each diastereomer and also quantifying the content of 

other diastereomers left over from the synthesis. Figure 4. 13 shows the resonances of the 

anomeric protons for the four diastereomers of Rha-C10-C10 ( region: 4.93-4.70 ppm), 15 

spectra each. In this figure, other small peaks that can be attributed to the anomeric protons 

of the other three diastereomers are present. Sometimes more than 3 singlets were 

observed, and there is not a conclusive explanation for these additional peaks, but assuming 

that the β-anomers were formed at some point in the synthesis, or that these peaks belong 

to anomers of single tail diastereomers formed during exposure to acidic environments, like 

the chromatographic mobile phases used or the deacetylation under Zemplen conditions. All 

of these signals were integrated, assumining that they belong to a diastereomer of Rha-C10-

C10.  
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(S,S)-Rha-C10-C10 (S,R)-Rha-C10-C10 

  
(R,R)-Rha-C10-C10 (R,S)-Rha-C10-C10 

  
Figure 4. 13. 1H-NMR spectra of the anomeric protons of the four diastereomers of Rha-C10-C10 as CDCl3 

solutions (400 MHz). 5 independently prepared samples, 3 repetitions. 
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Using Equation 4. 2 the relative content of each diastereomer along with the traces of the 

other diastereomers were calculated. The results are presented in Figure 4. 20 and Figure 4. 

21. Acording to these calculations, the diastereomeric content ranges from 55 to 75%. While 

the total rhamnolipid content ranges from 72 to 95%. Both values are quite low compared to 

what was expected and to prelimary LC-MS studies done on the same batch of samples, which 

suggest generally >90% purity in all cases. In these plots, the masses remaining are labeled as 

water with an interrogation mark. This is because it is inconclusive if that is true. The broad 

envelopes in the 1H-NMR spectrum of the rhamnolipids diastereomers on the regions 6.5-5.4 

ppm (Figure 4. 14) lead us to this conclusion, since these resonances are the only 

unaccounted for resonances in our inventory, and a common impurity in carbohydrate-

containing molecules.228 In addition, it is noted that the diastereomer without the presence 

of this envelope (R,S) has the highest purity. 

 

Figure 4. 14. Broad resonances conjectured as protons of water molecules interacting with the hydroxyl 
groups of the rhamnose unit. 
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The sample preparation involved transfering aliquots of the diastereomer of Rha-C10-C10 to 

the weighting vial from a mother dichloromethane solution. The solvent was evaporated in a 

roto-evaporator at 40 oC under reduced pressure. When the desired mass of solids (10 mg) 

was collected in the weighting vial, 3x3 mL of freshly distilled dichloromethane were added 

to co-evaporate any residue of moisture or other organic solvents. This azeotropic distillation 

is usually very effective to remove water, so the assumption of having water as an impurity 

in that ratio underwent another test. A sample of 10 mg of rhamnolipid that was stored and 

treated the same way as the ones destinated for qNMR analysis was placed in an ultrahigh 

vacuum chamber for 2 weeks (at 10-9 torr at RT). Its mass was recorded before and after the 

2 week period, and no appreciable change was observed, meaning that the azeotropic 

distillation removes all water.  

Another explanation for the low abundance of rhamnolipid detected could be the formation 

of supramolecular clusters in combination with the adsorption of rhamnolipids on the glass 

tube. If the rhamnolipid was not soluble in chloroform and formed suspended solids that are 

hard to appreciate visually during the sample preparation or adsorbs to the glass, this mass 

of rhamnolipid would not be detected due to the long relaxation times these protons in the 

solid phase would have. Some solids were observed during the sample preparation, but they 

were solubilized by sonication and vortexing. However, it is possible that some of these solids 

formed again during the sample transport and analysis. Solubility is not a simple property, 
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especially not for amphiphiles, but it is interesting that the (R,S)-Rha-C10-C10, the least polar 

of the diastereomers based on Rf values,2 is the one that presents the highest purity.  

The conjecture about the occurence of a change in the experimental conditions during the 

measurement to explain the low purities of the rhamnolipids either by precipitation, 

adsorption or unremovable water content led us to pay attention to preliminary HPLC-MS 

measurements performed in our group. In general, the rhamnolipid contents measured by 

qNMR are rather low compared with the relative purities estimated with HPLC-MS (Table 4. 

4). The HPLC-MS is presented in Figure 4. 15 and the mass spectrum of the individual 

diastereomers are presented in Figure 4. 16. Results are summarized in Table 4. 4. According 

to this data, all samples of the diastereomers were constituted at least by 88% of total 

rhamnolipid mass. The sample with the lowest individual composition was (S,S)-Rha-C10-C10 

with 69%, and the one with the highest was (R,S)-Rha-C10-C10 with 90%. It is important to 

keep present that HPLC-MS is not mass sensitive and would provide only relative estimations 

of the constitution of the sample, water cannot be seen even inderectly, and that 

supramolecular aggregation that may lead to precipitate formation (maybe a liquid crystal) is 

avoided by passing the sample through the hindered and hydrophobic environment of the 

stationary phase made of porous silica particles modified with C18 alkyl chains.  

In summary, the experimental conditions for measuring the purity of rhamnolipids need to 

be optimized. The sample preparation needs to include an exhaustive lyophilization step to 

guarantee further the absence of water in the samples. The standard and rhamnolipids need 

                                                       
2 In here polarity is evaluated in terms of its Rf value (see chapter 3, Figure 3.15, which is not a direct and accurate 
measurement of the overall polarity of the molecule either, but is a good and readily available approximation.  
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to be dissolved in the proper solvent to avoid the formation rhamnolipid phases undetectable 

to the spectrometer. Perhaps a good candidate will be a deuterated solvent (or 

multicomponent mixture of solvents) with a larger dipole moment and dielectric constant like 

acetone-d6, DMSO-d6, MD3CN, DMF-d7, etc. Until that is done, the quantification of the purity 

of rhamnolipid remains in the state of an approximation, and the LC-MS results are, ironically, 

the least perturbed by experimental conditions that affected the qNMR experiments.  

 

Table 4. 4. Relative percentage of impurity and minor congeners in mRL C10-C10 fractions. The values in blue 
were sample acquired from solution in DCM. Others are from solid stock in the fridge. 

 Relative content % 

Total Rha-C10-C10 Other diastereomers Impurities 

(S,S)-Rha-C10-C10 88 ± 2 19 ± 1 12 ± 2 

(R,S)-Rha-C10-C10 99.2 ± 0.6 9 ± 2 0.8 ± 0.6 

(S,R)-Rha-C10-C10  92 ± 2 21 ± 4 8 ± 1 

(R,R)-Rha-C10-C10 87 ± 1 2 ± 1 13 ± 1 

(S,S)-Rha-C10-C10(2) 91.6 ± 0.7 11 ± 2 8.4 ± 0.4 
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Figure 4. 15. LC-MS of a mixture of the four mRL-C10-C10 stereoisomers. Peaks are labeled with retention time and most abundant ion mass. Possible 
decomposition products and/or reactants are illustrated for the impurities observed at small retention times, and mRL-C10-C10 peaks are labeled for their 

respective isomer as determined by individual diastereomer LC-MS runs. A * denotes the predominant peak for given diastereomer.  
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(R,S) mRL at tr = 6.1 min S,R mRL at tr = 6.9 min 

  
(S,S) mRL at tr = 9.9 min R,R mRL at tr = 11.4 min 

  
Figure 4. 16. Mass spectra of individual diastereomer solutions collected at given retention time in chromatogram above. 
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Figure 4. 17. Determination of the relaxation time T1 by the inverse-recovery method for the anomeric 
protons of the four diastereomers of Rha-C10-C10. The dotted lines represent the calculated data from the 

model obtained by fitting the data to Equation 4. 1 non-linear regression analysis. The parameters of the 
equation and the goodness of the fit are listed in Table 4. 5. 

 

Table 4. 5. Paramaters obtained from fitting Equation 4. 1 and its goodness of fit to the data obtained for the 
relaxation measurements for the anomeric protons of the four diastereomers of Rha-C10-C10. B = I0, F = 2I0, x 

= t, and T1 = 1/G. 

 B F G Rerror ProbNotMono T1 (ms) 

(S,S)-Rha-C10-C10 -200.287 380.938 1.6 0.013 0.9995 625 

(S,R)-Rha-C10-C10 -187.22 357.7 0.86 0.023 0.9995 1162.8 

(R,R)-Rha-C10-C10 -251.124 484.033 1.13 0.02 0.9995 885 

(R,S)-Rha-C10-C10 -262.731 491.964 1.05 0.011 0.9995 952 
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Figure 4. 18. Determination of the relaxation time T1 by the inverse-recovery method for the anomeric 
protons of the four diastereomers of Rha-C10-C10. The dotted lines represent the calculated data from the 

model obtained by fitting the data to Equation 4. 1 non-linear regression analysis. The parameters of the 
equation and the goodness of the fit are listed in Table 4. 6. 

Table 4. 6. Paramaters obtained from fitting Equation 4. 1 and its goodness of fit to the data obtained for the 
relaxation measurements for the β’-H of the outer lipid tail of the four diastereomers of Rha-C10-C10. B = I0, F 

= 2I0, x = t, and T1 = 1/G. 

 B F G Rerror ProbNotMono T1 (ms) 

(S,S)-Rha-C10-C10 -213.467 410.07 3.27 0.087 0.9995 305.8 

(S,R)-Rha-C10-C10 -215.806 410.27 0.963 0.021 0.9995 1038.4 

(R,R)-Rha-C10-C10 -173.054 333.438 1.98 0.053 0.9995 505.1 

(R,S)-Rha-C10-C10 -219.415 409.88 1.19 0.013 0.9995 840.3 
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Figure 4. 19. Determination of the relaxation time T1 by the inverse-recovery method for the anomeric 
protons of the four diastereomers of Rha-C10-C10. The dotted lines represent the calculated data from the 

model obtained by fitting the data to Equation 4. 1 non-linear regression analysis. The parameters of the 
equation and the goodness of the fit are listed in Table 4. 7. 

 

Table 4. 7. Paramaters obtained from fitting Equation 4. 1 and its goodness of fit to the data obtained for the 
relaxation measurements for the protons of the methyl groups of both lipid tails of the four diastereomers of 

Rha-C10-C10. B = I0, F = 2I0, x = t, and T1 = 1/G. 

 B F G Rerror ProbNotMono T1 (ms) 

(S,S)-Rha-C10-C10 -2023.31 3715.91 0.612 0.001 0.9995 1633.9 

(S,R)-Rha-C10-C10 -1986.86 3646.2 0.574 0.0007 0.9995 1742.2 

(R,R)-Rha-C10-C10 -2249.7 4118.41 0.572 0.004 0.9995 1748.3 

(R,S)-Rha-C10-C10 -1774.3 3261.45 0.542 0.001 0.9995 1845.0 
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 (R,R)-Rha-C10-C10 

  

(R,S)-Rha-C10-C10 

  

Figure 4. 20. Composition in mass percent of the samples of the diastereomers (R,R) and (R,S) of Rha-C10-C10 
dissolved in CDCl3 represented as bar plots to show  uncertainties of the measurement (standard deviations of 

the intensity integrals) and as pie charts for a better appreciation of their composition. 
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(S,S)-Rha-C10-C10 

  

(S,R)-Rha-C10-C10 

  

Figure 4. 21. Composition in mass percent of the samples of the diastereomers (S,S) and (S,R) of Rha-C10-C10 
dissolved in CDCl3 represented as bar plots to show  uncertainties of the measurement (standard deviations of 

the intensity integrals) and as pie charts for a better appreciation of their composition. 
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Figure 4. 22. Spectra of melibiododecanoside and 1,2,4,5-tetrachloro-3-nitrobenzene in deuterated methanol. The 4 protons studied for the quantification are 
shown in the inset. 
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Figure 4. 23. 1H-1H COSY NMR for the mixure of the β- and -melibiododecanosides. The squares highlight the coupling of the protons of interest used for the 
measurement. 
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Figure 4. 24.Spectral data for the determination of the relaxation times (T1) for melibiododecanoside and 1,2,4,5-tetrachloro-3-nitrobenzene in deuterated 
methanol. Anomeric proton T1 =892.33 ms, sugar proton T1 =2157.06, CH2 lipid tail T1 = 661.47 ms, CH3 of lipid tail T1 =2722.76 ms and standard T1 = 8529.94 

ms. 
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Figure 4. 25. 1H-NMR spectrum for the four diastereomers of Rha-C10-C10. 
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Figure 4. 26. 13C-NMR spectrum for the four diastereomers of Rha-C10-C10. 
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Figure 4. 27. 1H-13C HSQC NMR spectra for the (R,R)-Rha-C10-C10. Anomeric proton and carbon are highlighted. 
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Figure 4. 28. 1H-13C HSQC NMR spectra for the (R,S)-Rha-C10-C10. Anomeric proton and carbon are highlighted. 
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Figure 4. 29. 1H-13C HSQC NMR spectra for the (S,S)-Rha-C10-C10. Anomeric proton and carbon are highlighted. 
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Figure 4. 30. 1H-13C HSQC NMR spectra for the (S,R)-Rha-C10-C10. Anomeric proton and carbon are highlighted. 



205 
 

 

Figure 4. 31. 1H-1H COSY NMR spectra for (S,S)-Rha-C10-C10. 
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Figure 4. 32. 1H-1H COSY NMR spectra for (R,S)-Rha-C10-C10. 
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Figure 4. 33. 1H-1H COSY NMR spectra for (R,R)-Rha-C10-C10. 
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Figure 4. 34. 1H-1H COSY NMR spectra for (S,R)-Rha-C10-C10. 
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Conclusions 

In this work, the level of success of the application of qNMR for the determination of purity 

on two classes of glycolipids synthesized in our laboratories was described: a mixture of α 

and β-melibiododecanosides and four diastereomers of Rha-C10-C10. After undisputedly 

correlating the signals of proton resonances with the chemical structure, determining the 

relaxation times (T1) of the protons of interest, and understanding the effect of data 

processing on the precision and reproducibility of our calculations, we could determine the 

relative abundance and uncertainty of the β-anomer expressed as 52.25  0.9% within a 

confidence interval of 95%. The total content of both anomers on the sample using the signal 

of the overlapped methyl groups of the lipid tails was determined as 93.34 ± 1.2% with an 

uncertainty within a confidence interval of 95% as well. 

In the case of the diastereomers of Rha-C10-C10, the determination of the purity and the 

abundance of traces of other diastereomers  was not conclusive. The main reason that led us 

to believe that our qNMR measurements were not accurate was the low purity calculated 

with this technique in comparison with preliminary HPLC-MS studies and our purity 

projections from the synthetic methodology. These unexpected results can be explained in 

terms of the possible formation of precipitates (perhaps liquid crystals) that could not be 

detected by the spectrometer due to their long relaxation times. Another of our conjectures 

to explain this discrepancy also included attributing water as the source of impurities due to 

the observation of a broad envelope resonances; however, no loss of mass was observed 

after placing the sample inside a UHV chamber. Optimization on the determination of the 
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purity of Rha-C10-C10 diastereomers must include the proper solvent that guarantees 

avoiding the formation of precipitates or wall adsorption. This solvent might be a binary or 

multicomponent mixture of liquids.  

In summary, qNMR proved to be suitable to determine the purity of glycolipids in a more 

transparent way than the chromatographic methods due to its mass sensitivity. This feature 

allows us to build conjectures to eliminate the sources of systematic error more easily. In 

addition, the accessibility to traceable internal standards that can be universal is a paramount 

advantage for our specific case where the purity of novel molecules manufactured in our 

laboratories needs to be determined.  
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Chapter 5: Synthesis and aqueous solution phase characterization a 
series of Rha-C14-Cx monorhamnolipids 

Introduction 

Rhamnolipids have found applications in surfactant specialty sectors like cosmeceuticals and 

bioremediation. However, their incursion into wider markets has been precluded by their 

complex structure and the lack of reliable and cost-effective methodologies that allow their 

manufacturing at industrials scales. Our laboratories developed groundbreaking technologies 

that enabled us to glycosylate the aglycons of rhamnolipids with stable carbohydrate donors 

under benchtop conditions with 100% stereoselectivity, high yields and that have been 

proven serviceable to manufacture these materials at the kilogram scale. Nevertheless, even 

when our method to synthesize rhamnolipids is the most efficient, flexible, scalable, green 

and robust published to date in the mainstream literature, it does not outcompete the 

chemical procedures to manufacture the highly commercial counterparts like sodium 

alkylsulfate or polyethoxylated surfactants that rely on building blocks fed by the oil industry. 

Glycolipid surfactants can be manufactured from renewable feedstocks and are becoming 

more attractive than oil-based surfactants due to their quicker biodegradability and lower 

toxicity. With the current limitations of the tools of chemical synthesis, a glycolipid with a 

distribution of stereocenters such as rhamnolipids will hardly occupy the niche of a 

commodity material in our civilization as the oil-based surfactants that can be made in one 

step. The most feasible alternative for pushing the frontier to make glycolipid surfactants a 

practical technological option is to understand what moieties make materials like 
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rhamnolipids have such an outstanding performance as surfactants and then design simpler 

glycolipids that keep the relevant structural features.   

In this work, we are presenting a structure-performance relationship study where the 

surfactant properties of rhamnolipids are examined as a function of lipid tail symmetry. For 

this purpose, a series of five bio-inspired rhamnolipid congeners obtained as diastereomeric 

mixtures was synthesized. We refer to this series as the Rha-C14-Cx series, and their members 

are shown in Figure 1. The concept of bio-inspiration is used here, since the lipid tails 

incorporated in this compounds can be found in metabolites produced by microorganisms; 

however, this specific combination of lipid tails and absolute configurations at the -carbinols 

different than R,R are not available in nature. 

We rationalized the design of these five asymmetric double tailed rhamnolipid congeners as 

diastereomeric mixtures considering the following points: 1) from previous studies 

performed in our laboratories, we learned that as the structure of the lipid tails become 

simpler, the performance gets poorer: higher critical aggregation concentrations (CAC) and 

lower affinity for the interface (lower Kads); 2) we know that the four diastereomers of the 

most abundant congener have performances that are statistically different but with CAC and 

Kads values that are within the same order of magnitude; and 3) the idea behind tailoring the 

self-assembly behavior of rhamnolipids by modifying the symmetry of the lipids tails was 

guided by the thermodynamic theory of self-assembly and the packing parameters derived 

therein.  

Diastereomeric mixtures are readily and efficiently manufactured with our method. Our 

assumption that the diastereomeric mixtures would be as instrumental as the pure 
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diastereomers on the evaluation of the structure-performance relationship is supported by 

regular solution theory expanded for surfactants and experimental data collected in several 

literature examples. In principle, mixtures of stereoisomers have surface activities and self-

assembly behaviors that resemble the individual components of the mixture due to their 

close structural relationship.   

Experimental 

Synthesis of the Rha-C14-Cx series 

All members of the series are synthesized as diastereomeric mixtures following the 

methodology reported by Palos et al.13 Generalities of the method are summarized here and 

the scheme is presented in Figure 5. 1. Peracetylated anomeric mixtures of rhamnose are 

dissolved in refluxing MeCN in the presence of catalytic amounts of Bi(Otf)3 to glycosylate a 

racemic mixture of benzyl (rac)-3-hydroxytetradecanoate ester. The glycosylation is 

stereoselective, and only the α-anomer is obtained.  The benzyl group of the resulting 

glycoside is cleaved by heterogeneous reductive hydrogenation in presence of Pd/C in THF at 

room temperature and pressure. The free acid is then esterified by using Steglich 

carbodiimide chemistry with the benzyl (rac)-3-hydroxyalkanoate ester of the proper 

hydrocarbon chain length (C6, C8, C10, C12 or C14). The resulting ester is debenzylated to render 

the free acid using the same reductive hydrogenation mentioned above. The final products 

are obtained by a selective transesterification of the acetyl groups of the sugar unit under 

Zemplen conditions in the presence of MeONa/MeOH at room temperature. Every step of 

the synthetic methodology, except for the synthesis of the peracetylated rhamnose, requires 
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isolation of the oily products by means of normal phase flash column chromatography. 

Characterization is performed by means of nuclear magnetic resonance and mass 

spectrometry.  

Figure 5. 1. Synthetic methodology used for the synthesis of the members of the series Rha-C14-Cx. 

Investigation of the interfacial properties by surface tensiometry 

Surface tension measurements as a function of concentration  

Surface tension versus concentration plots were obtained by manual measurement on a  

Fisher tensiomat. The maximum surface tension of three independently-prepared solution 

samples is averaged for each concentration. The concentration is varied by consecutively 

spiked aqueous solutions of the rhamnolipids equilibrated under stirring for at least 5 min 

followed by resting for another 5 min.  The equilibration is confirmed by standard deviation 

in replicate instrumental measurements of < 0.1 mN/m. The samples were prepared in Teflon 

bottles and using polyethylene pipets and pipet tips to avoid adsorption of the glycolipid to 
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the walls of the equipment. The stock solutions of rhamnolipids were prepared by 

transferring to Teflon bottles aliquots of methylene chloride/methanol solutions of the 

materials, freshly prepared and purified. The solvent was removed by roto-evaporation under 

reduced pressure at 45 oC until constant mass was recorded. The solids were dissolved as 

clear solutions by stirring in Milli-Q water while adjusting the pH to 8.0 to produce the sodium 

salts with a freshly prepared NaOH aqueous solution and recording the change in volume for 

the concentration calculation. Calculation of the surface excess, Γ, headgroup area (Equation 

5. 2) and the equilibrium constant for the adsorption of surfactant at the air/water interface, 

𝐾𝑎𝑑𝑠, was performed by fitting the Langmuir-Szyszkowski equation (Equation 5. 1) to the 

linear portion of the surface-active region of the Π − {𝐿𝑜𝑔([𝑅ℎ𝑎𝐶14𝐶𝑥])} curve. The 

CMC, yCMC, GCMC and GKads are calculated as explained in Chapter 1 and Chapter 2. 

Equation 5. 1 

Π = 𝛾0 − 𝛾 = 2.303𝑛𝑅𝑇Γ𝐿𝑜𝑔(1 + 𝐾𝑎𝑑𝑠𝑐) 

Equation 5. 2 

𝑎0  =
1020

Γ𝑁
 

Aggregate self-assembly behavior in aqueous solution 

Dynamic light scattering: Sample preparation and measurement 

The measurements were performed on the Viscotek 802 DLS, equipped with a temperature 

controller, dual attenuator technology (0.0001-100%) and a single photon counting module 

detector. The light source was a 50 mW fiber-coupled diode laser with a wavelength of 830 

nm.   
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The hydrodynamic radii and mutual ratio of the self-assembled aggregates of buffered pH 8 

aqueous solutions of Rha-C14-Cx (x = {6, 8, 10, 12, 14}) were characterized by dynamic light 

scattering at concentrations from 1 to 35 mM. To prepare these samples, 35 mM stock 

solutions were prepared. To prepare such solutions, the materials were dissolved in CH2Cl2 

and transferred to 10 mL Teflon vials, the solvent was removed under reduced pressure at 35 

oC, and the masses determined by difference until constant weight. The solids were dissolved 

in pH 8 aqueous buffer of [Na2HPO4/NaH2PO4] = 10 mM and stirred overnight at room 

temperature, the pH was adjusted to 8 with NaOH if necessary and the solutions equilibrated 

overnight again. Aliquots of the stock solutions were diluted with buffer to achieve 1 mL 

samples at concentrations of 1, 2.5, 5, 10, 15, 25 and 35 mM. The samples were stored in 1.5 

mL Eppendorf tubes and equilibrated without agitation or stirring overnight at room 

temperature. The dynamic light scattering measurements were performed at room 

temperature (20 oC) using 200 µL of solution dispensed from a 1000 µL micropipette into a 

pre-silanized cuvette designed for DLS measurements. Apparently, the mechanical stress the 

aggregates in solution suffered during the transfer with the pipette did not affect the integrity 

of the sample. 100 experiments with a duration of 5 s were attempted over the period of 8 

min.  
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Determination of aggregation numbers and their distributions of the members of the 
Rha-C14-Cx series by time resolved fluorescence quenching spectroscopy 

Sample preparation  

Aqueous surfactant solutions were prepared in Teflon vials and allowed to stir overnight. For 

fluorescence measurements, stock solutions were filtered with Acrodisc® 25 mm syringe 

filters with 0.1 μm Supor® membranes (Pall Corporation). The fluorescent probe (P) was 

introduced by adding the appropriate amount of ∼1 mM pyrene (Fluka, >99% pure, 

recrystallized) stock in cyclohexane (ACS Grade, EMD) or ethanol (200 Proof, Decon Labs), 

and allowing the solvent to evaporate. The final pyrene concentration was kept proportional 

to micelle concentration ([M]) at a ratio of [P]/[M] <0.05 in order to maintain single 

occupancy and prevent excimer formation.81 For solutions with benzophenone quencher (Q), 

the appropriate amount of ∼75 mM benzophenone (Fluka, >99% pure, recrystallized) in 

cyclohexane or ethanol was added to the vial and allowed to evaporate. The final solution 

contained [Q]/[M] ∼ 1 for the studies of varied surfactant concentration ([S]) or [Q]/([S] − 

CMC) = <Q> = 0.01 to 0.03 for the studies of varied [Q]. Then, solutions were thoroughly 

deoxygenated by either a freeze–pump–thaw cycle with Ar or agitation in an environmental 

control hood purged with Ar/N2 (statistically similar fluorescence lifetimes are obtained using 

both methods). Solutions were stirred for at least 1 h, which was long enough to reach 

equilibrated partitioning indicated by steady fluorescence intensity of a separate test sample. 

Partitioning of benzophenone required only 30 min. 
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Analysis of the TRFQ data for the determination of the aggregation numbers and their 
polydispersity 

The emission decays of pyrene at different concentrations of the quencher benzophenone 

(0-25 mM) is normalized and the background noise is subtracted. The lifetime of pyrene in 

the surfactant solution in absence of quencher is calculated by fitting the decay to the 

monoexponential relaxation described by Equation 5. 7, given that excimer formation is ruled 

out and the solutions were previously deoxygenated. The emission decay data from solutions 

with quencher is fit to the Tachiya-infelta equation (Equation 1.26) to extract A2, A3 and A4 

parameters and the subsequent values obtained from Equation 1.27 to Equation 1.35. The 

goodness of the fitting is evaluated in terms of the Durbin-Watson test, ordinary runs test, 

reduced 𝜒2 and correlation coefficient. In addition, the structure of the residuals was visually 

inspected to evaluate any fitting bias. 

The emission decay data does not need to be deconvoluted from the instrument response 

function (IRF) since the IRF occupies less than one channel. One channel of the collected data 

is 2.15 ns (= 2200 ns/1024 pixels). The spectrofluorometer used for these measurements 

(Photon technologies, see chapter 2 for details) has an IRF equal to an LED pulse <1.5 ns and 

a PMT detector response of 180 ps. 

For the polydispersity analysis, the aggregation number calculated at each quencher 

concentration (𝑁𝑎𝑔𝑔,𝑄, Equation 1.22) is plotted as a function of 𝜂 (Equation 1.43). The data 

is fit to the Greiss-Warr 2nd and 3rd order polynomials (Equation 1.49) to calculate the 

weighted average aggregation number (𝑁𝑎𝑔𝑔,𝑤), the number average aggregation number 
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(𝑁𝑎𝑔𝑔,𝑁), standard deviation (σ), and skewness (λ). In the absence of polydispersity, 𝑁𝑎𝑔𝑔,𝑤 ≈

 𝑁𝑎𝑔𝑔,𝑁.  

Deviation of the quenching kinetics due to the presence of aggregates larger than micelles 

was assessed by plotting A4/A4min as a function of 𝜂. A4 describes the rapid exponential decay 

at shorter times in the Tachiya-Infelta model and in the model proposed by Miller and Evans 

for vesicle-rich systems.  Variation in A4 is due to the partitioning of the quencher molecules 

into aggregates with the larger mass distribution first, with a subsequent occupation of the 

other aggregates with lower mass distribution as the quencher concentration increases. If the 

population of the aggregates is multimodal over a wide range of geometries and sizes, the 

quenching kinetics are going to vary from population to population and be reflected in a 

convoluted fashion in the values calculated for A4 using the Tachiya-Infelta equation.  

Results and discussion 

Investigation of the interfacial properties by surface tensiometry 

Surface tension measurements 

Figure 5. 2 shows the semi-logarithmic surface tension-concentration curves for members of 

the Rha-C14-Cx series. The lines fit to the linear portions of the curves after and before the 

inflections to find the CMCs, surface activities and γCMC values are included. Figure 5. 3 shows 

the fitting of the data to the Langmuir-Szyszkowski isotherm. The parameters calculated from 

the Langmuir-Szyszkowski isotherm are shown in Table 5. 1 along with the values obtained 

from the linear fittings after and before the CMC. 
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Figure 5. 2. Surface tension-ln[Rha-C14-Cx] isotherms at pH 8.0 for Rha-C14-C6, Rha-C14-C8, Rha-C14-C10, 
Rha-C14-C12 and Rha-C14-C14. Each isotherm shows the lines fitted to the two portions of the curves that 

were used to calculate CMC and γCMC. 

 

 
Figure 5. 3. Surface pressure-log[Rha-C14-Cx] isotherm for the members of the series Rha-C14-Cx and Rha-

C14. The data was fitted to Equation 5.1. The goodness of the fit are: Rha-C14-C6: R2 = 0.9621; Rha-C14-C8: R2 
= 0.981; Rha-C14-C10: R2 = 0.9722; Rha-C14-C12: R2 = 0.9804; Rha-C14-C14: R2 = 0.9915.  
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Table 5. 1. Thermodynamic data obtained from the surface tension-concentration isotherms.  

 

 
-dy/dc 

(mN m-1 M-1 ) 

 

(mol m-2) x10-6 

a0 

(Å2/molecule) 

Kads 

(M-1) x104 

ΔadsG 

(KJ mol-1) 

CMC 

(µM) 

ΔCMCG 

(KJ mol-1) 

γCMC 

(mN m-1) 

Rha-C14-C6 57.7 1.1 ±0.1 151.5 ± 10.6 193.2 ± 16.5 -35.3 ± 3.0 650.7 ± 377.2 -17.9 ± 10.4 35.0 ± 3.6 

Rha-C14-C8 1230.0 3.1 ±0.2 53.7 ± 3.0 77.0 ± 5.1 -33.0 ± 2.2 29.8 ± 8.6 -25.4 ± 7.4 26.0 ± 2.5 

Rha-C14-C10 5639.9 3.9 ±0.3 42.9 ± 3.0 2.1 ± 0.2 -25.5 ± 1.7 11.6 ± 3.2 -27.7 ± 7.7 24.0 ± 3.0 

Rha-C14-C12 850.1 2.6 ±0.1 62.7 ± 2.7 62.1 ± 2.9 -32.5 ± 1.5 52.8 ± 11.8 -24.0 ± 5.4 26.3 ± 2.1 

Rha-C14-C14 119.3  3.7 ±0.2 44.8 ± 2.4 3.2 ± 0.7 -32.2 ± 5.4 121.0 ±5 9.6 -22.0 ± 10.8 
38.70 ± 

8.3 

Rha-C14 21.57 3.7 ±0.9 44.8 ± 1.05 0.8 ± 0.1 -2.2 ± 0.1 1294.0 ± 935.0 -16.2 ± 11.7 33.0 ± 8.9 
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CMC, CMC , and Kads for members of the Rha-C14-Cx series  

Figure 5. 4 shows the behavior of the CMC and CMC values as a function of the lipid tail 

symmetry for members of the Rha-C14-Cx series. In general, adding more methylene groups to 

the second lipid tail reduces the CMC, and CMC values. Rha-C14-C14 is the exception to this 

behavior, with a CMC value similar to the ones measured for Rha-C14-C6 and Rha-C14. The 

trends do not follow simple predictions based on hydrophobicity alone, i.e. reduction of CMC 

with hydrophobicity. 

Comparing the CMC and CMC values for Rha-C14-C6 and Rha-C14-C8 reveals intriguing features 

about the intramolecular interactions that dictate the structure-performance relationships. The 

structural difference between these two congeners is only two methylene groups, yet the effect 

on CMC and CMC is large. The CMC drops 95%, and CMC 25% relative to the values measured 

for Rha-C14-C6. This is extraordinary given the structural similarities between Rha-C14-C6 and 

Rha-C14-C8. Even more interesting is that adding more methylene groups to the second lipid tail 

to obtain members of higher lipid tail symmetry does not reduce the CMC and CMC comparably. 

Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14 have CMC values in the narrow range of 10-120 m, 

with a slight local minimum for Rha-C14-C10 within the series.  

However, the same is not observed when comparing Rha-C14-C6 and Rha-C14. Both CMC’s are 

in the mM range, with only a 50% drop despite the addition of 6 carbons, of which at least 2 

methylene and 1 methyl groups reside in the hydrophobic portion of the tail. The change in CMC 

values is even smaller, dropping only 2 mN/m when adding the second lipid tail and effectively 

three hydrophobic methylene groups.  
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Also, it is intriguing that Rha-C14-C8, Rha-C14-C10 and Rha-C14-C12 have similar CMC values 

within experimental error, while Rha-C14-C14, the most hydrophobic of the members of the 

series, resembles Rha-C14-C6 and Rha-C14. These observations were not predicted during the 

molecular design of these materials, since it was hypothesized that the lipid tail symmetry would 

have only an impact on the self-assembly behavior.  

The reasons for this behavior must have an explicit connection with the molecular configuration 

of the amphiphiles at the interface, due to changes in the intermolecular and intramolecular 

interactions, and the ability of the surfactant monomers to aggregate in solution. Before 

engaging in further discussion to explain the CMC values of the Rha-C14-Cx series, it is important 

to highlight what is being measured in the Du Nuoy ring experiment. As the concentration of 

surfactant increases, the surface tension decreases. Then, further additions of aliquots of Rha-

C14-Cx will not change the surface tension appreciably. At this point, it is assumed that the critical 

micelle concentration is reached, and all additional added mass of surfactant will go into the 

solution and form aggregates, rather than adsorb to the interface. The Du Nuoy ring only probes 

the interface, and what happens in solution is inferred indirectly.  

One way to rationalize the close CMC values for Rha-C14-C6 and Rha-C14 is that the hydrophobic 

methylene (2) and methyl (1) groups on the secondary lipid of Rha-C14-C6 do not 

overcompensate the polarity of the 3-((3-hydroxypropanoyl)oxy)propanoic bridge. This makes 

the contribution of the second lipid tail to the hydrophobic behavior of this amphiphile similar to 

its absence. This is a valid explanation, since in principle, the smaller the size of the hydrophobic 

moieties, the less powerful the hydrophobic effect that drives the aggregation. From this data, it 

seems that the threshold in the number of hydrocarbons that would make the secondary lipid 
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tail behave as a typical double chain surfactant with CMC values in the micromolar range is equal 

to 8.  

 

 
Figure 5. 4. Critical micelle concentration (CMC) and the lowest surface tension CMC in function of the lipid tail 
symmetry. Error bars consider the error propagated over the calculation of the intersection of the lines fitted to 

the linear portions of the surface tension-concentration curves.  

 

In combination with its CMC values, it is remarkable that Rha-C14-C6 has the highest affinity for 

the interface of all members of the series (Kads = 193.23 ± 16.48 M-1, Figure 5. 5), including Rha-

C14. This observation might appear contradictory due to the lower hydrophobicity of Rha-C14., 

but it might reflect the preference of Rha-C14-C6 for adsorption at the interface over aggregating, 

the main competing process. The explanation for its higher affinity can be segmented in two 

parts. This first part concerns the factors that preclude aggregation. If the 6-carbon outer lipid 

tail behaves as an extended pseudo-hydrophilic moiety as inferred from the CMC data, it will 

impose steric hindrance and contribute to make aggregation less energetically favorable. The 
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other part of the explanation must reflect the higher mobility of the second pseudo-hydrophilic 

lipid tail and the multiple orientations that this moiety might adopt, along with the intermolecular 

interactions that the hydrophilic moiety of Rha-C14-C6 might have with the water molecules at 

the interface. It is very complex to provide a precise chemical picture that properly justifies this 

observation, but if a conjecture must be made, it is hypothesized that the hydrophilic carboxylic 

acid group has more degrees of freedom in Rha-C14-C6 than in the other series members.  

 
Figure 5. 5. Kads (M-1) equilibrium constant for the adsorption at the air/water interface for the members of the 

Rha-C14-Cx series. The Kads were calculated from the fitting of the linear and non-linear version of the Langmuir-
Szyszkowski equation to the surface tension-concentration curves. 

In summary, the number of methylene groups on the second lipid tail have a pronounced impact 

on the self-assembly behavior and the affinity for the interface. Members of the Rha-C14-Cx 

series with more than 8 carbons on the second lipid tail have similar values of CMC and CMC, 

except for Rha-C14-C14 on CMC. The high CMC, Kads and CMC values for Rha-C14-C6 can be 

explained in terms of the lack of intra-lipid interactions. The short pseudo-hydrophilic and mobile 

secondary lipid tail imposes steric hindrance upon aggregation, and at the same time equips Rha-
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C14-C6 to have more affinity for the interface.  These assertions are supported by the head group 

area calculations discussed in the next section. 

Head group area of the members of Rha-C14-Cx series 

As described in the previous sections, the importance of the headgroup area resides in its use to 

make semi-empirical predictions about the morphology and size of aggregates with the lowest 

chemical potential. The headgroup area is not the foot print of the atoms that compose the 

hydrophilic group, but the space that the surfactant molecule occupies. This area is affected by 

intermolecular interactions that occur at the interface, including the area created by the 

surfactant-surfactant interaction at the hydrophilic and lipophilic moieties and the interactions 

of the ions and the water molecules at the interface with the surfactant monomers. 

To facilitate the discussion of the headgroup areas for the Rha-C14-Cx series, it is productive to 

consider the results recently published for the four diastereomers of Rha-C10-C10.13 Figure 5. 6 

summarizes the headgroup areas estimated from surface tension-concentration curves built 

from data collected by Du Nuoy ring surface tension measurements at room temperature and at 

pH 8.0 (Figure 5. 6B) and pH 4.0 (Figure 5. 6C) for the Rha-C10-C10 individual diastereomers. For 

comparison, the figure also demonstrates the surface areas occupied by the foot print of the 

atoms that compose the bottom face of the hydrophilic group for the energy minimized 

conformers of the four diastereomers of Rha-C10-C10 (Figure 5. 6A). 
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 (R,R)–Rha-C10-C10 (R,S)–Rha-C10-C10 (S,R)–Rha-C10-C10 (S,S)–Rha-C10-C10 

 

 
 

 
 

 

   
 

A 73.44  0.15 Å𝟐 74.07  0.24 Å𝟐 53.98  0.35 Å𝟐 43.19  0.30 Å𝟐 

B 117  12 Å𝟐 80  1 Å𝟐 103  4 Å𝟐 93  7 Å𝟐 

C 21  4 Å𝟐 23  1 Å𝟐 21  1 Å𝟐 21  2 Å𝟐 

Figure 5. 6. A) Area of the foot print of the atoms that compose the bottom face of the hydrophilic group for the 
energy minimized conformers of the four diastereomers of Rha-C10-C10. The area was measured by fitting a 

polygon around the edges of the atoms (dotted lines). The average and standard deviation is obtained from 3 
measurements. B) Head group area obtained from the surface tension measurements of the interface of aqueous 

solutions at pH 8.0 of the diastereomers of Rha-C10-C10, C) Head group area obtained from the surface tension 
measurements of the interface of aqueous solutions at pH 4.0 of the diastereomers of Rha-C10-C10. 

The surface occupied by the foot print of the diastereomers falls in between 73 to 43 Å𝟐  with an 

average of 61.2 Å𝟐. As expected, the head group areas obtained experimentally at pH 8 are bigger 

(range: 120-80 Å𝟐, average: 98.25 Å𝟐) due to the presence of the ionic charge and the 

electrostatic repulsion originating from them (Figure 5. 6B). The headgroup areas get reduced 
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considerably, falling in the range of 23-21 Å𝟐 with 21.5 Å𝟐 average when the surface tension-

concentration curves are obtained at pH 4 with the protonated rhamnolipids (Figure 5. 6C). The 

reduction in headgroup area pH 4 is expected due to the protonation of the carboxylic acid and 

the consequential absence of electrostatic repulsion, but the areas are lower than the physical 

surface of the footprints of the atoms present in the bottom face of the rhamnolipid hydrophilic 

moiety. This observation was rationalized by adsorption of the surfactants in a hemimicelle 

configuration at the interface,13,17 making the apparent average headgroup areas smaller than 

the physical limit. These results obtained from the predictions and measurements of Rha-C10-

C10 diastereomers may be used as a model to frame expectations for members of the Rha-C14-

Cx series. However, this must be done with caution, since it is clear from these results that the 

details of the structure of the hydrophobic moiety have an impact on the headgroup area, even 

at the stereochemical level.  

In the present case, we have a mixture of diastereomers, and the headgroup areas estimated 

from the surface tension-concentration curves will represent an average headgroup area. 

Although we cannot parse out the contribution of the each diastereomer to the average 

headgroup area, we have a clear idea of the contributions of the stereochemical effects on this 

parameter. At basic pH, the headgroup area varies over a range 37 Å2 which represents about 

50% of the footprint of the Rha-C10-C10. On the other hand, the stereochemistry of the lipid tails 

at pH 4 does not have an effect on the headgroup area.  Herein, we have the opportunity to 

effectively isolate and explore the effects of changing the number of methylene groups in the 

outer lipid tail on the headgroup area and the predictions on aggregation that derive from them.  
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Figure 5. 7 shows the dependence of the headgroup with the lipid tail symmetry for the Rha-C14-

Cx series. It is observed that Rha-C14-C6 has the biggest headgroup area, which might not be 

expected, since it is the smallest member of the Rha-C14-Cx series. It is striking that the 

headgroup areas for Rha-C14-C8, Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14 are similar to the 

area calculated for the single tail Rha-C14. It is important to note that these Rha-C14-Cx 

molecules have both intermolecular and intramolecular forces affecting the molecular area, and 

predictions from the footprint of the headgroup, such as in Figure 5. 6, would be less reliable at 

pH 8 with anionic repulsion and considering the observations from surface tension for anomalous 

ao trends. 

 
Figure 5. 7. Head group areas calculated from fitting the Langmuir-Szyszkowski isotherm to the surface tension-

concentration curves. 

Consideration of solely intermolecular interactions does not fully describe the situation, and it is 

necessary to revert to intramolecular interactions to explain the different headgroup areas 

among members of the Rha-C14-Cx series. The fact that rhamnolipids with more than 8 carbons 

on the outer lipid tail have the same head group area as a single tail rhamnolipid can be explained 
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by invoking the operation of dispersion London forces when a critical number of polarizable 

centers is reached. The polarizability and formation of instantaneous dipoles in C-H bonds has 

been extensively described.229,230 The space in between outer and inner lipid tail is short enough 

to have their methylene groups in the range of operation of such forces. The methylene-

methylene distance in between lipid tails was estimated by measuring the space between 

different atoms of the rigid 3-((3-hydroxypropanoyl)oxy)propanoic bridge and subtracting the 

average bond length of the C-H bonds. Figure 5. 8 shows these estimations, with H—H distances 

in the range of 1.87 and 3.96 Å𝟐. It is remarkable that regardless of the way the distance is 

measured, all fall in the range of operation of London dispersion forces.230 

Rha-C14-C14 Rha-C14-C6 Rha-C14-C8 

 

  

Rha-C14-C10 Rha-C14-C12 

  

Figure 5. 8. Potential intramolecular dispersion forces responsible for the head group areas observed for the 
members of the Rha-C14-Cx series. On the left of the composition, an estimation of the distance between the 

hydrogens of the lipid tails is shown using Rha-C14-C14 as example. The inter lipid distance is dictated by the size 
of the bridge. In principle, Rha-C14-C6 would not experience these forces due to the lack of polarizable centers on 

the secondary outer lipid tail.  
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The consequence of these intra-lipid interactions is that, once the critical number of polarizable 

centers on the outer lipid tail is attained, the two lipid tails acquire a more rigid conformation 

that align the tails within the hydrophilic headgroup footprint and effectively cause very similar 

consequences on the head group area as having only one lipid tail. On the other hand, for Rha-

C14-C6 with a smaller number of methylene groups, this intramolecular interaction seems to be 

nonexistent, making the outer lipid, although smaller, more flexible to adopt different 

conformations that may keep other molecules farther away at the interface and within 

aggregates by steric hindrance (Figure 5. 9) 

 
Figure 5. 9. Different conformations that Rha-C14-C6 may take because of the weak or inexistent intra-lipid 

dispersion interactions. The engagement of the carboxylic claw with the sugar moiety is looser as progressing from 
the left to the right. Exposing the carboxylate sodium ion pair more would increase the surfactant-surfactant 

electrostatic repulsions, hence increasing the head group area. 

Aggregate self-assembly behavior in aqueous solution 

Packing parameter predictions derived from surface tension measurements 

The semi-empirical packing parameter theory developed by Tanford231 is used here to 

hypothesize about possible aggregates that can be found in solution above the CMC. This is 

important not only for the experimental design, but also to have a theoretical basis for the 

possible boundaries when interpreting potentially highly convoluted data. Surfactant self-

assembly is a very dynamic and complex process. The techniques available to describe it in liquid 

Air 

Water 
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samples rely substantially on models that were developed for specific conditions that often are 

unfeasible to know a priori. For example, the Tachiya-Infelta model, used in TRFQ, fits well 

emission decay data from mixture of aggregates that are composed of >75% micelles.101 From 

this model, it is possible to get a wealth of valuable information. In case the model does not 

explain the data and poor fitting is observed, packing parameters may be used to rationalize the 

behavior in terms of predicting the formation of aggregates with geometries different than 

spherical micelles. The necessity for complementary and preceding information is even more 

important for dynamic light scattering experiments, where the data treatment relies completely 

on solving ill-posed mathematical problems with an infinite number of solutions and the need 

for more information on the appropriate model a priori; e.g. three polydisperse versus six 

monodisperse populations of aggregates.  This section is included before the results obtained by 

other experimental methods to open the way for a comparative discussion of the results.  

Table 5. 2 shows the packing parameters calculated using the Tanford empirical constants (vH 

and ℓmax) and the headgroup area (𝑎0) determined from the surface tension measurements. 

Four packing parameters were calculated: 𝑃𝑜𝑝𝑡−𝐿, 𝑃𝑜𝑝𝑡−𝑁𝐿,  𝑃𝑚𝑎𝑥−𝐿 and 𝑃𝑚𝑎𝑥−𝑁𝐿. The 𝑃𝑜𝑝𝑡 

couple is the packing parameters calculated considering the lipid tail length when the 

hydrocarbons lipid tail adopts the energy minimized zigzag or staggered conformation (ℓopt) in 

combination with the head group areas obtained from the linear (a0-L) and non-linear (a0-NL) fitting 

of the Langmuir- Langmuir-Szyszkowski isotherm to the surface tension-concentration curves. 

The 𝑃𝑚𝑎𝑥 pair is the packing parameter calculated considering that the hydrocarbon tail is fully 

extended (ℓmax) in combination with a0-L and a0-NL . The upper boundary condition is ℓmax, and 
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the bottom limit for length is uncertain, since the lipid tail may adopt other conformations at the 

expense of imposing some steric inter- and intra-lipid tail hindrance.  

 
Figure 5. 10. Physical meaning of ℓmax and  ℓopt. The panel on the extreme right shows some of the other many 

conformation the lipid tails can adopt. 

The packing parameter calculations are shown in Figure 5. 11. The geometry of the aggregates is 

a function of the lipid tail symmetry. For Rha-C14, the packing parameters predict self-assembly 

in the form of spherical micelles when a0-NL is used and cylindrical or ellipsoidal micelles when a0-

L is used in the calculation. For the case of Rha-C14-C6, all four packing parameters predict 

spherical micelles. Rha-C14-C8 has packing parameters that range from 0.44 to 0.80, with 

geometries of ellipsoidal and rod-like micelles, and interconnected structures. The packing 

parameters calculated using the a0-L and a0-NL parameters have larger differences for Rha-C14-

C10. When using a0-L, the packing parameters point to the formation of interconnected 

structures, right above the borderline of cylindrical/rod-like micelles when using lmax, and tending 

to vesicles and extended bilayers when using lmax for calculation. When using a0-NL, the packing 

parameters predict inverted structures. Rha-C14-C12 have packing parameters that range from 

the border of ellipsoidal and cylindrical micelles to interconnected structures with a tendency 

toward vesicles and extended bilayers. In the case of Rha-C14-C14, realistic values were obtained 

only when a0-L was used, giving values that correspond to the packing parameters of vesicles, 

extended bilayers and interconnected structures. 
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Table 5. 2. Packing parameters obtained from the surface tension measurements 

 𝒂𝟎  
(Å2) 𝒏 

𝒗𝑯  
(Å3) 

𝓵𝒎𝒂𝒙 
(Å) 

𝓵𝒎𝒊𝒏 
(Å) 

𝒂𝟎𝓵𝒎𝒊𝒏 
(Å3) 

𝒂𝟎𝓵𝒄 
(Å3) 

𝑷𝒎𝒊𝒏 𝑷𝒄 
Shape 

When  
𝓵𝒎𝒊𝒏 

Shape 
When  𝓵𝒄 

Rha-C14-C6 151.5 ± 10.6 (14) 404 19.25 14.5 2196.75 ± 0.01 2916.4 ± 0.00 0.18 0.14 SM SM 

Rha-C14-C8 53.7 ± 3.0 (16) 458 19.25 14.5 778.65 ± 0.03 1033.7 ± 0.03 0.59 0.44 EM EM 

Rha-C14-C10 42.9 ± 3.0 (18) 512 19.25 14.5 622.48 ± 0.06 826.4 ± 0.04 0.82 0.62 IS IS 

Rha-C14-C12 62.7 ± 2.7 (20) 565 19.25 14.5 909.59 ± 0.03 1207.5 ± 0.02 0.62 0.47 CRM CRM 

Rha-C14-C14 44.8 ± 2.4 (22) 619 19.25 14.5 649.60 ± 0.05 62.4 ± 0.04 0.95 0.72 IS IS 

Rha-C14 44.8 ± 1.1 (11) 323 19.25 14.5 649.31 ± 0.03 862.0 ± 0.02 0.50 0.38 CRM EM 

Spherical micelles = SM; ellipsoidal micelles = EM; cylindrical/rodlike micelles =CRM; Interconnected Structures = IS; vesicles/extended 
bilayers = VEB; family of inverted structures = FIS.
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Figure 5. 11. Packing parameters calculated using head group areas calculated from the linear (a0-L) and non-linear 

(a0-NL) fitting of the Langmuir-Szyszkowski adsorption isotherm and estimation of the hydrocarbon chain length, lmax 

and lopt.  

The packing parameters calculated using different headgroup areas and hydrocarbon lengths 

provide very different pictures about the geometry of aggregates in solution with the minimum 

chemical potential per monomer. To address the validity and relative accuracy of these four 

packing parameters, it is first necessary to determine if these geometries fall into physically 

meaningful dimensions. This can be determined using geometric relations between headgroup 

area, volume and lipid tail length as expressed in Equation 5. 3 to Equation 5. 6.  Equation 5. 3 

provides the geometric relation for spheres, Equation 5. 4 for cylinders, Equation 5. 5 for planar 

bilayers and Equation 5. 6 for vesicles. If the length (l) calculated from the ratio (R) of volume/a0 

using the experimentally-determined a0 is above the physical limit lmax, this means that the 

packing parameter calculations presented in Figure 5. 11 for that specific geometry must be 

discarded.   
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Equation 5. 3 

Sphere 

𝑅 = 3𝑣/𝑎0 

Equation 5. 4 

Cylinder 

𝑅 = 2𝑣/𝑎0 

Equation 5. 5 

Planar bilayer 

ℓ = 𝑣/𝑎0 

Equation 5. 6 

Vesicle  

ℓ = ℓ𝑐 > 𝑣/𝑎0 

 

Figure 5. 12 shows the calculation of lipid tail length as a function of their geometry, headgroup 

area and hydrophobic moiety volume. Two calculation sets per glycolipid are depicted, one for 

each of the headgroup areas a0-L and a0-NL. Again, the purpose of Figure 5. 12 is to determine 

which of the four packing parameters presented in Figure 5. 11 for each member of the Rha-C14-

Cx series are physically meaningful. Any calculated point and predicted geometry that is above 

the lmax is unlikely to be present in solution due to an energetically unfavorable C-C bond length. 

The “max” and “opt” labels refer to geometric predictions by the packing parameters calculated 

using lmax and lopt. 

These calculations support the notion that Rha-C14 aggregates have a cylindrical or spherical 

geometry. Rha-C14-C6 forms spherical micelles, while Rha-C14-C8 should form either cylindrical 
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micelles tending to spherical micelles or planar bilayers/vesicles. The aggregate that keeps an 

energy minimized and physically possible lipid tail length for Rha-C14-C10 is a planar bilayer, 

while Rha-C14-C12 and Rha-C14-C14 should form planar bilayers and vesicles. The numerical 

values from Figure 5. 12 are presented in Table 5. 3.  

 

Table 5. 3. Lipid tail length calculated in function of their geometries, head group area and hydrophobic moiety 
volume 

 
  Sphere Cylinder 

Planar 
bilayer 

Vesicle 

 
𝑽(Å3) a0 (Å2) 𝑅 = 3𝑣/𝑎0 𝑅 = 2𝑣/𝑎0 ℓ = 𝑣/𝑎0 ℓ = ℓ𝑐 > 𝑣/𝑎0 

Rha-C14 323.3 40.78 23.8 15.9 7.9 7.9 

Rha-C14-C6 404 151.50 8.0 5.3 2.7 2.7 

Rha-C14-C8 457.80 53.70 25.6 17.1 8.5 8.5 

Rha-C14-C10 511.60 42.93 35.8 23.8 11.9 11.9 

Rha-C14-C12 565.40 62.73 27.0 18.0 9.0 9.0 

Rha-C14-C14 619.20 44.80 41.5 27.6 13.8 13.8 
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Rha-C14 Rha-C14-C6 Rha-C14-C8 

   

Rha-C14-C10 Rha-C14-C12 Rha-C14-C14 

   

Figure 5. 12. Hydrocarbon chain length in function of four common aggregate geometry profiles. The calculations are done with Equation 5. 3-Equation 5. 6 
using the head group area (a0) obtained by fitting the linear version of the Langmuir-Szyszkowski adsorption model to the surface tension-concentration 

curves. The horizontal red line represents the maximum length the hydrocarbon chain can reach (ℓmax). Anything above the red dotted line is not energetically 
favorable and unlikely to happen at room temperature. The horizontal blue line represents the optimal hydrocarbon chain length (ℓopt) obtained by minimizing 

the energy of the glycolipid in ChemDraw 3D. The labels “max” and “opt” refer to the geometries predicted using the packing parameters (Figure 5. 11) using 
ℓmax and ℓopt. 
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Characterization of aggregate size and type by dynamic light scattering  

The regularization and regression analysis of the combined autocorrelation functions yielded the 

mass, number and intensity distributions as a function of concentration (1-35 mM) for the 

aqueous solutions of sodium salts for members of the Rha-C14-Cx series presented in Figure 5. 

13. In qualitative terms of most prevalent population, the number and mass distributions 

resemble each other in the case of each congener. Intensity distributions show a larger relative 

abundance of aggregates with the biggest hydrodynamic radii. From these experiments, two 

pieces of information are of interest: the size of the aggregates and the polydispersity as a 

function of concentration and lipid tail symmetry.  

In terms of polydispersity, it was observed that the inventory of aggregates becomes more 

complex as the lipid tail symmetry increases, but stays essentially the same as a function of 

concentration, with some appreciable changes in relative abundance. In terms of size, and 

according to the mass and number distributions, the solutions of all members of the series in the 

concentration range explored are rich in aggregates in the Rh range of 1-2 nm with a relative 

abundance >90%. Aggregates of this size are usually classified as micelles. Also, all members have 

at least two groups of bigger aggregates that slightly change their relative abundance as a 

function of concentration: one group with a size range of 5-20 nm and the other with sizes within 

50-100 nm. The relative abundance of these bigger aggregates is larger for Rha-C14-C12 and Rha-

C14-C14 in comparison with the other members of the series. This becomes more apparent when 

looking at the mass distributions. In summary, concentration seems not to have an important 

effect in the present groups of aggregates; however, as the lipid tails become more symmetric 

the bigger aggregates have a larger relative abundance.  
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Figure 5. 13. Mass, number and intensity distributions of aggregates of the members of the Rha-C14-Cx series (x = {6, 8, 10, 12, 14}) in function of 

concentration at pH 8. The area of the bubbles in the scattering plots are proportional to the area of the peaks reported by Omnisize. The error bars refer to 
standard deviations of the peaks. Data points where only the error bars are visible mean that these aggregates have a concentration not appreciable, 

compared to the main aggregate.
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Determination of aggregation numbers and their distributions for members of the Rha-
C14-Cx series by time resolved fluorescence quenching 

The emission decays of the fluorescence quenching of pyrene by different concentrations of 

benzophenone in 25 mM aqueous solutions of the members of the Rha-C14-Cx series 

buffered to pH 8.0 are presented in Figure 5. 14 as semi-logarithmic plots.  Quencher 

concentration is expressed as , the ratio of quenchers bound to aggregates defined by the 

approximation provided by Equation 1.43.  The emission decays of the fluorescence 

quenching of three replicates of independently prepared samples is collected for each value 

of  from 0 to 0.03.  

Figure 5. 14  shows that the lipid tail symmetry has a profound effect on the profile of the 

fluorescence quenching decays for solubilized pyrene. In order to determine the aggregation 

numbers and microenvironments of the aggregates, the data were fit to the Tachiya-Infelta 

model (Equation 1.26). The goodness of fit to this model was evaluated by inspection of the 

residuals between the model and the data (Figure 5. 15), and by using the quantitative 

statistical parameters and methods: reduced chi squared (𝜒2), Durbin-Watson test and runs 

test (Figure 5. 16). Visual inspection of the residuals reveals that there is bias in the fitting of 

the model. There is a structured, non-random behavior of the residuals at earlier times (first 

200 ns) that becomes larger in magnitude as the lipid tail symmetry increases. The results of 

the statistical methods shown in Figure 5. 16 present a quantitative evaluation of the 

goodness of fit. A good fit was considered attained when 𝜒2 < 1.7, DW > 1.6 and runs test = 

0. Solutions of Rha-C14-C6 and Rha-C14-C8 at any value of  fulfilled these criteria. Poorer 
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fits were observed as the lipid tail symmetry increased, in agreement with the observations 

from inspection of the residuals.  

The fluorescence quenching decay profiles provide qualitative information about the possible 

morphology and dynamics of the aggregates wherein the photophysical processes of this 

experiment occurred. For example, micellar systems without migration of the fluorescence 

probe show a fluorescence quenching decay profile with 1) a fast multi-exponential decay at 

earlier times of the emission, and 2) the slope of the emission decays at longer times linear 

throughout the whole relaxation with the same slope as the emission decay for pyrene 

solubilized in aggregates in the absence of quenchers. These features are shared by the 

emission decays for Rha-C14-C6 and Rha-C14-C8.  

In contrast, Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14 behave like what has been 

identified by simulations in previous reports101,232 as the emission decays for 

microheterogeneous systems compartmentalized in aggregates of bigger sizes like vesicles. 

The characteristics of these emission profiles are easy to identify: lack of the initial fast multi-

exponential decay, and a decay that looks almost linear with a long weak curvature. It is 

important to note that at higher values of  and longer times, the emission decays for Rha-

C14-C12 and Rha-C14-C14 (and for Rha-C14-C10 to a lesser extent) are not parallel to the 

emission decay for pyrene in the absence of quencher. This is usually attributed to relocation 

of the fluorescent probe233 to bulk solution or a change in probe microenvironment during 

the experimental window. The reason this is observed at higher quencher concentrations is 

due to partitioning of the quencher. At lower concentrations, quencher molecules will occupy 

aggregates with the highest mass of surfactant which are the most hydrophobic. As the 
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quencher concentration increases, quencher molecules distribute into aggregates that, as a 

collective, form from a smaller mass of the total surfactant mass and are less hydrophobic. In 

these less hydrophobic aggregates, the polyaromatic hydrocarbon pyrene can exchange with 

the bulk or be exposed to changing microenvironments due to the influx of solvent and buffer 

components during the time window of the experiment. The evidence that supports the 

presence of slightly more hydrophilic aggregates for the more symmetric members of the 

series consists of the lifetime measurements for pyrene in absence of quencher (see below).  

In summary, Rha-C14-C6 and Rha-C14-C8 form aggregates that are rich in micelles, and the 

fluorescence quenching decays fit the Tachiya-Infelta model. The members of the series with 

higher lipid tail symmetry form aggregates in which the fluorescence quenching decays 

resemble profiles observed in solutions with aggregate inventories rich in vesicles. It is 

remarkable that, even when the probe is highly hydrophobic, it seems that the probe is either 

exchanging with the bulk solution or being exposed to dynamic microenvironments that 

fluctuate from hydrophobic to slightly hydrophilic. 
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Rha-C14-C6 Rha-C14-C8 

  
Rha-C14-C10 Rha-C14-C12 

  
Rha-C14-C14 

 
Figure 5. 14.  Semilogarithmic plots of the fluorescence decays of pyrene quenched by different 

concentrations of benzophenone (Q). The probe and the quencher are solubilized in 25 mM aqueous solutions 
at pH 8.0 of the members of the series Rha-C14-Cx. The plots demonstrate the effect of the symmetry of the 

lipid tails on the kinetics of the quencher.  
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Figure 5. 15. Residuals of the fitting of the Tachiya-Infelta model to the fluorescence quenching decay data of 

the members of the Rha-C14-Cx series at various <Q>. Bias of the fitting can be identified by inspection. 
Residual structure can be observed at earlier times of the decay for Rha-C14-C10, Rha-C14-C12 and Rha-C14-

C14.
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Figure 5. 16. Statistical parameters of the goodness of the fit of the Tachiya-Infelta model to fluorescence quenching of pyrene by benzophenone in 25 mM pH 8.0 buffered 

aqueous solutions of the members of the Rha-C14-Cx series at different values of  (3 repetitions per ). For each member of the series, reduced𝜒2, Durbin Watson test (DW) 
and runs test were evaluated. A good fitting is considered when𝜒2 > 1.7, DW >1.6 and runs test = 0.
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Determination of polydispersity in bulk solution for members of the Rha-C14-Cx series 

The main purpose of the TRFQ experiments for aggregate solutions of members of the Rha-C14-

Cx series is determination of the statistical average and distribution of the aggregation numbers. 

In previous sections, it was explained how three different aggregation numbers can be 

determined experimentally from the dependence of the apparent aggregation number (Nagg,Q) 

with quencher concentration (actually 𝜂 ): 1) Nagg,Q is the apparent aggregation number obtained 

at each concentration of quencher; 2) Nagg,I is the number average aggregation number obtained 

at the plateau of the Nagg,Q function at higher concentration of Q; 3) Nagg,W is the weighted average 

aggregation number, which is the aggregation number when [Q] approaches zero (Equation 

1.47). By definition Nagg,W ≥ Nagg,i. When there is not polydispersity, Nagg,W = Nagg,N, and  Nagg,Q 

remains constant while changing 𝜂 . 

The aggregation number can be obtained from parameters of the Tachiya-Infelta model 

(Equation 1.22 and Equation 1.27 to Equation 1.35, as applicable) at each quencher 

concentration. Figure 5. 17 shows the dependence of aggregation number with quencher 

concentration. The factors of the polynomial that describes the dependence of Nagg on  are the 

statistical parameters that describe the Nagg statistical distribution (Equation 1.49, Equation 1.50 

and Equation 1.51). In practice, a second and third order polynomial is fit to the Nagg obtained at 

different values of . It is desirable to fit a third order polynomial to data sets with eight or more 

data points to avoid overfitting; however, three terms were fit to five points herein to provide 

insight on kurtosis with this consideration in mind. The equation of the polynomials of second 

and third order are provided in Table 5. 4, and the statistical parameters describing the 



249 
 

polydispersity derived from the polynomials are presented in Table 5. 5. Fitting parameters with 

conditions of R2 > 0.9, σ ≥ 0, and λ ≥ ~0 are considered good and realistically feasible. 

The profile of the function of Nagg,Q with  provides information about the polydispersity in the 

aggregation number of aggregates and is analyzed for each member of the Rha-C14-Cx series. 

However, much of the discussion for the longer chain members is considered within the 

framework of poor fits to the Tachiya-Infelta model for these data sets. The Tachiya-Infelta model 

fits well only for the Rha-C14-C6 and Rha-C14-C8 emission decays.  

Nagg,Q is independent of Q for aggregates of Rha-C14-C6, so the distribution of aggregation 

numbers should be narrow or monodisperse and the fitting of the polynomial terms will return 

poor R2 values indicating no trend. Both the 2nd order polynomial model and the 3rd order 

polynomial model fail the criteria for a good fit, consistent with the experimental observation of 

the independence of Nagg,Q from [Q]. This makes any conclusion from the parameters of the 

polynomial fits invalid for this member of the series. Figure 5. 18 shows the probability 

distribution function for both polynomials. This figure more easily demonstrates the narrow 

distribution of the Nagg for Rha-C14-C6 aggregates, with values typical for micelles.  

In contrast, for aggregates of Rha-C14-C8, both polynomials infer broad polydispersity with 

standard deviations 2 = 66.12 and 3 = 110.02 that represent coefficient variations of 99.36% 

and 124.50% respectively, very similar goodness of fit and small positive skewness. Nagg,w values 

obtained from the 2nd and 3rd order polynomial fitting are in the range of the aggregation 

numbers of micelles (Nagg  102). One reason for the broader distribution and positive skew in 

Nagg is due to a small presence of vesicles, which could be detected by DLS.  
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The information obtained about the distribution of aggregation numbers for Rha-C14-C10, Rha-

C14-C12 and Rha-C14-C14 present several anomalies, which can be attributed to poor fitting to 

the Tachiya-Infelta model. For example, for Rha-C14-C10 and Rha-C14-C12, Nagg,Q increases with 

, making Nagg,w < Nagg,i, when the exact opposite is the physically possible trend. In addition, the 

predicted Nagg,w from both polynomials is smaller than the expected values, since there is direct 

and indirect evidence for the presence of vesicles in the inventory of aggregates in these 

solutions. The evidence consists of the poor fitting of the Tachiya-Infelta model, the shape of the 

emission decays and the dynamic light scattering results.   

In summary, the distribution of aggregation numbers was assessed quantitatively only for Rha-

C14-C6 and Rha-C14-C8. Rha-C14-C6 presents a narrow distribution of aggregation numbers that 

are representative of micelles. Rha-C14-C8 has a broader distribution with a larger average 

aggregation number, which reflects the mixture of aggregates composed mostly of micelles with 

some bigger aggregates like vesicles in amounts smaller than 25%. The data for Rha-C14-C10, 

Rha-C14-C12 and Rha-C14-C14 present abnormal behavior, due to bad fitting of the Tachiya-

Infelta model; thus, quantitative inferences cannot be made from these data sets. 

Table 5. 4. Equation of the 2nd and 3rd order polynomials fitted to the Nagg,Q- curves. 

Surfactant 2nd order polynomial fit 3rd Order polynomial fit 

Rha-C14-C6 y=-2571.4x2+16.857x+38.86 y = 3E+06x3 - 206571x2 + 3807.9x + 17.44 

Rha-C14-C8 y=39714x2-2186.6x+66.54 y = -3E+06x3 + 247714x2 - 6051.9x + 88.38 

Rha-C14-C10 y=-20286x2+1065.4x+28.3 y = -1E+06x3 + 55714x2 - 346.9x + 36.28 

Rha-C14-C12 y = -95429x2 + 5273.1x - 4.22 y = -1E+06x3 - 11429x2 + 3712.1x + 4.6 

Rha-C14-C14 y = 14857x2 - 1070.3x + 62.9 y = 66667x3 + 10857x2 - 995.95x + 62.48 
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Figure 5. 17. Nagg,Q- curves fit to 2nd and 3rd order polynomials for Rha-C14-C14, Rha-C14-C12, Rha-C14-C10, 

Rha-C14-C8 and Rha-C14-C6 at 25 mM, pH 8.0 and RT. 

 

Table 5. 5. Polydispersity parameters of the aggregation numbers distribution after fitting the data below to a 
polynomial of second and third order. The 3rd order polynomial is calculated only for qualitative assessment.  

*indicates a poor fit 

Surfactant 
Polynomial 

order 
𝑵𝒂𝒈𝒈,𝒘 𝝈 𝝀 𝝃 𝑹𝟐 Polydispersity 

Rha-C14-C6 
2 39 6 -40 - 0.3011 No* 

3 17 87 -0.9 -0.5 0.7119 Yes* 

Rha-C14-C8 
2 67 66 0.4 - 0.963 Yes 
3 88 110 0.6 -0.31 0.9882 Yes 

Rha-C14-C10 
2 28 46 -0.6 - 0.9583 Yes 
3 36 26 9 5.86 0.9758 Yes 

Rha-C14-C12 
2 4 10 -0.3 - 0.9976 Yes 
3 5 87 -0.05 -0.32 0.9983 Yes 

Rha-C14-C14 
2 63 46 0.5 - 0.8866 Yes 
3 62 45 0.4 -0.42 0.8866 Yes 
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Rha-C14-C6 Rha-C14-C8 
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Figure 5. 18. Normalized and standardized probability density functions for the distributions of aggregation 

numbers of aggregates of 25 mM solutions of the members of Rha-C14-Cx at pH 8.0 and room temperature. The 

parameters were obtained from the 2nd and 3rd order polynomial fit to the Nagg,Q- curves. 
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Determination of quencher mass transport relative to fluorescence lifetime 

In Figure 5. 19, A2 is plotted as a function of [Q] for assessing the migration and/or partitioning 

of the quencher during the experimental time window. It is unlikely that the quencher migrates, 

as the K for aggregates more hydrophobic than SDS micelles is > 104, and each of these aggregates 

are more hydrophobic than SDS as indicated by the natural fluorescent lifetime of >320 ns. 

However, if the quencher undergoes either or both of these mass transport phenomena, the A2 

term is going to change linearly as a function of quencher concentration, and the calculations 

should be made in terms of Equation 1.30 or Equation 1.33.  Additionally, A2 versus [Q] data 

shown in Figure 5. 19  are well fit with straight lines. There is minimal slope for Rha-C14-C6, Rha-

C14-C8 and Rha-C14-C10, indicating negligible mass transport. However, as the asymmetry of the 

lipid tails increases, there is a stronger dependence of A2 on benzophenone quencher 

concentration. This indicates that 25 mM aqueous solutions at pH 8.0 of Rha-C14-C12 and Rha-

C14-C14 form aggregates in which the quencher undergoes mass transport on the time scale of 

the experiment. However, it is important to note that the emission decay goodness of fit to the 

Tachiya-Infelta model for all members of the Rha-C14-Cx series except Rha-C14-C6 and Rha-C14-

C8 is poor; thus, assertions about quencher mass transport on the basis if these fits should be 

viewed with caution. The A2 term is extracted from the slope of the linear portion at longer times 

of the emission decays,120 making it less sensitive to the convoluted quenching dynamics of 

mixtures of vesicles and micelles of unknown composition that occur at shorter times. Also, it is 

interesting that, regardless of the goodness of fit, the relationship between [Q] and A2 is linear 

as predicted by Equation 1.30 or Equation 1.33, and the inverse of the intersections at the y-axis 
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((𝜏0) ns) are very similar for all members of the series and close to the reported values for the 

lifetime of pyrene in hydrocarbon solvents.234 

 
Figure 5. 19. A2 is plotted in function of [Q] for assessing the migration or/and partition of the quencher during the 

experimental window. If the quencher undergoes any of these two or both mass transport phenomena, the A2 
term will change linearly as a function of quencher concentration. 

Table 5. 6. Linear equation paramaters obtained by linear regresion analysis of the data points of the A2-[Q] plots. 
These values should be viewed with caution, since they are obtained from a poor fit to the Tachiya-Infelta model. 

Rha-C14-Cx Slopea,b (Y-axis intersect)  (𝝉𝟎) 𝒏𝒔  R2 

Rha-C14-C6 0.51 (2.543  0.090) x10-3  400  14 0.7498 

Rha-C14-C8 0.69 (2.556  0.043) x10-3 384.61  6.55  0.9607 

Rha-C14-C10 1.23 (2.348  0.046) x10-3 434.80  8.37 0.9851 

Rha-C14-C12 4.95 (2.391  0.25) x10-3 416.70  44.10 0.9731 

Rha-C14-C14 8.13 (2.880  0.092) x10-3 344.82  11.06 0.9986 

Slope adopts different meaning depending on the transport phenomena exhibited by the 

quencher, a𝑠𝑙𝑜𝑝𝑒 = (
𝑘𝑄

𝐴4
) (

𝑘−

[𝑴]
) or b 𝑠𝑙𝑜𝑝𝑒 = (

𝑘𝑄

𝐴4
) (

𝑘−

1+𝐾[𝑴]
) 

Y-axis intercept is KF in ns-1, and its inverse, the lifetime of the probe 𝝉𝟎 in absence of 
quencher. 
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The rate constant for exit of the quencher benzophenone from aggregates (k-) was calculated 

from the emission decay data using the Tachiya-Infelta model. The values are plotted as a 

function of  in Figure 5. 20.  As indicated above, caution must be used when assessing the values 

of k- calculated for the members of the series with poor fitting (Rha-C14-C10, Rha-C14-C10 and 

Rha-C14-C10). For comparison, Table 5. 7 shows values of k- for different solubilizates collected 

from the literature for aggregates of SDS with one entry for CTAB. Benzophenone and pyrene in 

SDS have exit rate constants of 2.00 x 10-3 ns-1 and 1.80 x 10-8 ns-1 respectively. This large 

difference in k- values for these two solubilizates can be explained in terms of the polarity of the 

molecules. Figure 5. 20 shows that Rha-C14-C6, Rha-C14-C8 and Rha-C14-C10 aggregates keep 

the quencher more immobile than the other two members of the series with values of k- ranging 

between 4 x 10-5 ns-1 and 4 x 10-4 ns-1. The k- values for Rha-C14-C12 and Rha-C14-C14 resemble 

the exit rate constant of benzophenone in aggregates of SDS. Also, from Figure 5. 20, it was 

observed that the values of the rate constant for Rha-C14-C12 are independent of the 

concentration of the quencher, indicating that the aggregates of different morphology in the 25 

mM solution of Rha-C14-C12 present similar dynamics. This is not the case for Rha-C14-C14, for 

which the k- value represents an increment of about 55% over the quencher concentrations 

explored. If we consider that Rha-C14-C14 is polydisperse and that benzophenone would load 

progressively as the concentration increases first into aggregates with higher abundance, this 

indicates that the aggregates of Rha-C14-C14 of lower abundance have a smaller affinity for 

benzophenone.  

In summary, the k- values are in agreement with the conclusions drawn from plotting A2 vs . 

Benzophenone in Rha-C14-C12 and Rha-C14-C14 aggregates have exit rate constants that are 
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two orders of magnitude bigger than the k- values observed for aggregates of Rha-C14-C6, Rha-

C14-C8 and Rha-C14-C10, defining the former two as fluorescence quenching systems in which 

the quencher is mobile and the probe assumed static. Given that the k- values for Rha-C14-C12 

are essentially independent of quencher concentration () does not contradict the directly 

proportional linear dependence of A2 with quencher concentration. The linear dependence of 

A2 with [Q] would be observed as long as an appreciable quencher mobility is present.  

 

 

Figure 5. 20. Exit rate constant (k-) of benzophenone in aggregates formed in 25 mM pH 8.0 aqueous solutions of 
the members of the Rha-C14-Cx series. See Table 5. 7 for a comparison with other solubilizates in aggregates of 

SDS solutions. 
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Table 5. 7. Rate constant for the exit of solubilizates from aggregates of SDS and CTAB.  

Solubilizate k- (ns-1) SurfactantReference 

m-dicyanobenzene 6.00 x 10-3 SDS235 

1-bromophtalane 2.50 x 10-5 SDS233 

1-chloronaphtalene 4.30 x 10-5 SDS236 

Toluene 1.40 x 10-3 SDS237 

Biphenyl 1.20 x 10-4 SDS69 

Pyrene 1.80 x 10-8 SDS238 

Acetophenone 7.80 x 10-3 SDS239 

Propiophenone 3.00 x 10-3 SDS240 

Benzophenone 2.00 x 10-3 SDS240 

Duroquinone 6.00 x1 0-4 CTAB241 

Acetone 4.00 x 10-1 SDS239 

Diiodomethane 9.50 x 10-3 SDS242 

Ethyliodide 1.00 x 10-2 SDS68 

Buthyliodide 1.40 x 10-3 SDS68 

Cis-1,3-pentadiene 8.90 x 10-3 SDS72 

1,3-hexadiene 2.30 x 10-3 SDS72 

1,3-Octadiene 1.30 x 10-4 SDS72 

1,3-Cyclohexadiene 3.50 x 10-4 SDS72 
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Average microenvironment of the aggregates of aqueous solutions of the members of the 
Rha-C14-Cx series 

The lifetime of the fluorescent emission of pyrene can be used to determine the average 

microenvironment of the location of the probe. It is important to determine the polarity of the 

microenvironment inside the aggregates, because this provides insight about the average 

morphology of the aggregates occupied by the fluorescent probe and allows us to make 

comparisons with other surfactant systems, or the polarities of homogenous solutions of solvents 

of known composition. Actually, pyrene has found application in determining a scale of polarities 

of multicomponent solvent mixtures.243 In principle, as the hydrophobicity of the environment 

that the fluorescent probe occupies increases, the lifetime of the probe’s excited state increases 

too. Excited states are more polar than their ground states, so a more favorable and efficient 

thermal relaxation can occur as the polarity increases, thus reducing the lifetime. In other words, 

the lifetime of a fluorescent probe is longer in environments like cyclohexane (e.g. 408  5 ns for 

pyrene)244 and shorter in environments like water (226  10 ns for pyrene)79. Table 5. 8 provides 

values for other solvents and solutions of surfactant aggregates. 

The lifetime of pyrene solubilized inside aggregates can be estimated by fitting a straight line to 

the semi-logarithmic emission decay. The slope of the line fit by regression analysis is the lifetime 

(Equation 5. 7). 

Equation 5. 7 

ln [
𝐼(𝑡)

𝐼(0)
] = −

𝑡

𝜏
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These observations, in the absence of quenching, are independent of the complexities included 

in considering the dynamics of quenching. Thus, the lifetimes obtained are valid, regardless of 

the poor fitting to the Tachiya-Infelta model. 

The environment around a given fluorescent probe inside a surfactant aggregate is defined by 

more factors than a dielectric constant or a dipole moment like in a homogenous liquid. The 

environment seen by a probe in microheterogeneous solutions is defined by the morphology of 

the aggregate, the polarity of the probe, the distance from the probe to the polar moieties of the 

surfactant, the molecular structure of the surfactant headgroup, the temperature, the packing of 

the surfactants, the viscosity, and the partial incursion of water molecules into the aggregate to 

thereby affect inner polarity.  

It is a complex task to define a general rule about what kind of aggregates provide what kind of 

environment, since many factors govern fluorescent lifetime. However, when the probe is known 

to occupy the region close to the surface of the aggregates like the flat molecule pyrene65 

(~50 Å2), it is possible to take into account the curvature of the aggregates to make predictions 

about environment and vice versa. There is a correlation between tightness of the molecular 

packing and curvature of the aggregate. According to data from probing surfactant aggregates 

with pyrene,18,44,245 prodan246 and laurdan247, high curvature facilitates penetration of water 

molecules that results in an increase of the polar character of the inner aggregate 

microenvironment. Larger aggregates like vesicles, which possess a smaller curvature, are more 

hydrophobic than micelles. The reduced hydrophobicity from the less tightly packed micelles 

comes from water penetration. Water can penetrate farther at the expense of creating a larger 

aggregate-solvent interfacial tension depending on the morphology of the aggregate.   
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Figure 5. 21 shows the emission decays for pyrene solubilized in the aggregates of the Rha-C14-

Cx series and the lifetimes calculated from fitting these to Equation 5. 7 over the time period 

from 50 to 1550 ns. Figure 5. 21B shows that as the symmetry of the lipid tails increases, the 

average lifetime of pyrene decreases. In other words, as the symmetry of the lipid tails increases, 

the polarity of the average microenvironment of pyrene increases. This is counterintuitive, since 

the number of methylene groups increases with lipid tail symmetry, so the hydrophobicity of the 

amphiphiles should increase as well. However, as stated above, the lifetime of pyrene depends 

on the microenvironment of the specific region of the aggregate in which it resides. In principle, 

as stated above, the smaller the curvature of the aggregate, the more hydrophobic the 

environment inside the aggregate.  So, it should be expected that the members of the Rha-C14-

Cx series that are richer in bigger aggregates (i.e. vesicles) should provide a more hydrophobic 

environment.  

According to our DLS measurements and the emission decay profiles for pyrene quenching by 

benzophenone, we know that as the lipid tail symmetry increases, the relative abundance of 

vesicles increases as well. We also know that Rha-C14-C6 and Rha-C14-C8 aggregate inventory is 

made up of mainly high-curvature micelle aggregates. Nevertheless, we observe opposite to the 

expected behavior: Rha-C14-C6 micelles provide the most hydrophobic average environment for 

pyrene. In addition, the lifetime measured for pyrene Rha-C14-C6 micelles is longer than the 

lifetime for highly hydrophobic solvents like cyclohexane (408  5 ns). This means that pyrene in 

Rha-C14-C6 does not interact with the headgroup, presumably due to more free volume among 

the chains while in the more symmetric rhamnolipids, pyrene is located closer to the headgroups 

and the water molecules surrounding them.  
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This can be explained in terms of the intramolecular interactions that occur at the lipid tails. 

During our discussion about the packing parameters and headgroup area measurements by 

surface tension, we inferred that as the number of methylene groups increases on the outer lipid 

tail, the two hydrocarbon chains behave more and more as one big and stiffer lipid tail due to the 

dispersion intramolecular forces. The absence of these intramolecular interactions is likely to still 

hold true for Rha-C14-C6 aggregates as for Rha-C14-C6 at the interface. If this conjecture is 

correct, the outer lipid tail would impose steric hindrance that would avoid the location of pyrene 

closer to the polar moieties of the headgroup and somehow shield the penetration of water 

molecules, even when the curvature would allow it. On the other hand, the intramolecular 

interactions occurring in congeners with more symmetric lipid tails would allow the location of 

the pyrene probe closer to the headgroup and the corresponding influence of water. Figure 5. 22 

depicts this idea. 

  

Figure 5. 21. A) Emission decays of 35 µM pyrene in 25 mM pH 8.0 buffered aqueous solutions of the members of 
Rha-C14-Cx in absence of quencher. B) Life times obtained from the slope of the emission decays observed after 50 

ns; the error bars are smaller than the data points. Data suggests that hydrophobicity of the environment at the 
average location of the probe decreases as the symmetry of the lipids tails increase.  
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Figure 5. 22. Proposed locations of pyrene in Rha-C14-C6 and Rha-C14-C14 aggregates. The intramolecular 
interactions of the lipid tails drive the residence of pyrene towards different locations. The intramolecular 

interactions of highly symmetric lipid tails drive the location of pyrene close to the headgroup in between the 
monomers. The absence of intramolecular interaction in asymmetric congeners drives pyrene into the region in 

between lipid tails and close to the 3-((3-hydroxypropanoyl)oxy)propanoic acid bridge.  
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Table 5. 8. Relaxation time (𝜏0) of pyrene in different solvents and the aggregates of different surfactant solutions 
(HDTBr: hexadecyltrimethylammonium bromide; HDTCl: hexadecyltrimethylammonium chloride; SDS: sodium 

dodecyl sulfate; Cel-O-Cn: alkyl cellobiosides). Conditions: A) Solution saturated with N2, B) degassed solutions, C) 
Solutions degassed by freeze-pump-thaw and saturation with N2. 

Solvent Pyrene 𝝉𝟎(ns) Conditions Reference 

Water 226  10 A 79 

Aqueous HDTBr (5.5 mM) 165  5 A 79 

Aqueous HDTCl (6.5 mM) 281  22 A 79 

Aqueous SDS (9.7 mM) 314  10 A 79 

Cyclohexane 408  5 B 246 

1,2-diclhoroethane  202  3 B 246 

DMSO 275  11 B 246 

Aqueous Cel-O-C12 (~20 mM) 360 C 18 

Aqueous Cel-O-C10 (~20 mM) 325 C 18 

Aqueous Cel-O-C8 (~20 mM) 325 C 18 

Estimation of vesicle concentration in the aggregate inventory for members of the Rha-
C14-Cx series 

When the experimental conditions are properly selected, visual inspection of the emission decay 

provides insight to identify non-micellar systems. Also, a poor fit to the Tachiya-Infelta model can 

indicate the presence of aggregates different than micelles. The members of this series with 

higher lipid tail symmetry, Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14, make 
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microheterogeneous solutions in which the emission decay for fluorescence quenching lacks the 

fast and pronounced multi-exponential decay at shorter times, indicating fluorescence quenching 

kinetics in vesicles. In addition, the fits of these emission decay to the Tachiya-Infelta model are 

poor. This, along with the data collected by dynamic light scattering, is evidence for the presence 

of aggregates with bigger and morphologies different from micelles.  

The model developed by Miller and Evans101 for solutions containing mixtures of micelles and 

vesicles (Equation 1.41) can be used to get some insight into the aggregate inventory in solution. 

This model includes a larger number of parameters than the Tachiya-Infelta model, (6 vs. 4), 

making its fitting to experimental emission decay data more difficult and which therefore usually 

renders poorer fits due to, perhaps, the numerically intractable problem this represents. A priori 

knowledge of some of the parameters could reduce the fitting parameters to a solvable problem. 

Nonetheless, important assessments can be made from development of the Miller-Evans model 

and its fits to simulated data.  

For example, from using Equation 1.41 to simulate data with different 𝑓𝑚 values and forcefully 

fitting these data to the Tachiya-Infelta model (Equation 1.26), they learned that, regardless of 

the goodness of fit, there is a dependence of A4 on quencher concentration when vesicles are 

present in the aggregate inventory. This is because A4 is responsible for the short-time behavior 

of the decay, which in mixtures of micelles and vesicles, will be made up of contributions from 

not only kQ but also kapp and kD0, both of which are linear functions of the quencher concentration 

in the micelles, [Qv]. It was observed that, as the concentration of vesicles increases, the 

dependence of A4/A4min with [Q] is stronger with values increasing from 1. It is important to note 

that these observations were made with artificial data simulated under the assumption of not 
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having quencher migration and/or partitioning during the lifetime of the probe. This may not be 

the case for aggregates of Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14 according to the linear 

dependence of A2 with [Q] (Figure 5. 19 and Figure 5. 24B). 

Figure 5. 23 shows the dependence of A4/A4min with [Q] for the Rha-C14-Cx series. It is interesting 

that the data for Rha-C14-C6, Rha-C14-C8 and Rha-C14-C14 resemble the simulated systems by 

Miller and Evans for 𝑓𝑚 = 0.90 (Figure 5. 24A). This behavior makes sense only for Rha-C14-C6 

and Rha-C14-C8, according to the DLS data, the emission decay profiles and their fitting to the 

Tachiya-Infelta model. On the other hand, the DLS data and the emission decay for Rha-C14-C14 

strongly suggests that the inventory of aggregates is rich in non-micellar assemblies, so A4/A4min 

should take on values of ~1.2. The A4/A4min-[Q] curves for Rha-C14-C10 and Rha-C14-C12 present 

unexpected behavior, wherein A4/A4min acquires values <1 as the concentration of quencher 

increases. An explanation for these interesting observations is that the exchange of quencher 

during the lifetime of the probe has an effect on the behavior of the A4/A4min-[Q] curves, since 

these abnormalities are present only for the materials that have a linear dependence of A2 with 

[Q], something that was not evaluated in the Miller-Evans model or simulations.  

In summary, it can be said that 25 mM aqueous solutions of Rha-C14-C6 and Rha-C14-C at pH 8.0 

8 form solutions with an inventory of aggregates comprised of ~90% of surfactant mass as 

micelles. Solutions of Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14 present anomalous or 

unexpected behavior due either to mass transport of the quencher during the lifetime of the 

probe or a much higher vesicle population density than was considered within the framework of 

the Miller-Evans model.  
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Figure 5. 23. Plots of A4/A4min vs.   are useful to estimate the micelle/vesicle ratio of the aggregates. The data for 
Rha-C14-C6, Rha-C14-C8 and Rha-C14-C14 resembles systems where 𝑓𝑚 = 0.90 for other vesicle forming 

surfactants or simulations. The behavior of Rha-C14-C12 and Rha-C14-C10 are atypical, but also come from the 
calculations of an ill fitting model. 

  

Figure 5. 24. A) A4/A4min- plots for the members of the series Rha-C14-Cx overlapped with the values obtained 
from the simulated emission decays performed by Miller and Evans.101 The data for Rha-C14-C6 and Rha-C14-C8 

resembles the system with no more than 10% of vesicles (fm = 0.90). Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14 
values are results from an ill-fitting model and serve as support to the case that this model does not capture the 

phenomena within these solutions. B) A2- plots for the members of the series Rha-C14-Cx overlapped with values 
obtained from the same simulations. The simulated systems do not present quencher mobility (A2 independent of 

), which makes the comparison of the A4/A4min- with Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14 not accurate. 
For interpretation, same legends can be used in both plots. 
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Agreement of our experimental observations with the classical molecular dynamics 
simulations for the aggregation of (R,R)–Rha-C10-C10. 

Munusamy et al.248 performed advanced molecular dynamics simulations on the aggregates 

formed in aqueous solutions by the protonated and anionic forms of (R,R)–Rha-C10-C10. 

Although these calculations are for an entirely different molecule and only one diastereomer, 

some of their conclusions can be used to support the interpretation of the experimental data 

presented in this work. The most relevant characteristic of (R,R)–Rha-C10-C10 for this study is 

the symmetry of the lipid tails. 

Munusamy looked deeper into the i) aggregation numbers, ii) aggregate size and shape, iii) 

spatial distribution of chemical groups, iv) accessible surface area, v) hydrophobic chain 

conformation, vi) headgroup conformation, vii) contribution of H-bonding to the stability of the 

aggregates, viii) alignment of the alkyl chains, ix) dynamics of unilamellar vesicles and toroidal 

aggregates, and x) the energetics of monomer removal. Although intensely interesting, not all 

subsections of these calculations are applicable to behavior of the Rha-C14-Cx series. The 

calculations for (i) and (ii) cannot be extrapolated to our observations, since the shape of the 

monomers dictates the morphology of the aggregates, and the packing parameters for the 

members of the Rha-C14-Cx series differ widely from the packing parameters for Rha-C10-C10. 

On the other hand, points iii, iv, v and vi provide insight in a more general sense into the behavior 

of rhamnolipid congeners with symmetric lipid tails.   

Calculations of the spatial distributions of the chemical groups of (R,R)–Rha-C10-C10 show that, 

as aggregation number decreases, water penetration depth increases. For example, for 

aggregates with aggregation numbers of 10, water molecules coexist with the lipid tails at 5 Å 
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from the aggregate center of mass, with 7 Å being the approximated hydrophobic radius. For 

aggregates with aggregation numbers > 20, the water density appears starting at 7–8 Å from the 

center of mass. These insights are relevant to the conclusions made from the pyrene lifetime 

measurements for aggregates of the Rha-C14-Cx series. The pyrene lifetime decreases as the 

symmetry of the lipids tails increases. Two reasons are envisioned for why the micropolarity 

increases with symmetry: A) water penetration and B) preferential location of the probe due to 

the conformation of the lipid tails. From DLS experiments, it is known what kind of aggregates 

account for most of the mass. Although we do not have a quantitative description of the mass 

distribution for the surfactants, we know that at 25 mM, the monomers contribute to an 

inventory of aggregates in which assemblies as small as Nagg = 10 are negligible, so water 

penetration that far into stable aggregates can be ruled out. 

The alternative to explain the decrease in pyrene lifetime using the preferential location 

argument (B) is supported by the calculations on the alignment of the alky chains (8) and the 

hydrophobic chain conformations (v). Rha-C10-C10 adopts a conformation for which 60% the 

lipid tails extend their carbon atoms a distance of 6-7 Å while the two lipid tails stay parallel to 

each other with an bimodal C-C distance of 5 and 9 Å. Polyaromatic hydrocarbons such as pyrene 

are hydrophobic molecules in bulk; however, it is well-known that its electronic structure makes 

possible the occurrence of polar- intermolecular interactions, making it a polar molecular at the 

molecular scale. Polar- intermolecular interactions are not weak.249,250 For example, the 

enthalpy for a CH/ hydrogen bond lies between 1.5 and 2.5 kcal/mol,251 and it is known that this 

interaction can occur in an additive and cooperative fashion for H atoms and methyl groups in 

sugar rings as a consequence of an inductive effect provided by the neighboring O and OH groups 
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that enhance these interactions.251–256 The weak H-donor ability of methylene groups of the lipid 

tails makes the CH/ interaction negligible.257 This explains why, in general, pyrene resides closer 

to the hydrophilic headgroup in surfactant aggregates. If the double lipid tails of the most 

symmetric members of the Rha-C14-Cx series behave in the same way as the parallel tails of Rha-

C10-C10, then pyrene will be driven to reside closer to the O-H rich hydrophilic group instead of 

in between of the lipid tails were the hydrophobic density is the highest and the weak hydrogen 

donor C-H bonds are present. There are not calculations available for asymmetric rhamnolipid 

congeners, but our pyrene lifetime measurements suggest that the average resident 

environment of pyrene in the asymmetric tail aggregates is a more hydrophobic pocket. 

According to one of the main theories presented here, these pockets can be formed when the 

number of the methylene groups in the outer lipid tail are not numerous enough to establish van 

der Waals interactions with the methylene groups of the C14 inner lipid tail. This leaves the outer 

lipid tail dangling and free to adopt conformations that do not set the two lipid tails parallel to 

each other.  This results in creating these pockets that provide a more hydrophobic environment 

where pyrene can reside, away from interacting with the most polar face of the sugar moiety and 

the associated water molecules. None of the calculations presented by Munusamy are in 

disagreement with these conjectures. 

Another important assumption of our work is that the carboxylate moiety of the outer lipid tail 

interacts with the hydroxyl groups of the rhamnose unit, outlining the hydrophilic group by the 

carbohydrate moiety and the 3-((3-hydroxypropanoyl)oxy)propanoic bridge. Munusamy’s 

simulations explicitly describe the hydrophilic group this way and also calculates the length of 

the COO-–OH intramolecular interaction (vi). For about 50% of the Rha-C10-C10 monomers the 
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distance between the carboxylate and the hydroxyl groups of the rhamnose unit is 8 – 11 Å. The 

upper limit of this range implies a fully extended 3-((3-hydroxypropanoyl)oxy)propanoic bridge. 

If this distance is considered the diameter of an assumed circular headgroup, then the footprint 

of the most abundant conformer should lie in between 50 and 95 Å2. These values represent the 

contribution of the delocalized non-canonical hydrophilic headgroup footprint of rhamnolipids 

(bridge + sugar) to the total headgroup area a0. Headgroup area estimations for a symmetric 

rhamnolipid congener like Rha-C10-C10 are pertinent for understanding the dependence of 

headgroup area with lipid tail symmetry. However, it is hard to apply this information to all 

members of the Rha-C14-Cx series, since the correlations between headgroup areas and lipid tail 

symmetry, and lipid tail alignment were not calculated. This is unfortunate, because this would 

clarify further the reasons behind a headgroup area of Rha-C14-C6 that is three times bigger than 

the headgroup areas of the more symmetric members of the Rha-C14-Cx series.  

Another, very important conclusion form Munusamy’s paper is obtained from the calculation of 

the energy required for removing a monomer from an aggregate of Rha-C10-C10 (x). According 

to these simulations, it requires more energy to remove a monomer from an aggregate of Rha-

C10-C10 than the energy required to remove a monomer of SDS from an aggregate of this 

surfactant. This is relevant for the TRFQ experiments, since it allows us to classify the 

photophysics of the fluorescence quenching of these supramolecular assemblies in the static 

limit, and be more confident about the meaning of the aggregation numbers calculated using the 

Tachiya-Infelta model. 
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Conclusions 

The purpose of the exploration of the structure-performance relationship of rhamnolipids in this 

work was to learn how to design glycolipid surfactants that are as powerful as rhamnolipids but 

easier to make, and understand the range over which the surfactant properties of rhamnolipids 

can be tuned. This is the first report for which glycolipid surfactants bio-inspired by rhamnolipids 

are synthesized in gram scales and their interfacial and self-assembly behavior characterized.  

Unexpectedly, the interfacial properties of these materials were found to be significantly affected 

by the structure of the hydrophobic moiety. It can be inferred that as the number of methylene 

groups of the outer lipid tail decreases, the degrees of freedom of the carboxylate group 

increases as well. A higher number of conformations of the carboxylate moiety elevates the 

values of the headgroup area, the critical micelle concentrations, and the affinity for the 

interface. It was rationalized that the higher number of conformations of the carboxylate unit 

was the result of weaker or absent intralipid interactions. Intralipid interactions are prone to 

occur in these asymmetric compounds when the length of the outer lipid tail reaches a threshold 

between 7 to 8 carbons. According to our models, these intramolecular interactions are possible 

due to the dimensions of the 3-((3-hydroxypropanoyl)oxy)propanoic acid bridge that connects 

them.  

Our data further indicate that lipid tail symmetry has a strong impact on the self-assembly 

behavior as predicted by packing theory. As the lipid tail symmetry increases, bigger and more 

complex aggregates form in solution. Rha-C14-C6 and Rha-C14-C8 make mostly micelles with 

aggregation numbers of 39 and 67, respectively. In contrast, Rha-C14-C10, Rha-C14-C12 and Rha-

C14-C14 make bigger aggregates such as vesicles or multilamellar structures with undetermined 
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aggregation numbers. We observed that the inventory of aggregates it is not affected by changes 

in concentration over the range explored (0.1–30 mM). 

The average inner environment of the aggregates is also affected by lipid tail symmetry. As the 

lipid tails become more symmetric, the average polarity of the aggregates increases. This is 

opposite to what has been reported in literature for other systems: bigger aggregates with large 

curvatures have less polar inner environments. This apparent contradiction can be explained in 

terms of the different conformations that the lipid tails can adopt and their effect on location of 

the probe. Again, the intralipid interactions seem to play a role here. The members with weak 

intralipid interactions can generate hydrophobic pockets in between the lipid tails where the 

pyrene can reside. When the intralipid interactions are strong, the two lipid tails behave has one 

stiff thick lipid tail, and facilitates location of the pyrene molecules closer to the more hydrophilic 

space in between headgroups were this probe usually resides.  

In summary, changes in the lipid tail symmetry have a powerful impact on the interfacial 

properties and the self-assembly behavior of these rhamnolipids. It has been inferred that 

intralipid interactions play an important role in these effects of lipid tail symmetry. This work also 

exemplifies the consequences of the dimensions of the 3-((3-hydroxypropanoyl)oxy)propanoic 

acid bridge on the surfactant behavior. This moiety appears in multiple naturally-occurring 

amphipathic metabolites other than rhamnolipids. Future work to understand better the 

structure-performance relationship of rhamnolipids must include studying the effect of 

modifying the length of this bridge on the interfacial properties of rhamnolipids and their self-

assembly behavior in solution. 



273 
 

Experimental procedures and spectroscopic data of the synthesis of the members of the 
Rha-C14-Cx series 

Synthesis of the carbohydrate donor rhamnose peracetetate (5c) 

Rhamnose monohydrate (100 mol%) is mixed with dry pyridine (10 mL per gram of rhamnose) 

inside a round bottom flask equipped with a magnetic stir bar. Acetic anhydride (600 mol%) is 

slowly added while keeping the reaction mixture at 0 oC in an ice bath. The reaction mixture is 

allowed to reach room temperature and it is stirred overnight. The materials are diluted with 

CH2Cl2 (1:1 CH2Cl2/rxn mix), transferred to a separatory funnel and washed 3x with 10% v/v 

H2SO4(aq), water, saturated NaHCO3(aq), and water again. The organic layer is dried with MgSO4, 

filtered, and the solvent removed under reduced pressure. Rhamnose peracetate is obtained as 

a mixture of anomers (α/β 3:1) that look like a transparent hard gel.  

α-Rha(Ac)4: 1H NMR (400 MHz, Chloroform-d) δ 6.01 (d, J = 1.9 Hz, 1H), 5.30 (dd, J = 10.1, 3.7 Hz, 

1H), 5.25 (dd, J = 3.5, 1.9 Hz, 1H), 5.12 (t, J = 10.0 Hz, 1H), 3.94 (dqd, J = 9.8, 6.2, 0.6 Hz, 1H), 2.17 

(s, 3H), 2.15 (s, 3H), 2.06 (s, 3H), 2.00 (s, 4H), 1.24 (d, J = 6.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

170.16, 169.91, 169.89, 168.46, 90.73, 70.57, 68.87, 68.81, 68.74, 21.00, 20.88, 20.85, 20.77, 

17.54. 

β-Rha(Ac)4: 
1H NMR (400 MHz, Chloroform-d) δ 5.83 (d, J = 1.2 Hz, 1H), 5.47 (dt, J = 2.0, 1.2 Hz, 

1H), 5.09 – 5.07 (m, 2H), 3.71 – 3.61 (m, 1H), 2.21 (s, 3H), 2.09 (s, 3H), 2.06 (s, 3H), 2.00 (s, 3H), 

1.29 (d, J = 6.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 170.38, 169.98, 169.91, 168.56, 90.42, 71.58, 

70.81, 70.35, 68.61, 21.54, 20.89, 20.82, 20.67, 17.48. 
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Synthesis of the benzyl 3-oxoalkanoate ester lipid tails (5f’, 5g’, 5h’, 5i’ & 5a) 

Meldrum’s acid (110 mol%)3 was dissolved in dry THF (0.675 mol/L in Meldrum’s acid) at 0 °C in 

a flame-dried 500 mL round bottom flask. Dry pyridine (300 mol%) was added drop-wise to the 

reaction mixture, and the reaction was stirred for 1.5 h at 0 °C. The respective alkyl acid chloride 

(100 mol%) was then added to the reaction mixture drop-wise over a 1 h period, and the reaction 

was stirred for 1 h at 0 °C. The reaction mixture was then allowed to warm to room temperature 

for 1 h and was concentrated by roto-evaporation at reduced pressure. Benzyl alcohol (300 

mol%) is added to the red paste, and diluted with toluene (1.53 mol/L in benzyl alcohol). The 

reaction mixture was refluxed for 3 h. The reaction mixture was cooled to room temperature, 

and was then concentrated by roto-evaporation at reduced pressure. The crude, red oils were 

purified via flash chromatography (10% ethyl acetate/hexanes) to yield 5a, 5f, 5g, 5h & 5i as pale 

yellow oils; typical yields range from 75-80%; TLC: Rf = 0.72 to 0.81 (30% ethyl acetate/hexanes); 

Benzyl 3-oxohexanoate (5f):1H NMR (400 MHz, Chloroform-d) δ 7.33 – 7.22 (m, 5H), 5.10 (s, 2H), 

3.40 (s, 2H), 2.41 (t, J = 7.3 Hz, 2H), 1.53 (h, J = 7.4 Hz, 2H), 0.82 (t, J = 7.4 Hz, 3H).13C NMR (101 

MHz, CDCl3) δ 202.55, 167.08, 135.34, 128.61, 128.45, 128.38, 67.09, 49.25, 44.91, 16.92, 13.52. 

Benzyl 3-oxooctanoate (5g):1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.32 (m, 5H), 5.20 (s, 2H), 

3.51 (s, 2H), 2.53 (t, J = 7.4 Hz, 2H), 1.60 (p, J = 7.4 Hz, 2H), 1.40 – 1.18 (m, 4H), 0.97 – 0.79 (m, 

3H). 13C NMR (101 MHz, CDCl3) δ 202.70, 167.09, 135.34, 128.61, 128.57, 128.44, 128.37, 67.09, 

49.25, 43.08, 31.63, 29.00, 28.95, 23.46, 22.59, 14.06. 

Benzyl 3-oxodecanoate (5h):1H-NMR (400 MHz, CDCl3) δ 7.37 – 7.29 (m, 5H), 5.16 (s, 2H), 3.46 (s, 

2H), 2.49 (t, J = 7.4 Hz, 2H), 1.56 (p, J = 7.2 Hz, 2H), 1.32 – 1.20 (m, 8H), 0.90 – 0.84 (m, 3H). 13C-

                                                       
3 The calculation of mol% is done relative to the mass of alkyl acid chloride. 
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NMR (101 MHz, CDCl3) δ 202.7, 167.0, 135.3, 128.6, 128.5, 128.4, 128.3, 67.0, 49.2, 43.0, 31.6, 

29.0, 28.9, 23.4, 22.5, 14.0. 

Benzyl 3-oxododecanoate (5i):1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.27 (m, 5H), 5.16 (s, 

2H), 3.47 (s, 2H), 2.52 – 2.45 (m, 2H), 1.60 – 1.51 (m, 2H), 1.37 – 1.11 (m, 12H), 0.95 – 0.80 (m, 

3H). 13C NMR (101 MHz, CDCl3) δ 202.77, 167.12, 128.61, 128.53, 128.44, 128.37, 67.10, 49.22, 

43.08, 31.86, 29.40, 29.35, 29.26, 29.00, 23.46, 22.67, 14.11. 

Benzyl 3-oxotetradecanoate (5a):1H NMR (400 MHz, Chloroform-d) δ 7.37 – 7.28 (m, 5H), 5.16 (s, 

2H), 3.46 (s, 2H), 2.51 – 2.46 (m, 2H), 1.61 – 1.50 (m, 2H), 1.40 – 1.18 (m, 16H), 0.93 – 0.80 (m, 

3H). 13C NMR (101 MHz, CDCl3) δ 202.63, 167.06, 135.38, 128.59, 128.41, 128.35, 67.04, 49.21, 

43.05, 31.92, 29.61, 29.45, 29.36, 29.34, 29.01, 23.46, 22.70, 14.12. 

Reduction of benzyl 3-oxoalkanoate esters to obtain Benzyl ()-3-hydroxyhexanoate esters 
5f, 5g, 5h, 5i & 5a 

5a, 5f, 5g’, 5h’ or 5i’ (100 mol%) was dissolved in THF (0.58 mol/ L of the benzyl 3-oxoalkanoate 

esters) at room temperature in a flame-dried round bottom flask, and NaCNBH3 (300 mol%) was 

added to the reaction mixture. Then, 2 M HCl was slowly added to the cloudy reaction mixture 

over a 45 min period until the reaction mixture attains a pH ~3, and the solution becomes clear. 

The reaction was stirred at room temperature for 30 min and was then quenched with saturated 

NaHCO3. After transfer to a separatory funnel, the solution was washed twice with CH2Cl2. The 

organic layer was dried over MgSO4, and the solution was concentrated by roto-evaporation. 

Purification was achieved via flash chromatography (10% ethyl acetate/hexanes) to yield 5b, 5f’, 

5g’, 5h’ & 5i’ as colorless oils; typical yields 89%; TLC: Rf 0.6-0.7 (30% ethyl acetate/hexanes). 
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Benzyl ()-3-hydroxyhexanoate (5f’):  1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.23 (m, 5H), 

5.08 (s, 2H), 3.97 (dddd, J = 8.9, 7.7, 4.5, 3.2 Hz, 2H), 2.61 (s, 1H), 2.49 (dd, J = 16.4, 3.2 Hz, 1H), 

2.39 (dd, J = 16.5, 9.0 Hz, 1H), 1.51 – 1.23 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H).13C NMR (101 MHz, 

CDCl3) δ 172.87, 135.60, 128.62, 128.38, 128.27, 67.76, 66.48, 41.37, 38.64, 18.67, 13.95. 

Benzyl ()-3-hydroxyoctanoate (5g’):1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.28 (m, 5H), 5.14 

(s, 2H), 4.06 – 3.96 (m, 1H), 2.94 (d, J = 4.1 Hz, 1H), 2.55 (dd, J = 16.3, 3.3 Hz, 1H), 2.45 (dd, J = 

16.4, 8.8 Hz, 1H), 1.59 – 1.21 (m, 6H), 0.92 – 0.85 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 172.84, 

135.63, 128.61, 128.36, 128.26, 68.07, 66.47, 41.42, 36.52, 31.71, 25.15, 22.58, 14.02. 

Benzyl ()-3-hydroxydecanoate (5h’):1H NMR (400 MHz, Chloroform-d) δ 7.33 – 7.21 (m, 5H), 

5.08 (s, 2H), 3.94 (dddd, J = 8.9, 7.8, 4.7, 3.2 Hz, 1H), 2.71 (s, 1H), 2.48 (dd, J = 16.4, 3.2 Hz, 1H), 

2.39 (dd, J = 16.4, 8.9 Hz, 1H), 1.53 – 1.11 (m, 12H), 0.87 – 0.70 (m, 6H).13C NMR (101 MHz, CDCl3) 

δ 172.87, 135.61, 128.62, 128.38, 128.27, 68.06, 66.48, 41.36, 36.54, 31.79, 29.47, 29.22, 25.47, 

22.64, 14.09. 

Benzyl ()-3-hydroxydodecanoate (5i’):1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.30 (m, 5H), 

5.15 (s, 2H), 4.02 (dddd, J = 9.0, 7.8, 4.7, 3.3 Hz, 2H), 2.56 (dd, J = 16.4, 3.3 Hz, 1H), 2.46 (dd, J = 

16.4, 8.9 Hz, 1H), 1.59 – 1.14 (m, 18H), 0.97 – 0.71 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 172.86, 

135.59, 128.61, 128.36, 128.25, 68.04, 66.47, 41.34, 36.52, 31.90, 29.63, 29.61, 29.59, 29.56, 

29.54, 29.50, 29.33, 25.45, 22.67, 14.10. 

Benzyl ()-3-hydroxytetradecanoate (5b): 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.30 (m, 

5H), 5.15 (s, 2H), 4.02 (dddd, J = 9.0, 7.8, 4.7, 3.3 Hz, 2H), 2.56 (dd, J = 16.4, 3.3 Hz, 1H), 2.46 (dd, 

J = 16.4, 8.9 Hz, 1H), 1.59 – 1.14 (m, 18H), 0.97 – 0.71 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 172.86, 
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135.59, 128.61, 128.36, 128.25, 68.04, 66.47, 41.34, 36.52, 31.90, 29.63, 29.61, 29.59, 29.56, 

29.54, 29.50, 29.33, 25.45, 22.67, 14.10. 

Glycosylation of 5b to obtain Benzyl ()3-O-(2,3,4-tri-O-acetyl-α-L-
rhamnopyranosyl)tetradecanoate (5d) 

Rhamnose peracetate 5c (220 mol%) was dissolved in dry CH3CN in a flame-dried round bottom. 

The lipid 5b (100 mol%) and Bi(OTf)3 (5 mol%) were added to the reaction flask. The reaction was 

refluxed for 2.5 h and allowed to cool to room temperature. The yellow-brown reaction mixture 

was diluted with CH2Cl2 and celite was added. The mixture was filtered and concentrated to a 

yellow-brown syrup. Purification was achieved by column chromatography (0-20% ethyl acetate-

hexanes gradient). The mixture of diastereomers 5d was obtained as a clear oil; yield 65%; TLC: 

Rf 0.82 (30% ethyl acetate-hexanes). 

1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.31 (m, 10H), 5.29 (dd, J = 3.5, 1.1 Hz, 1H), 5.26 (dd, 

J = 3.5, 1.1 Hz, 1H), 5.19 (dd, J = 3.5, 1.8 Hz, 1H), 5.17 – 5.15 (m, 1H), 5.07 (td, J = 9.9, 4.7 Hz, 2H), 

4.92 (d, J = 1.8 Hz, 1H), 4.87 (d, J = 1.8 Hz, 1H), 4.18 – 4.06 (m, 2H), 4.00 – 3.91 (m, 2H), 2.71 – 

2.50 (m, 2H), 2.17 (s, 3H), 2.16 (s, 3H), 2.07 (s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 2.00 (s, 3H), 1.70 – 

1.24 (m, 20H), 1.22 (d, J = 6.3 Hz, 3H), 1.19 (d, J = 6.3 Hz, 3H), 0.93 – 0.88 (m, 6H). 13C NMR (101 

MHz, CDCl3) δ 171.11, 170.98, 170.17, 170.01, 169.91, 135.78, 135.72, 128.57, 128.54, 128.41, 

128.28, 128.23, 97.49, 96.22, 76.19, 75.14, 71.16, 70.33, 70.23, 69.08, 66.77, 66.55, 66.46, 53.41, 

40.19, 39.49, 35.07, 33.45, 31.91, 29.65, 29.62, 29.56, 29.49, 29.47, 29.34, 25.17, 24.79, 22.68, 

20.96, 20.94, 20.82, 20.75, 17.29, 14.12. 
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Debenzylation of 5d and the separation of the resulting mixture of free acids diastereomers 
5e-(bottom) and 5e-(top) 

 
5d (100 mol%) was dissolved in dry THF (0.312 mol/L) at room temperature in a flame-dried 

round bottom flask, and a catalytic amount of 10 wt% Pd/C was added. The reaction mixture was 

placed under H2 gas (1 atm) and stirred for 24 h at room temperature. The reaction mixture was 

diluted in CH2Cl2, filtered through Celite and concentrated. Purification was achieved via flash 

chromatography (1:1 Et2O/hexanes with 1% v/v AcOH). Product 5e was obtained as a clear oil; 

yield 90%; TLC Rf = 0.31 and 0.44. Both diastereomers were isolated for structural 

characterization by NMR. The absolute configuration of the carbinols at the lipid tail were not 

assigned. The diastereomers are distinguished by their TLC Rf values. The most polar is referred 

to as 5e-(bottom) and the less polar as 5e-(top). 

3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid  5e-(bottom): 

 1H NMR (400 MHz, Chloroform-d) δ 5.18 (dd, J = 10.1, 3.4 Hz, 1H), 5.10 – 5.04 (m, 1H), 4.98 (t, J 

= 9.9 Hz, 1H), 4.82 (d, J = 1.8 Hz, 1H), 3.98 (dq, J = 7.5, 5.9 Hz, 1H), 3.94 – 3.81 (m, 1H), 2.52 (dd, J 

= 15.8, 7.5 Hz, 1H), 2.45 (dd, J = 15.8, 5.3 Hz, 1H), 2.06 (s, 3H), 1.98 (s, 3H), 1.91 (s, 3H), 1.64 – 

1.43 (m, 2H), 1.20 (d, J = 4.3 Hz, 18H), 1.13 (d, J = 6.3 Hz, 3H), 0.87 – 0.75 (m, 3H).13C NMR (101 

MHz, CDCl3) δ 175.73, 170.15, 170.06, 170.05, 97.47, 76.15, 71.15, 70.30, 69.11, 66.84, 39.21, 

35.07, 31.90, 29.64, 29.61, 29.58, 29.51, 29.48, 29.33, 25.18, 22.67, 20.93, 20.80, 20.73, 17.30, 

14.10.  

3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid (5e-(top)): 1H NMR (400 MHz, 

Chloroform-d) δ 5.18 (dd, J = 10.1, 3.4 Hz, 1H), 5.09 (dd, J = 3.4, 1.8 Hz, 1H), 4.97 (t, J = 9.9 Hz, 

1H), 4.78 (d, J = 1.8 Hz, 1H), 4.02 (dtd, J = 7.5, 5.9, 4.7 Hz, 1H), 3.88 (ddt, J = 9.8, 6.5, 5.9 Hz, 1H), 
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2.57 (dd, J = 16.0, 7.6 Hz, 1H), 2.47 (dd, J = 15.9, 4.8 Hz, 1H), 2.08 (s, 3H), 1.97 (s, 3H), 1.91 (s, 3H), 

1.48 (dddd, J = 22.7, 14.3, 9.6, 5.6 Hz, 2H), 1.19 (s, 18H), 1.11 (d, J = 6.2 Hz, 3H), 0.84 – 0.77 (m, 

3H). 13C NMR (101 MHz, CDCl3) δ 176.65, 170.21, 170.05, 169.99, 96.50, 75.15, 71.11, 70.30, 

69.06, 66.80, 39.82, 33.66, 31.90, 29.61, 29.60, 29.56, 29.53, 29.48, 29.33, 24.83, 22.68, 20.94, 

20.80, 20.72, 17.18, 14.11. 

Addition of outer lipid tails to 5e diastereomer mixture and the subsequent debenzylation 
to obtain the free acids: 5j, 5k, 5l, 5m & 5n. 

5e (100 mol%) was dissolved in dry CH2Cl2 (0.05 mol/L in 5e) at room temperature in a flame-

dried round bottom flask. EDC (300 mol%) and DMAP (100 mol%) were added to the reaction 

mixture, and the reaction was allowed to stir for 10 min at room temperature. The respective 

lipids 5b, 5f’, 5g’, 5h’ or 5i’  (65 mol%) were dissolved in dry CH2Cl2 (0.16 mol/L) and added to the 

reaction mixture, where it was stirred for 24 h at room temperature. The reaction was quenched 

with 1% w/v NaHCO3, and the product was extracted 3x with CH2Cl2. The combined organic layers 

were dried over MgSO4, and the solution was filtered and concentrated. The oils obtained were 

chromatographed to eliminate most impurities (10% ethyl acetate-hexanes) Rf: 0.72-0.8 (30% 

ethyl acetate-hexanes). The solvent was removed at reduced pressure and the oils were re-

dissolved in dry THF (0.312 mol/L of the glycoside) at room temperature in a flame-dried round 

bottom flask, and a catalytic amount of 10 wt% Pd/C was added to the reaction mixture. The 

reaction was then placed under H2 gas (1 atm) at room temperature and stirred for 2.5 h. The 

mixture was diluted in CH2Cl2, filtered through Celite and concentrated at reduced pressure. 

Purification was achieved via flash chromatography (1:1 Et2O:hexanes with 1% v/v AcOH). 
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Products 5j, 5k, 5l, 5m & 5n are obtained as clear oils; overall yield 55%; TLC: Rf: 0.41-0.50 (60:40 

Et2O: hexanes with 1% v/v AcOH). 

3-(((3-[2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic (5j): 1H NMR (400 

MHz, Chloroform-d) δ 5.34 (tt, J = 7.5, 5.7 Hz), 5.21 – 5.14 (m), 5.15 – 5.11 (m), 5.11 – 5.03 (m), 

4.98 (t, J = 9.9 Hz), 4.84 (d, J = 1.8 Hz), 4.81 (d, J = 2.0 Hz), 4.78 (d, J = 1.8 Hz), 4.19 – 4.09 (m), 4.07 

– 3.93 (m), 3.92 – 3.83 (m), 2.58 – 2.46 (m), 2.46 – 2.38 (m), 2.08 (s), 2.08 (s), 2.07 (s), 2.07 (s), 

1.97 (s), 1.97 (s), 1.95 (s), 1.92 (s), 1.91 (s), 1.91 (s), 1.68 – 1.40 (m), 1.35 – 1.17 (m), 1.17 – 1.11 

(m), 0.91 – 0.75 (m). 13C NMR (101 MHz, CDCl3) δ 170.95, 170.21, 170.04, 129.02, 128.21, 99.21, 

97.45, 71.13, 70.90, 70.56, 70.48, 70.18, 70.09, 69.28, 66.70, 66.60, 66.57, 39.31, 36.51, 36.14, 

31.91, 29.62, 29.58, 29.53, 29.49, 29.34, 27.79, 25.23, 22.68, 21.05, 20.96, 20.81, 18.46, 17.29, 

14.11, 13.78. 

3-(((3-[2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic (5k) 1H NMR (400 

MHz, Chloroform-d) δ 5.37 – 5.30 (m), 5.29 – 5.17 (m), 5.16 (dd, J = 3.4, 1.8 Hz), 5.13 (dd, J = 3.4, 

1.8 Hz), 5.09 – 4.99 (m), 4.91 (d, J = 1.4 Hz), 4.88 (d, J = 1.8 Hz), 4.86 (d, J = 1.7 Hz), 4.85 (d, J = 1.8 

Hz), 4.21 – 4.13 (m), 4.10 – 3.99 (m), 3.99 – 3.89 (m), 2.66 – 2.52 (m), 2.52 – 2.42 (m), 2.15 (s), 

2.15 (s), 2.14 (s), 2.14 (s), 2.09 (s), 2.04 (s), 2.04 (s), 2.01 (s), 1.98 (s), 1.74 – 1.49 (m), 1.38 – 1.23 

(m), 1.22 – 1.18 (m), 0.91 – 0.85 (m). 13C NMR (101 MHz, CDCl3) δ 177.66, 174.82, 173.50, 173.09, 

171.07, 170.87, 170.63, 170.53, 170.44, 170.33, 170.23, 170.09, 170.03, 98.66, 97.25, 96.08, 

94.43, 76.26, 74.87, 72.61, 71.16, 70.96, 70.84, 70.62, 70.38, 70.31, 70.19, 69.87, 69.65, 69.23, 

67.95, 66.72, 66.61, 64.40, 60.43, 53.41, 41.06, 39.96, 39.49, 39.35, 39.14, 39.05, 38.70, 36.45, 

35.13, 34.80, 34.19, 33.84, 31.90, 31.65, 31.53, 31.47, 31.44, 30.62, 29.65, 29.63, 29.61, 29.59, 
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29.53, 29.33, 25.22, 25.10, 24.80, 24.50, 22.67, 22.55, 22.45, 22.42, 21.02, 21.00, 20.97, 20.93, 

20.89, 20.79, 20.76, 20.72, 19.10, 17.26, 14.17, 14.09, 13.98, 13.96, 13.94, 13.68. 

3-(((3-[2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic (5l): 1H NMR (400 

MHz, Chloroform-d) δ 5.42 – 5.35 (m), 5.29 – 5.19 (m), 5.16 (dd, J = 3.5, 1.8 Hz), 5.13 (td, J = 3.7, 

1.7 Hz), 5.04 (td, J = 10.0, 6.0 Hz), 4.91 (d, J = 1.8 Hz), 4.87 (t, J = 2.3 Hz), 4.85 (d, J = 1.8 Hz), 4.26 

– 4.15 (m), 4.10 – 3.99 (m), 4.00 – 3.89 (m), 2.66 – 2.53 (m), 2.53 – 2.43 (m), 2.15 (s), 2.14 (s), 

2.14 (s), 2.04 (s), 2.04 (s), 2.01 (s), 1.99 (s), 1.98 (s), 1.98 (s), 1.75 – 1.47 (m), 1.37 – 1.24 (m), 1.24 

– 1.17 (m), 0.92 – 0.82 (m). 13C NMR (101 MHz, CDCl3) δ 173.78, 172.57, 172.29, 172.00, 171.35, 

170.93, 170.64, 170.43, 170.17, 170.04, 97.23, 96.10, 77.21, 76.49, 74.95, 73.12, 71.93, 71.14, 

71.13, 70.92, 70.79, 70.66, 70.66, 70.48, 70.48, 70.42, 70.30, 70.30, 70.18, 69.80, 69.27, 69.25, 

66.70, 66.60, 39.36, 39.13, 38.68, 34.73, 34.34, 33.95, 33.87, 33.09, 31.91, 31.79, 31.76, 31.76, 

31.73, 31.73, 31.32, 29.65, 29.62, 29.60, 29.54, 29.34, 29.27, 29.10, 25.23, 25.17, 25.10, 24.93, 

22.68, 22.61, 21.02, 20.95, 20.80, 20.75, 17.28, 14.11, 14.06. 

3-(((3-[2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic (5m): 1H NMR 

(400 MHz, Chloroform-d) δ 5.41 – 5.32 (m), 5.29 – 5.19 (m), 5.16 (dd, J = 3.4, 1.8 Hz), 5.13 (dt, J = 

3.4, 2.2 Hz), 5.04 (td, J = 9.9, 5.8 Hz), 4.91 (d, J = 1.7 Hz), 4.88 (d, J = 1.9 Hz), 4.87 (d, J = 1.8 Hz), 

4.85 (d, J = 1.8 Hz), 4.18 (ddd, J = 11.2, 8.2, 4.2 Hz), 4.11 – 3.99 (m), 3.99 – 3.89 (m), 2.65 – 2.55 

(m), 2.53 – 2.44 (m), 2.15 (s), 2.14 (s), 2.14 (s), 2.04 (s), 2.01 (s), 1.99 (s), 1.98 (s), 1.98 (s), 1.73 – 

1.44 (m), 1.32 – 1.23 (m), 1.23 – 1.17 (m), 0.90 – 0.84 (m). 13C NMR (101 MHz, CDCl3) δ 174.67, 

174.11, 172.81, 170.91, 170.57, 170.44, 170.19, 170.13, 170.04, 97.23, 96.10, 94.06, 76.41, 74.94, 

72.10, 71.23, 71.14, 70.89, 70.78, 70.65, 70.45, 70.30, 69.99, 69.76, 69.23, 66.71, 66.60, 53.41, 

39.94, 39.36, 39.11, 38.68, 38.52, 34.75, 34.32, 33.94, 33.11, 31.90, 31.87, 31.42, 29.65, 29.62, 
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29.60, 29.57, 29.54, 29.48, 29.45, 29.38, 29.33, 29.28, 25.23, 25.18, 25.14, 25.10, 24.91, 24.46, 

22.67, 22.66, 21.00, 20.94, 20.80, 20.74, 17.28, 14.10, 14.09. 

3-(((3-[2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic (5n): 1H NMR 

(400 MHz, Chloroform-d) δ 5.38 – 5.31 (m), 5.29 – 5.17 (m), 5.16 (dd, J = 3.5, 1.8 Hz), 5.13 (dd, J 

= 3.4, 1.7 Hz), 5.09 – 4.97 (m), 4.91 (d, J = 1.5 Hz), 4.88 (d, J = 1.8 Hz), 4.86 (d, J = 1.7 Hz), 4.85 (d, 

J = 1.8 Hz), 4.24 – 4.13 (m), 4.13 – 3.99 (m), 3.99 – 3.87 (m), 2.66 – 2.52 (m), 2.52 – 2.40 (m), 2.15 

(s), 2.15 (s), 2.14 (s), 2.14 (s), 2.05 (s), 2.04 (s), 2.01 (s), 1.98 (s), 1.98 (s), 1.97 (s), 1.71 – 1.49 (m), 

1.37 – 1.22 (m), 1.20 (d, J = 6.2 Hz), 0.91 – 0.83 (m).13C NMR (101 MHz, CDCl3) δ 172.80, 171.11, 

170.88, 170.66, 170.50, 170.26, 170.11, 170.06, 170.01, 98.80, 97.20, 96.13, 77.53, 77.23, 76.30, 

74.96, 71.15, 70.95, 70.81, 70.42, 70.19, 69.93, 69.22, 66.72, 66.60, 53.41, 41.05, 39.52, 39.35, 

38.70, 36.51, 35.16, 34.77, 34.29, 33.93, 33.15, 31.90, 29.66, 29.64, 29.62, 29.56, 29.54, 29.49, 

29.45, 29.33, 25.45, 25.10, 24.89, 22.67, 21.01, 20.98, 20.93, 20.90, 20.79, 20.73, 17.26, 14.10. 

Deacetylation of 5j, 5k, 5l, 5m & 5n to obtain the final products 5o, 5p, 5q, 5r & 5s 

 
5j, 5k, 5l, 5m & 5n (100 mol%) was dissolved in dry CH3OH (0.01 mol/L in glycosides) at room 

temperature in a flame-dried round bottom flask, and NaOCH3 (110 mol%) was added until the 

reaction mixture attained a pH 9-10. The reaction mixture was allowed to stir for 3 h at room 

temperature. The reaction was quenched with Dowex® H+ resin, the resin was filtered, and the 

solution was concentrated. The residue was re-dissolved in CH2Cl2, the solid Na+ salts were 

filtered, and the solution was concentrated. No further purification was required. Products 5o, 

5p, 5q, 5r & 5s were obtained as colorless oils; yield 98%; TLC: Rf: 0.4-0.52 (10% CH3OH- 

CH2Cl2with 1% v/v AcOH). 
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()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic acids (5o): 1H NMR (400 MHz, 

Methanol-d4) δ 5.35 – 5.19 (m), 4.83 (d, J = 1.8 Hz), 4.80 (d, J = 1.8 Hz), 4.79 (d, J = 1.8 Hz), 4.77 

(d, J = 1.7 Hz), 4.13 – 4.06 (m), 4.02 (dt, J = 11.5, 6.0 Hz), 3.98 – 3.91 (m), 3.74 (ddt, J = 5.2, 4.2, 

1.7 Hz), 3.71 – 3.55 (m), 3.40 – 3.33 (m), 2.54 – 2.45 (m), 2.43 – 2.24 (m), 1.65 – 1.26 (m), 1.24 

(dd, J = 6.2, 0.9 Hz), 0.99 – 0.82 (m). 13C NMR (101 MHz, MeOD) δ 177.69, 176.62, 176.52, 172.83, 

172.81, 172.55, 172.44, 101.77, 101.46, 100.86, 99.61, 76.65, 76.23, 75.72, 74.66, 74.14, 73.86, 

73.78, 73.19, 73.17, 72.98, 72.71, 72.65, 72.58, 72.49, 72.41, 72.28, 72.21, 71.99, 70.26, 70.21, 

70.03, 69.43, 54.79, 44.03, 42.00, 41.92, 41.81, 41.51, 41.42, 41.17, 40.68, 40.27, 37.58, 37.47, 

37.44, 37.38, 36.31, 36.27, 34.54, 33.83, 33.05, 30.77, 30.75, 30.73, 30.71, 30.69, 30.68, 30.65, 

30.64, 30.45, 26.26, 26.02, 25.73, 23.71, 19.78, 19.57, 19.54, 19.53, 19.51, 18.12, 17.96, 17.95, 

17.91, 17.89, 14.45, 14.37, 14.29, 14.27, 14.26. 

()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic acids (5p): 1H NMR (400 MHz, 

Methanol-d4) δ 5.32 – 5.17 (m), 4.83 (d, J = 1.5 Hz), 4.81 (d, J = 1.6 Hz), 4.79 – 4.78 (m), 4.78 (s), 

4.12 – 3.96 (m), 3.75 (ddt, J = 5.0, 3.2, 1.6 Hz), 3.70 – 3.57 (m), 3.41 – 3.33 (m), 2.57 – 2.42 (m), 

1.67 – 1.49 (m), 1.44 – 1.26 (m), 1.24 (d, J = 6.4 Hz), 0.95 – 0.85 (m). 13C NMR (101 MHz, MeOD) 

δ 172.70, 172.66, 172.44, 172.33, 101.54, 101.42, 101.22, 101.10, 100.25, 100.02, 76.24, 75.96, 

75.78, 75.02, 74.88, 74.04, 73.83, 73.76, 73.09, 73.06, 72.95, 72.62, 72.54, 72.50, 72.42, 72.29, 

72.27, 72.09, 70.25, 70.20, 70.08, 70.02, 41.51, 41.23, 40.54, 40.49, 36.41, 36.24, 36.22, 35.21, 

35.16, 35.09, 35.04, 34.69, 34.49, 34.05, 33.04, 32.94, 32.73, 32.70, 30.90, 30.76, 30.73, 30.71, 

30.68, 30.64, 30.60, 30.45, 26.30, 26.27, 26.22, 26.06, 25.95, 25.93, 25.79, 23.71, 23.64, 23.57, 

23.55, 18.12, 17.95, 17.92, 17.90, 17.88, 14.46, 14.39, 14.37. 
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()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic acids (5q):  1H NMR (400 MHz, 

Methanol-d4) δ 5.24 (dddd, J = 15.3, 11.7, 7.4, 5.8 Hz), 4.83 (d, J = 1.7 Hz), 4.81 (d, J = 1.7 Hz), 4.79 

– 4.77 (m), 4.11 – 3.96 (m), 3.75 (ddq, J = 4.3, 2.7, 1.5 Hz), 3.70 – 3.54 (m), 3.41 – 3.32 (m), 2.57 

– 2.41 (m), 1.59 (ddt, J = 28.1, 10.3, 5.9 Hz), 1.30 (d, J = 4.8 Hz), 1.24 (d, J = 6.2 Hz), 0.94 – 0.86 

(m). 13C NMR (101 MHz, CDCl3) δ 175.32, 175.04, 172.60, 172.57, 172.37, 172.26, 101.31, 101.21, 

100.21, 76.08, 76.06, 75.90, 75.15, 74.93, 74.07, 73.86, 73.84, 73.79, 72.87, 72.81, 72.74, 72.63, 

72.56, 72.52, 72.45, 72.33, 72.30, 72.12, 70.27, 70.23, 70.21, 70.05, 54.79, 41.55, 41.25, 40.96, 

40.89, 40.77, 40.55, 40.48, 40.41, 36.43, 36.21, 35.21, 35.16, 35.09, 35.05, 34.74, 34.14, 33.06, 

32.97, 32.94, 30.79, 30.76, 30.73, 30.68, 30.62, 30.47, 30.38, 30.32, 30.29, 26.33, 26.28, 26.26, 

26.08, 25.82, 23.72, 23.69, 18.12, 17.96, 17.94, 17.91, 14.47. 

()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic acids (5r):  

1H NMR (400 MHz, Methanol-d4) δ 5.28 – 5.16 (m), 4.82 (d, J = 1.7 Hz), 4.78 (d, J = 1.5 Hz), 4.09 – 

3.96 (m), 3.75 (dtd, J = 4.9, 3.3, 1.7 Hz), 3.69 – 3.54 (m), 3.42 – 3.34 (m), 2.61 – 2.53 (m), 2.54 – 

2.43 (m), 1.71 – 1.51 (m), 1.46 – 1.18 (m), 1.00 – 0.81 (m). 13C NMR (101 MHz, CDCl3) δ 174.18, 

174.12, 174.10, 172.42, 172.38, 172.29, 172.17, 101.28, 101.08, 100.61, 76.11, 75.82, 75.74, 

75.47, 73.99, 73.84, 73.82, 73.79, 72.54, 72.47, 72.36, 72.31, 72.29, 72.23, 72.21, 70.26, 70.20, 

70.04, 68.09, 54.78, 41.55, 41.26, 40.33, 40.22, 39.90, 39.84, 39.76, 36.16, 35.06, 35.00, 34.98, 

34.77, 34.34, 33.06, 30.79, 30.77, 30.74, 30.71, 30.68, 30.64, 30.60, 30.47, 30.44, 26.34, 26.29, 

26.24, 26.21, 26.08, 25.88, 23.72, 17.97, 17.93, 17.90, 14.48. 

()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic acids (5s): 1H NMR (400 

MHz, Methanol-d4) δ 5.25 (s), 4.02 (s), 3.76 (s), 3.72 – 3.54 (m), 3.42 – 3.33 (m), 2.45 (d, J = 25.1 

Hz), 1.71 – 1.51 (m), 1.36 – 1.23 (m), 1.24 (d, J = 6.0 Hz), 1.03 – 0.77 (m). 13C NMR (101 MHz, 
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MeOD) δ 172.96, 172.51, 172.43, 101.55, 101.27, 101.16, 79.59, 79.27, 78.94, 76.38, 76.05, 

74.03, 73.86, 73.79, 72.73, 72.59, 72.48, 72.40, 72.29, 72.01, 70.27, 70.22, 70.06, 54.79, 41.68, 

41.27, 40.81, 40.73, 36.37, 36.30, 35.38, 34.71, 33.86, 33.08, 30.81, 30.79, 30.76, 30.70, 30.68, 

30.65, 30.59, 30.50, 30.49, 26.37, 26.33, 26.15, 25.77, 23.74, 17.98, 17.93, 14.47.
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Figure 5. 25. 1H-NMR spectra of (α/β)-peracetylated rhamnose. Both anomers can be distinguished. 
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Figure 5. 26. 13C-NMR spectra of (α/β)-peracetylated rhamnose. 
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Figure 5. 27. 1H-1H COSY NMR spectra of (α/β)-peracetylated rhamnose and the approximate Newman projections that reflect the J coupling constants 
observed in the 1D 1H-NMR experiment. The anomers can be distinguished due to the minimal overlap of their signals. 

Table 5. 9. 1H-NMR data for the α- and β-anomers of peracetylated rhamnose. 

  H-1 H-2 H-3 H-4 H-5 CH3-6 -COCH3 -COCH3 -COCH3 -COCH3 

α-Rha(Ac)4 

δ (ppm) 6.01 δ 5.25 δ 5.30 δ 5.12 δ 3.94 δ 1.24 δ 2.17 δ 2.15 δ 2.06 δ 2.0021 δ 

J (Hz) 1.9 3.5, 1.9 10.1, 3.7 10.0 9.8, 6.2, 0.6 6.2 N/A N/A N/A N/A 

Multiplicity (d) (dd) (dd) (t) (dqd) (d) (s) (s) (s) (s) 

β-Rha(Ac)4 

δ (ppm) 5.83 δ 5.47 δ 5.09-5.07 δ 5.09-5.07 δ 3.71-3.61 1.29 δ 2.21 δ 2.09 δ 2.06 δ 1.9970 δ 

J (Hz) 1.2 2.0, 1.2 N/A N/A N/A 6.2 N/A N/A N/A N/A 

Multiplicity (d) (dt) (m) (m) (m) (d) (s) (s) (m) (m) 
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Figure 5. 28. 1H-NMR spectrum of the benzyl 3-oxoalkanoate esters 5a, 5i, 5h, 5g and 5f. 
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Figure 5. 29. 13C-NMR spectrum of the benzyl 3-oxoalkanoate esters 5a, 5i, 5h, 5g and 5f. 
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Figure 5. 30. 1H-NMR spectrum of the benzyl 3-hydroxylkanoate esters 5b, 5i’, 5h’, 5g’ and 5f’. 
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Figure 5. 31. 13C-NMR spectrum of the benzyl 3-hydroxylkanoate esters 5b, 5i’, 5h’, 5g’ and 5f’. 
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5e 

Figure 5. 32. 1H-NMR spectra of benzyl 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate 
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5e 

Figure 5. 33. 13C-NMR spectra of benzyl 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate 
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5d-(bottom) 

Figure 5. 34. 1H-NMR spectra of  3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid pure unidentified diastereomer. 
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5d-(bottom) 

Figure 5. 35. 13C-NMR spectra of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid  
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5d-(bottom) 

Figure 5. 36. DEPT 45, 90, 135o 13C-NMR spectrum of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid 
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5d-(bottom) 

Figure 5. 37.1H-1H-COSY NMR spectra of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid. 



299 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5d-(bottom) 

Figure 5. 38. 1H-13C-HSQC NMR spectra of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid. 
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Figure 5. 39. 1H-NMR spectra of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid. 

5d-(top) 
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Figure 5. 40. 13C-NMR spectra of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid. 

5d-(top) 
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Figure 5. 41. DEPT 45, 90, 135o 13C-NMR spectrum of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid. 

5d-(top) 
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5d-(top) 

Figure 5. 42. 1H-1H-COSY NMR spectra of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid. 
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5d-(top) 

Figure 5. 43. 1H-13C-HSQC NMR spectra of one of the two diastereomers of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoic acid. 



305 
 

 

Figure 5. 44. 1H-NMR spectrum for ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)alkanoic acids 5o, 5p, 5q, 5r and 5s. 
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Figure 5. 45. 13C-NMR spectrum for ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)alkanoic acids 5o, 5p, 5q, 5r and 5s. 
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Figure 5. 46. 1H-NMR spectra for ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic acids 5o.  

 

5o 
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Figure 5. 47. 13C-NMR spectra for ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic acids 5o. 

 

5o 
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Figure 5. 48. DEPT 13C-NMR spectrum for ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic acids 5o. 

5o 
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Figure 5. 49. 1H-13C-HMBC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic acid 5o. 

5o 
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Figure 5. 50. 1H-1H-COSY NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic acid 5o. 

 

5o 
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Figure 5. 51. 1H-13C-HSQC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)hexanoic acid 5o. 

5o 
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Figure 5. 52. 1H-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic acid 5o. 

 

5p 
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Figure 5. 53. 13C-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic acid 5o. 

 

5p 
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Figure 5. 54. DEPT 13C-NMR spectrum of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic acid 5p. 

 

5p 
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Figure 5. 55. 1H-1H-COSY NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic acid 5p. 

 

5p 
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Figure 5. 56. 1H-13C-HMBC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic acid 5p. 

5p 
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Figure 5. 57. 1H-13C-HSQC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)octanoic acid 5p. 

5p 
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Figure 5. 58. 1H-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic acid 5q. 

5q 
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Figure 5. 59. 13C-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic acid 5q. 

5v 
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Figure 5. 60. DEPT 13C-NMR spectrum of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic acid 5q 

 

 

5q 
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Figure 5. 61. 1H-1H-COSY NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic acid 5q. 

5q 
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Figure 5. 62. 1H-13C-HMBC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic acid 5q. 

5q 
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Figure 5. 63. 1H-13C-HSQC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)decanoic acid 5q. 

5q 
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Figure 5. 64. 1H-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic acid 5r. 
 

5r 
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Figure 5. 65. 13C-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic acid 5r. 

5r 
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Figure 5. 66. DEPT 13C-NMR spectrum of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic acid 5r. 

 

5r 
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Figure 5. 67. 1H-1H-COSY NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic acid 5r. 

5r 
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Figure 5. 68. 1H-13C-HMBC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic acid 5r. 

5r 
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Figure 5. 69. 1H-13C-HSQC NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)dodecanoic acid 5r. 

5r 
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Figure 5. 70. 1H-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic acid 5s. 

5s 



332 
 

 

Figure 5. 71. 13C-NMR spectra of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic acid 5s. 

5s 
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Figure 5. 72. DEPT 13C-NMR spectrum of ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic acid 5s. 

5s 
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Figure 5. 73. 1H-1H-COSY NMR of spectra ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic acid 5s. 

5s 
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Figure 5. 74. 1H–13C-HMBC NMR of spectra ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic acid 5s. 

5s 
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 Figure 5. 75. 1H–13C-HSQC NMR of spectra ()-3-((()-3-[α-L-rhamnopyranosyl]tetradecanoyl)oxy)tetradecanoic acid 5s. 

5s 
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Figure 5. 76. LC-MS chromatogram and m/z spectrum for Rha-C14-C6 mixture of diastereomers.  
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Figure 5. 77. LC-MS chromatogram and m/z spectrum for Rha-C14-C6 mixture of diastereomers. 
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Figure 5. 78. LC-MS chromatogram and m/z spectrum for Rha-C14-C8 mixture of diastereomers. 
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Figure 5. 79. LC-MS chromatogram and m/z spectrum for Rha-C14-C8 mixture of diastereomers. 
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Figure 5. 80. LC-MS chromatogram and m/z spectrum for Rha-C14-C10 mixture of diastereomers. 
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Figure 5. 81. LC-MS chromatogram and m/z spectrum for Rha-C14-C10 mixture of diastereomers. 
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Figure 5. 82. LC-MS chromatogram and m/z spectrum for Rha-C14-C12 mixture of diastereomers. 
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Figure 5. 83. LC-MS chromatogram and m/z spectrum for Rha-C14-C12 mixture of diastereomers. 
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Figure 5. 84. LC-MS chromatogram and m/z spectrum for Rha-C14-C14 mixture of diastereomers. 
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Figure 5. 85. LC-MS chromatogram and m/z spectrum for Rha-C14-C14 mixture of diastereomers. 
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Chapter 6: Exploitation of chitin as a renewable feedstock for the 
synthesis of cationic glucosaminoside surfactants 

Introduction 

The Pemberton and Polt research groups have built a catalogue of glycolipid surfactants during 

their pursuit of the understanding of structure-performance relationships of glycolipid 

surfactants.12,13,18,224,258 All surfactants in this catalogue are comprised of anionic and non-ionic 

surfactants. Some of the members of this catalogue are depicted in Figure 6. 1.  At the moment 

of the formulation of this dissertation, there was not a single example in this catalogue of a 

glycolipid surfactant with a permanent positive charge. In this chapter, the logic behind the 

design of a cationic glycolipid surfactant and the efforts towards its synthesis using building 

blocks that come from renewable feedstocks is presented.   

 
Figure 6. 1. Sample of the members of the catalogue of glycolipid surfactants synthesized and characterized at 

Pemberton and Polt’s research groups. 
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The charge of the hydrophilic group is an important characteristic of surfactants, and delineates 

their behavior in solution and at interfaces. For the specific case of glycolipids, it is possible to 

place the positive charge either at the carbohydrate unit or on the lipid tail but close to the 

carbohydrate unit. There are few moieties that can hold a permanent positive charge, are stable 

in aqueous solutions, and compatible with the chemical methodologies implemented in our 

laboratories. It was rationalized that the easiest way to make a cationic glycolipid surfactant was 

by means of the quaternization of an amine.  

Several carbohydrates have an amine group included in their structure. Glucosamine was chosen 

as a starting material for being the most accessible of the group of natural aminated 

carbohydrates. Crystals of the ammonium chloride salt of glucosamine can be readily obtained 

in high purity by hydrolyzing chitin with hydrochloric acid. Chitin is the second most abundant 

biopolymer in the biosphere. Every year, 10 megatons of chitin are produced by insects, 

arthropods, and fungi.259 The structure of the target quaternized glucosaminoside surfactant is 

depicted in Figure 6. 2. 

 

Figure 6. 2. Structure of the target glucosaminosides cationic surfactant. 

This project started with the intention of employing the synthesis of glycolipid surfactants 

developed in our previous work. This synthetic method is a very simple strategy that allows the 

manufacturing of these materials at large scales with high purity.224 The strategy is depicted in 
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Figure 6. 3. The methodology starts with the peracetylation of the carbohydrate units. The 

peracetylated carbohydrate is activated in presence of minimally competent Lewis acid (BiOTf3 

or InBr3) to glycosylate a long chain alcohol or thiol.11 The resulting glycoside is deacetylated 

under Zemplén260 conditions to render the final product. This methodology is highly efficient, 

with overall yields in the vicinity of 70%. Its simplicity and robustness allowed its implementation 

at large scales with different peracetylated carbohydrate donors and primary and secondary 

alcohols and thiols as acceptors. 

 
Figure 6. 3. Glycolipids of non 2-deoxy sugars can be synthesize using a 3-step general synthesis. Peracetyl 

glucosamine cannot be activated in presence of a minimally competent Lewis acid, nor be fully deprotected under 
Zemplen conditions. 

Unfortunately, this convenient methodology cannot be implemented in the manufacture of 

glycoside surfactants from peracetylated glucosamine due to two inherent chemical properties 

of 2-deoxy-2-amido sugars: i) formation of deactivated oxazolines in acidic conditions, and ii) high 

stability of the amide bond in basic conditions. In principle, glycosylation by a carbohydrate unit 

with a leaving group and a functionality with somewhat mildly polarizable atoms in a 1,2-cis 

relationship is assisted by the neighboring group participation effect.261 The participation consists 

of the stabilization of the anomeric carbocation upon cleavage of the leaving group by the 

electron rich and polarizable atoms of the groups in the 2nd position of the carbohydrate ring.   
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Stabilization of the anomeric carbocation via neighboring group participation is depicted for 

peracetylated glucose in Figure 6. 4. Due to the strong electron donating properties of nitrogen, 

the interaction of the oxygen at the carbonyl group of the amide is not limited to an electrostatic 

intramolecular interaction. Instead, cis-2-deoxy-2-amide carbohydrates units form an O-C 

covalent bond to render a very stable oxazoline in presence of minimally competent Lewis acids 

like indium bromide and bismuth triflate. 262

 

Figure 6. 4. Neighboring group participation operation in glucose and glucosamine. 

The activation of oxazolines for glycosylation and the use of orthogonal protecting or masking 

groups to avoid its formation has been a matter of study for several decades due to the relevance 

of glucosamine as a carbohydrate donor in many areas of research.263,264 Most of the orthogonal 

protecting groups that avoid the oxazoline formation are expensive and have a high molar mass, 

characteristics that do not align well with the atom economy criteria and the cost-efficiency ratios 

desired for the manufacturing of green surfactants.265 Acetyl groups are the most convenient 
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protecting groups due to their size, facile installation, stability under benchtop conditions and 

cost. The activation of a peracetylated glucosamine for the above reasons results very 

convenient. Recently, Wittmann and Lennartz published a method to use peracetylated 

glucosamine as a donor via oxazoline formation.266 In this method, the oxazoline is formed and 

isolated to subsequently be activated in the presence of copper (II) chloride, and can be used to 

glycosylate a number of primary and secondary alcohols with diverse structures.  

 

Figure 6. 5. Activation of the oxazoline of glucosamine as carbohydrate donor using CuCl2.This strategy is central in 
the manufacturing of the glucosaminosides presented in this chapter. 

In this chapter, it is shown how this chemistry is exploited and expanded to manufacture 

glucosaminosides via oxazoline activation. Two routes were explored to access the target 

glucosaminoside depicted in Figure 6. 6. The first route uses peracetylated glucosamine as a 

donor, while the second uses a per-O-acetylated-N-pentenamide-glucosamine donor. The first 

route has the advantage of using a donor that can be manufactured in one step at low cost with 

great potential for scalability. However, the N-deacetylation only occurs under harsh basic267 or 

acidic conditions, which precludes selectivity for the deprotection of the amine group for its 

further modification into a quaternary ammonium salt.  The second route is longer, but employs 

a low molecular mass alkenoyl protecting group for the amine that can be removed orthogonally 

under neutral conditions.  
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Figure 6. 6. Oxazoline derivatives of glucosamine used in the two different routes explored to access to the target 

glucosaminosides cationic surfactant.  

Results and discussion 

Figure 6. 8 shows the route for the manufacturing of glycosides using peracetylated glucosamine 

as a starting material. Glucosamine is acetylated with acetic anhydride in the presence of 

pyridine. Only the α-anomer of peracetylated glucosamine is produced in a quantitative 

transformation. The peracetylated glucosamine is treated with the strong Lewis acid TMSTfl for 

20 h to produce the oxazoline.268 The β-anomer of the peracetylated glucosamine produces the 

oxazoline in shorter periods of time (approx. 2 h) due to its lack of steric hindrance. The oxazoline 

is then activated using CuCl2 to glycosylate 1-decanol.266 In accordance with what was previously 

reported, the reaction proceeds in high yields (80%) to render the peracetylated 

glucosaminoside. Several approaches127,269–271 were attempted without success to fully remove 

the O- and N-acetyl groups at the carbohydrate unit of the glycoside in the second to last step. 

However, either the chemical transformation did not occur, the starting material was 

transformed into complex mixtures of by-products or the isolation procedures were impractical 

at scales appropriate for characterization of their surfactant properties.  
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The difficulties in fully deprotecting the glucosamine unit of the glycoside motivated the 

exploration of other methodologies that could employ an oxazoline derivative of glucosamine as 

a donor. Fraser-Reid et al.272 reported the use of 4-pentoyl as a novel  orthogonal protecting 

group for amines that can be removed under neutral conditions using I2 dissolved in a mixture of 

water and THF. They showed several examples in which this protecting group is present during 

the synthesis of glycosides. However, according to their work, when the halosugar 1c is treated 

with silver triflate to glycosylate 2c, the oxazoline 3c is formed, precluding the formation of the 

disaccharide. Wittmann and Lennartz’s work and the experimental exploration of route I (Figure 

6. 6), allowed us to see this shortcoming as an opportunity to test the activation of more complex 

oxazolines using CuCl2.  

 
Figure 6. 7 

Figure 6. 9 shows the synthetic method developed to manufacture the target glycoside depicted 

Figure 6. 9 shows the synthetic method developed to manufacture the target glycoside depicted 

in Figure 6. 2. The synthesis starts with manufacturing an active ester that can be instrumental in 

transferring the 4-pentenoyl moiety to the amine of bare glucosamine. The acyl group 4-

pentonoyl was activated in the form of 4-nitrophenyl pent-4-enoate and added directly and 

quantitatively to the glucosamine hydrochloride salt in DMSO. The 4-pentenamide derivative 2b 

is isolated by filtration, and the hydroxyl groups are subsequently acetylated with pyridine and 

acetic anhydride to obtain 3b. The oxazoline 4b is formed using the same approach as the 
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acetylated amine 3a, but the yields are lower (65% vs 83%, respectively). The steric hindrance of 

the bigger 4-pentenoyl moiety might be a cause of the lower yields observed. Similar effects seem 

to be operating during activation of the oxazoline 4b with CuCl2 to glycosylate decanol and 

produce the glycoside 5b, since the yields are significantly lower (15% vs 83%) in comparison to 

the ones observed during the formation of 4a. Glycosylation of decane-1-thiol was attempted 

using 4b under the same conditions, but the chemical transformation did not occur in any 

detectable amounts by TLC.  

The central advantage of methodology II is the success of the orthogonal deprotection of the 

amine group that proceeds quantitatively to produce 6b, with a work up that is practical and 

under mild and pH neutral conditions. The optimal conditions for the quaternization of 6b were 

explored following the approach proposed by Sommer et al.273 This approach consists of 

dissolving 6b using a bulky, sterically hindered base, with poor nucleophilicty to deprotonate the 

amine and promote the exhaustive alkylation with methyl iodide. The quaternary ammonium salt 

precipitates when the solvent polarity is changed by adding ethyl acetate to the reaction mixture. 

The following bases were used: 2,3-lutidine, tributylamine, diisopropylethylamine and 

triethylamine. All bases seemed to effectively promote the exhaustive alkylation of 10 mg of 6b, 

since a precipitate was collected when ethyl acetate was added to the mixture. Unfortunately, 

the tetralkyammonium iodide salt was not isolated from the hydroiodic salt of the proton 

acceptor. From the 1H NMR spectra of the crude product, the characteristic resonances of the 

protons of the ammonium salt 7b can be observed.  The separation can be done by extracting 

the solids with acetone doped with 6% of DMF v/v. In principle the acceptor base hydroiodide 

would be dissolved, while the product would remain as a solid.  
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Conclusions and Future directions 

Glucosamine fulfills all of the requirements of an ideal building block for greener surfactants: it 

is abundant and renewable, and is a natural and non-toxic resource. Its activation as a 

carbohydrate donor to long-chain alcohols is not possible using the current chemical 

methodologies developed for the manufacture of fully hydroxylated glycolipids (non 2-deoxy-2-

amino sugars). In this chapter, the challenges in synthesizing a cationic surfactant from 

glucosamine were presented. The two methodologies used in this work exploited the activation 

of oxazolines with CuCl2. Both methodologies differed from each other in the protecting group 

used for the amine at the carbohydrate unit.  

In the route in which the fully acetylated glucosamine was used as starting material, the chemical 

transformations occurred in high yields, and the whole synthesis required fewer steps. However, 

the orthogonal deprotection of the amine group was not feasible, and neither was isolation of 

the final product. In the alternative route, an orthogonal N-protecting and ozaxoline forming 

group was used. A similar strategy for its activation at equal and longer reaction times with CuCl2 

was used. Nevertheless, lower yields were observed compared to the fully acetylated donor. This 

perhaps occurs due to the steric hindrance impose by the bulkier nature of the 4-pentenoyl 

substituent at the nitrogen atom. Feasibly, further optimization of reaction times and 

temperature will improve these yields. The orthogonal deprotection of the amine was successful. 

Using iodine in neutral conditions the 4-pentoyl group comes off easily and quantitatively. 

According to preliminary data, the exhaustive alkylation was successful, and only the isolation of 

the product from the reaction mixture remains to be accomplished.  
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The future directions of this work must include the optimization of this synthetic work and 

manufacturing the materials at large scale for their characterization. The characterization of this 

surfactant would include the determination of the thermodynamics of the adsorption at the 

air/water interface and the solution properties of the aggregates. 

The diversification of this work must include the exploration of the structure-function 

relationship of these materials by changing the length and stereochemistry of the alkyl chain.  

CuCl2 seemed to be ineffective for manufacturing S-linked glucosaminosides, but efforts should 

be made to circumvent this and test the effects of this atom on their surfactant performance.  

 In summary, the synthetic methods presented here can be used with some additional 

optimization to manufacture cationic surfactants at large scales. This project is highly promising 

and its impact goes beyond the surfactant science and technology due to the relevance of 

glucosaminosides in biology and other commodity materials. 
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Figure 6. 8. Synthesis of glucosaminosides via oxazoline activation using peracetyl glucosamine as starting material. 
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Figure 6. 9. Synthesis of glucosaminosides via oxazoline activation using 2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose as starting material. 
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Experimental procedures and spectroscopic data for the synthesis of glucosaminosides 

α-pentacetyl glucosamine (1a) 

In a 500 mL round bottom flask equipped with a stir bar, glucosamine hydrochloride (10.0 g, 

46.37 mmol) was mixed with pyridine (100 mL) and acetic anhydride (28.4 g, 278.5 mmol). The 

suspension was vigorously stirred at room temperature for 72 h. The yellowish solution formed 

was diluted with ethyl acetate, washed with water, 10% v/v sulfuric acid, aqueous sat NaHCO3, 

and brine. The organic layer was dried over MgSO4, filtered and concentrated by roto 

evaporation. Traces of pyridine were removed by co-evaporation with toluene in a 

rotoevaporator. 1a was obtained as a clear viscous solid composed only by the α-anomer (TLC 

5% MeOH/DCM Rf = 0.58). 1H NMR (400 MHz, Chloroform-d) δ 6.17 (d, J = 3.8 Hz, 1H), 5.63 (d, J 

= 9.0 Hz, 1H), 5.29 – 5.15 (m, 2H), 4.48 (ddd, J = 10.9, 9.0, 3.7 Hz, 1H), 4.25 (dd, J = 12.4, 4.1 Hz, 

1H), 4.06 (dd, J = 12.4, 2.4 Hz, 1H), 4.00 (ddd, J = 9.5, 4.1, 2.3 Hz, 1H), 2.19 (s, 3H), 2.09 (s, 3H), 

2.05 (s, 3H), 2.05 (s, 3H), 1.94 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 171.68, 170.66, 169.93, 169.07, 

168.60, 90.67, 70.66, 69.70, 67.48, 61.52, 51.04, 23.03, 20.92, 20.70, 20.68, 20.55. 

2-methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline (2a) 

In a flame and vacuum dried 250 mL round bottom flask equipped with a magnetic stir bar, 1a 

(5.0 g, 12.84 mmol) was dissolved in 1,2-dichloroethane (50 mL) and cooled down to 0 oC in an 

ice water bath. TMSTfl (3.14 g, 14.12 mmol) was added slowly while stirring. The vessel with the 

reaction mixture was placed in an oil bath at 50 oC for 20 h. Triethylamine was added until the 

pH of the solution became slightly basic. The material was chromatographed in a column of 100 
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g of silica with a mobile phase of 30% toluene/EtOAc + 1% TEA v/v to render 2a (3.74 g, 11.33 

mmol, 88%) as a reddish oil. (TLC 5% MeOH/DCM Rf = 0.53) 1H NMR (400 MHz, Chloroform-d) δ 

5.96 (d, J = 7.4 Hz, 1H), 5.26 (ddd, J = 2.6, 2.2, 0.4 Hz, 1H), 4.93 (ddd, J = 9.2, 2.2, 1.3 Hz, 1H), 4.18 

(s, 1H), 4.17 (d, J = 1.6 Hz, 1H), 4.13 (dddd, J = 7.5, 2.7, 1.9, 1.2 Hz, 1H), 3.60 (dddd, J = 9.2, 4.9, 

3.8, 0.6 Hz, 1H), 2.36 – 2.35 (m, 1H), 2.11 (s, 3H), 2.10 (s, 3H), 2.09 (d, J = 1.8 Hz, 3H), 2.08 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 170.60, 169.54, 169.22, 166.69, 99.39, 70.36, 68.37, 67.53, 64.94, 

63.34, 20.91, 20.84, 20.75, 13.96. 

decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(acetylamino)-β-D-glucopyranoside (3a) 

In a flame-vacuum dried 100 mL round bottom flask equipped with a stir bar, 2a (3.73 g, 11.32 

mmol) was mixed with anhydrous CuCl2 (1.68 g, 12.45 mmol). The materials were roto-

evaporated with toluene to remove traces of water. The solventless mixture was re-dissolved in 

chloroform (20 mL), anhydrous decanol (1.25 g, 7.92 mmol) was added, and refluxed at 50 oC for 

16 h. After cooling to room temperature, the mixture was diluted with acetone and washed with 

saturated aqueous NaHCO3. The precipitate was removed by filtration through Celite and washed 

with acetone. The filtrate was evaporated and the residual water was removed by co-evaporation 

with toluene. The oil obtained is dissolved in chloroform and mixed with an acidic ion-exchange 

resin (Amberlite IRC-86) in order to remove the remaining NaHCO3 and oxazoline 2a.  The mixture 

was chromatographed to isolate 3a (3.19 g, 6.55, 83%) as a clear oil. (TLC 30 % EtOAc/Hex, Rf = 

0.24). 1H NMR (400 MHz, Chloroform-d) δ 5.54 (d, J = 8.7 Hz, 1H), 5.33 (dd, J = 10.6, 9.2 Hz, 1H), 

5.08 (dd, J = 10.0, 9.2 Hz, 1H), 4.71 (d, J = 8.3 Hz, 1H), 4.28 (dd, J = 12.2, 4.8 Hz, 1H), 4.15 (dd, J = 

12.2, 2.5 Hz, 1H), 3.93 – 3.77 (m, 2H), 3.72 (ddd, J = 10.0, 4.8, 2.5 Hz, 1H), 3.49 (dt, J = 9.6, 6.9 Hz, 



363 
 

1H), 2.10 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 1.97 (s, 3H), 1.57 (dt, J = 10.8, 6.6 Hz, 2H), 1.28 (d, J = 

5.2 Hz, 14H), 0.94 – 0.84 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 170.85, 170.72, 170.06, 169.41, 

100.68, 72.35, 71.76, 69.97, 68.74, 62.20, 54.94, 31.88, 29.62, 29.56, 29.44, 29.35, 29.31, 25.87, 

23.33, 22.66, 20.76, 20.71, 20.64, 14.10. 

4-nitrophenyl pent-4-enoate (1b) 

In a flame vacuum dried 250 mL round bottom flask equipped wiht a stir bar, 4-penetenoic acid 

(20 g, 199.76 mmol) and thionyl chloride (28.52 g, 239.7 mmol) were dissolved in 80 mL of 

nominally dry THF at room temperature. The solution was cooled down to 0 oC, and 20 mL of a 

chilled THF solution of pyridine (1.6 g, 19.97 mmol) was added slowly over a period of 15 minutes. 

The reaction mixture is stirred over night and allowed to reach room temperature. The solvent is 

removed at reduced pressure by roto-evaporation with the HCl vapors collected in a solvent trap 

filled with water. The acid chloride is otained as a yellowish oil and dissolved in 50 mL of dry DCM. 

Solids are filtered out if present. The acid chloride solution is added over a period of 30 min from 

an addition funnel to a solution of triethylamine (30.32 g, 299.64 mmol) and p-nitrophenol (41.65 

g, 299.64 mmol) in 100 mL of DCM in an ice bath. The reaction mixture is allowed to reach room 

temperature and stirred for 24 h. The reaction mixture is washed with saturated aqueous 

NaHCO3, water and brine. The organic layer is dried with MgSO4, filtered and the solvent removed 

under reduced pressure.  (TLC 10% EtOAc/hexanes Rf =  0.47). The yellowish oil is purified by 

flash column chromatography in 100 g of silica at a flow rate of 50 mL /min using a mobile phase 

of ethyl acetate/hexanes with continous linear gradient going from 2% to 20% in ethyl acetate 

over 1640 mL. The product is isolated as a clear pale yellow oil (34.0 g, 153.8 mmol). 1H NMR (400 
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MHz, Chloroform-d) δ 8.28 – 8.23 (m, 2H), 7.29 – 7.23 (m, 2H), 5.89 (ddt, J = 17.0, 10.2, 6.4 Hz, 

1H), 5.15 (dq, J = 17.1, 1.6 Hz, 1H), 5.09 (ddt, J = 10.2, 1.3 Hz, 1H), 2.75 – 2.68 (m, 2H), 2.55 – 2.45 

(m, 2H). 13C NMR (101 MHz, CDCl3) δ 170.55, 155.42, 145.30, 135.88, 125.18, 122.43, 116.27, 

33.56, 28.66. 

2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose (2b) 

Glucosamine hydrochloride (6.36 g, 29.51 mmol) and triethylamine (2.98 g, 29.51 mmol) were 

dissolved in 100 mL of anhydrous DMSO by extensive sonicatation and swirling in a 250 mL round 

bottom flask equipped with a magnetic stir bar. 1b was dissolved in 50 mL of DMSO and mixed 

with the solution of glucosamine. The reaction mixture was stirred at room temperature for 4 

days and diluted with 1000 mL of DCM. After 2 h of standing in an ice bath, a white precipitate 

was observed. The precipitate was collected by filtration, washed with DCM and ether. Yellowish 

impurities were removed by tritration with DCM and hexanes. The amide is 2b is obtained in 

quantitative yields as a white powder. 1H NMR (400 MHz, Deuterium Oxide) δ 5.80 (ddtd, J = 16.6, 

10.4, 6.2, 4.0 Hz, 1H), 5.09 (d, J = 3.5 Hz, 1H), 5.03 (ddt, J = 17.3, 3.4, 1.7 Hz, 1H), 4.97 (ddt, J = 

10.3, 2.1, 1.1 Hz, 1H), 4.63 (d, J = 8.4 Hz, 1H), 3.86 – 3.56 (m, 4H), 3.50 – 3.35 (m, 2H), 2.39 – 2.25 

(m, 4H).
 
13C NMR (101 MHz, D2O) δ 176.80, 176.58, 136.99, 136.93, 115.60, 115.54, 94.93, 90.88, 

75.90, 73.78, 71.51, 70.52, 70.12, 69.89, 60.73, 60.58, 56.55, 53.95, 35.33, 34.90, 29.37, 29.28. 

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose (3b) 

In a flame vacuum dried 250 mL round bottom flask equipped with a magnetic stir bar 2b (6.74 

g, 25.81 mmol) was mixed with pyridine (70 mL) and acetic anhydride (18.43 g, 180.7 mmol) in 
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an ice bath. The reaction mixture was allowed to reach room temperature and stirred for 72 h. 

The reaction mixture was diluted with 250 mL of ethyl acetate, washed with saturated aqueous 

NaHCO3, water and brine. The organic layer was dried with MgSO4, filtered, and the solvent 

removed under reduced pressure. Traces of pyridine were removed by co-evaporation with 

toluene (5x100 mL). 3b is obtained as a yellowish viscous solid in quantiative yields (11.02 g, 25.67 

mmol) as a mixture of anomers (80:20, α:β). The spectroscopic data belongs to the alpha 

diastereomer.   1H NMR (400 MHz, Chloroform-d) δ 6.13 (d, J = 3.7 Hz, 1H), 5.80 – 5.65 (m, 2H), 

5.26 – 5.10 (m, 2H), 5.05 – 4.94 (m, 2H), 4.51 – 4.41 (m, 1H), 4.22 (dd, J = 12.5, 4.1 Hz, 1H), 4.04 

(dd, J = 12.4, 2.4 Hz, 1H), 2.35 – 2.25 (m, 3H), 2.24 – 2.19 (m, 2H), 2.16 (s, 3H), 2.06 (s, 3H), 2.02 

(d, J = 0.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 172.28, 171.57, 170.67, 169.13, 168.63, 136.56, 

115.78, 90.61, 70.57, 69.70, 67.58, 61.59, 53.52, 50.92, 35.42, 29.18, 20.89, 20.73, 20.67, 20.56. 

2-(but-3-en-1-yl) -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline 
(4b)  

In a flame vacuum dried 250 mL round bottom flask equipped with a stir bar, 3b (11.20 g, 26.09 

mmol) was dissolved in 150 mL of anhydrous dichloroethane . The reaction mixture was cooled 

down to 0 oC and TMSTfl (7.54 g, 33.92 mmol) was added slowly while stirring. The reaction 

mixture was allowed to warm up to room temperature and then it was transferred to an oil bath 

at 60 oC and stirred for 20 additional h. 3 equivalents of acetic anhydride were added while the 

reaction mixture was cooling down. Triethylamine was added until the pH was slightly basic. The 

solvent was removed, the oil resuspended in DCM and the solution was filtered through celite. 

The oxazoline 4b was isolated by flash column chromatography as a reddish oil (6.17 g, 16.71 

mmol, 64.1 %)  TLC 1:20 MeOH/CHCl3 Rf = 0.66 of deprotonated oxazoline). The mobile phase 
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used was ethyl acetate/toluene + 1% TEA v/v in a linear gradient. 1H NMR (400 MHz, Chloroform-

d) δ 5.82 (d, J = 7.4 Hz, 1H), 5.78 – 5.66 (m, 1H), 5.14 – 5.12 (m, 1H), 4.96 (dq, J = 17.2, 1.6 Hz, 

1H), 4.88 (ddd, J = 10.3, 1.7, 1.2 Hz, 1H), 4.77 (ddd, J = 9.2, 2.0, 1.3 Hz, 1H), 4.06 – 3.96 (m, 3H), 

3.48 (dddd, J = 9.2, 5.3, 3.3, 0.6 Hz, 1H), 2.40 – 2.25 (m, 3H), 1.96 (s, 3H), 1.95 (s, 3H), 1.93 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 170.54, 169.47, 169.15, 168.95, 136.40, 115.96, 99.20, 70.27, 68.38, 

67.46, 64.72, 63.35, 29.45, 27.45, 20.90, 20.81, 20.72. 

decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(pent-4-enoylamino)-β-D-glucopyranoside (5b) 

In a flame vacuum dried 100 mL round bottom flask equipped with a stir bar, 4b  (2.0 g, 5.41 

mmol) and CuCl2(872 mg, 6.49 mmol) were co-evaporated with toluene. The mixture was 

dissolved in 20 mL of anhydrous CHCl3 and anhydrous decanol (1.71 g, 10.82 mmol). The reaction 

mixture was transferred to an oil bath and refluxed 48 h. After cooling to room temperature, the 

mixture was diluted with acetone and washed with saturated aqueous NaHCO3. The precipitate 

was removed by filtration through Celite and washed with acetone. The filtrate was evaporated 

and the residual water was removed by co-evaporation with toluene. The oil obtained is dissolved 

in chloroform and mixed with an acidic ion-exchange resin (Amberlite IRC-86) in order to remove 

the remaining NaHCO3 and oxazoline 4b.  The mixture was chromatographed to isolate 5b (405 

mg, 0.77 mmol, 14.3 %) as a clear oil (TLC 30 % EtOAc/Hex, stained with KMnO4 Rf = 0.35). 1H 

NMR (400 MHz, Chloroform-d) δ 5.85 – 5.73 (m, 1H), 5.33 (dd, J = 10.6, 9.2 Hz, 1H), 5.08 – 5.01 

(m, 2H), 4.98 (ddt, J = 10.2, 1.8, 1.2 Hz, 1H), 4.71 (d, J = 8.3 Hz, 1H), 4.27 (dd, J = 12.2, 4.9 Hz, 1H), 

4.13 (dd, J = 12.3, 2.6 Hz, 1H), 3.89 – 3.77 (m, 2H), 3.75 – 3.69 (m, 1H), 3.46 (dt, J = 9.6, 6.9 Hz, 

1H), 2.34 (qt, J = 6.7, 1.6 Hz, 2H), 2.26 – 2.20 (m, 2H), 2.08 (s, 3H), 2.02 (s, 6H), 1.55 (d, J = 6.8 Hz, 
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2H), 1.36 – 1.18 (m, 16H), 0.92 – 0.84 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 172.35, 170.73, 170.71, 

169.41, 136.80, 115.47, 100.65, 72.34, 71.69, 69.93, 68.87, 62.26, 54.73, 35.78, 31.85, 29.60, 

29.55, 29.47, 29.38, 29.31, 29.29, 25.89, 22.64, 20.73, 20.71, 20.62, 14.07. 

decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-amino-β-D-glucopyranoside (6b) 

In 25 mL round bottom equipped with a magnetic stir bar 5b (335 mg, 0.635 mmol) was dissolved 

in 5 mL of THF and 2.5 mL of water. The reaction mixture was treated with I2 and allowed to stir 

16 h. The reaction mixture was quenched with solid Na2S2O3 until the brown color dissapeared. 

The solvent was removed under reduced pressure. 6b was isolated as a solid in quantitative yields 

by flash column chromatography (mobile phase 10% EtOAc/Et2O + 1% TEA). TLC 10% 

MeOH/CHCl3 + 1% TEA. 1H NMR (400 MHz, Chloroform-d) δ 5.04 – 4.94 (m, 2H), 4.28 (dd, J = 12.2, 

4.8 Hz, 1H), 4.23 (d, J = 8.0 Hz, 1H), 4.10 (dd, J = 12.2, 2.4 Hz, 1H), 3.90 (dt, J = 9.5, 6.7 Hz, 1H), 

3.67 (ddd, J = 9.5, 4.7, 2.3 Hz, 1H), 3.50 (dt, J = 9.5, 6.9 Hz, 1H), 2.96 – 2.86 (m, 1H), 2.08 (s, 3H), 

2.07 (s, 3H), 2.02 (s, 3H), 1.61 (ddt, J = 13.2, 6.8, 3.4 Hz, 2H), 1.40 – 1.16 (m, 16H), 0.91 – 0.84 (m, 

3H). 13C NMR (101 MHz, CDCl3) δ 170.71, 170.64, 169.77, 104.05, 75.42, 71.82, 70.45, 68.94, 

62.34, 55.74, 31.88, 29.55, 29.54, 29.52, 29.38, 29.30, 25.94, 22.66, 20.81, 20.76, 20.68, 14.10. 
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1a 

Figure 6. 10. 1H NMR spectra of α-pentacetyl glucosamine. 
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Figure 6. 11. 13C NMR spectra of α-pentacetyl glucosamine. 

1a 
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Figure 6. 12. DEPT 13C NMR spectrum of α-pentacetyl glucosamine. 

1a 
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Figure 6. 13. 1H-1H COSY NMR spectra of α-pentacetyl glucosamine. 

1a 
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Figure 6. 14. 1H-13C HSQC NMR spectra spectra of α-pentacetyl glucosamine. 

1a 



373 
 

 

Figure 6. 15. 1H NMR spectra of 2-methyl -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

2a 
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Figure 6. 16. 13C NMR spectra 2-Methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

2a 
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Figure 6. 17. DEPT 13C NMR spectrum 2-Methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

2a 
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Figure 6. 18. 1H-1H COSY NMR spectra 2-Methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

2a 
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Figure 6. 19. 1H-13C HMBC NMR spectra spectra 2-Methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

2a 
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Figure 6. 20. 1H-13C HSQC NMR spectra 2-Methyl-(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

2a 
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Figure 6. 21. 1H NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(acetylamino)-β-D-glucopyranoside. 

3a 
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Figure 6. 22. 13C NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(acetylamino)-β-D-glucopyranoside. 

3a 
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Figure 6. 23. DEPT 13C NMR spectrum of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(acetylamino)-β-D-glucopyranoside. 

3a 
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Figure 6. 24. 1H-1H COSY NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(acetylamino)-β-D-glucopyranoside. 

 

 

3a 
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Figure 6. 25. 1H-13C HMBC NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(acetylamino)-β-D-glucopyranoside. 

3a 
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Figure 6. 26. 1H-13C HSQC NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(acetylamino)-β-D-glucopyranoside. 

3a 
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Figure 6. 27. 1H NMR spectra of 4-nitrophenyl pent-4-enoate. 

1b 
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Figure 6. 28. 13C NMR spectra of 4-nitrophenyl pent-4-enoate. 

1b 
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Figure 6. 29. 1H-1H COSY NMR spectra of 4-nitrophenyl pent-4-enoate. 

1b 
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Figure 6. 30. DEPT 13C NMR spectrum of 4-nitrophenyl pent-4-enoate. 

1b 
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Figure 6. 31. 1H-13C HMBC NMR spectra of 4-nitrophenyl pent-4-enoate. 

1b 
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Figure 6. 32. 1H-13C HSQC NMR spectra of 4-nitrophenyl pent-4-enoate. 

1b 
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Figure 6. 33. 1H NMR spectra of 2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

2b 
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Figure 6. 34. 13C NMR spectra of 2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

2b 
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Figure 6. 35. DEPT 13C NMR spectrum of 2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

2b 
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Figure 6. 36. 1H-1H COSY NMR spectra of 2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

2b 
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Figure 6. 37. 1H-13C HMBC NMR spectra of 2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

2b 
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Figure 6. 38. 1H-13C HSQC NMR spectra of 2-Deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

2b 
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Figure 6. 39. 1H NMR spectra of 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

:β = 80: 20  

3b 
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Figure 6. 40. 13C NMR spectra of 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

3b :β = 80: 20  
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Figure 6. 41. DEPT 13C NMR spectrum of 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

3b 

:β = 80: 20  
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Figure 6. 42. 1H-1H COSY NMR spectra of 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

 

 

:β = 80: 20  

3b 
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Figure 6. 43. 1H-13C HMBC NMR spectra of 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

:β = 80: 20  

3b 
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Figure 6. 44. 1H-13C HSQC NMR spectra of 1,3,4,6-Tetra-O-acetyl-2-deoxy-2-(pent-4-enoylamino)- α/β-D-glucopyranose. 

:β = 80: 20  

3b 
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Figure 6. 45. 1H NMR spectra of 2-(but-3-en-1-yl) -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

4b 
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Figure 6. 46. 13C NMR spectra of 2-(but-3-en-1-yl) -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

4b 
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Figure 6. 47. DEPT 13C NMR spectrum of 2-(but-3-en-1-yl) -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

4b 
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Figure 6. 48. 1H-1H COSY NMR spectra of 2-(but-3-en-1-yl) -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

4b 
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Figure 6. 49. 1H-13C HMBC NMR spectra spectra of 2-(but-3-en-1-yl) -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

4b 
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Figure 6. 50. 1H-13C HSQC NMR spectra of 2-(but-3-en-1-yl) -(3,4,6-tri-O-acetyl-1,2-dideoxy-α-D-glucopyrano)-[2,1-d]-2-oxazoline. 

4b 
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Figure 6. 51. 1H NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(pent-4-enoylamino)-β-D-glucopyranoside. 

5b 
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Figure 6. 52. 13C NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(pent-4-enoylamino)-β-D-glucopyranoside. 

5b 
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Figure 6. 53. DEPT 13C NMR spectrum of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(pent-4-enoylamino)-β-D-glucopyranoside. 

5b 
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Figure 6. 54. H-1H COSY NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(pent-4-enoylamino)-β-D-glucopyranoside. 
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Figure 6. 55. 1H-13C HMBC NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(pent-4-enoylamino)-β-D-glucopyranoside. 

 

5b 
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Figure 6. 56. 1H-13C HSQC NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-(pent-4-enoylamino)-β-D-glucopyranoside. 

5b 



415 
 

 

Figure 6. 57. 1H NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-amino-β-D-glucopyranoside. 

6b 
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Figure 6. 58. 13C NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-amino-β-D-glucopyranoside. 

6b 
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Figure 6. 59. DEPT 13C NMR spectrum of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-amino-β-D-glucopyranoside. 

6b 
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Figure 6. 60. 1H-1H COSY NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-amino-β-D-glucopyranoside. 

6b 
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Figure 6. 61. 1H-13C HMBC NMR spectra of decyl 3,4,6-Tri-O-acetyl-2-deoxy-2-amino-β-D-glucopyranoside. 

6b 
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Figure 6. 62.  
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Chapter 7: Synthesis of the synthetic congener Rha-C3-C3 for study of 
the thermodynamics of complexation by rhamnolipids of rare earth 

and toxic metals 

Introduction 

Metals are essential to human civilization.274 The development in many areas like chemical 

catalysis, electronics, solar energy harvesting and communications, highly depend on 62 

different metals.275 Most of them are currently unique and irreplaceable for crucial 

applications. Accessibility to these resources is a complex issue, partly because the 

complications during extraction are not constrained to the geological distributions of the 

resource. Opening a mine implies environmental concerns,276 and may cause a cascade of 

social unrest and political issues.277 Also, minerals are not a renewable resource which makes 

finding new and abundant ores an increasingly difficult task and forces the mining industry to 

resort to methods of recovery and recycling as the only practical way to maintain supply. 

Industry is looking to recovery sources to supply their respective transformation process. 

These same recovery and recycling methods have value and are used by sectors like 

government agencies interested in removing toxic metals from ecosystems important to 

human life and other species.   

There are several sources from which metals can be recovered, and each of them represent 

a different technical challenge: e.g., electronic waste,278 contaminated soils,162 waste 

waters,279 scrap recycling, mine sludges, etc. In principle, surfactants can find applications in 

metal recovery whenever the system containing the metals of interest is a liquid or can be 
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converted into one. One relatively rich source of scarce metals and where surfactants can 

find applications are mining sludges. Mining sludges are by-products of mining and have 

limited exploitation due to the complexity of their composition. The technologies currently 

used in mine sludges are non-environmentally friendly.280–284 There is an interest in replacing 

these materials by amphiphiles that are greener to manufacture and dispose. One option is 

to use glycolipids, because their building blocks are innocuous, biodegradable, renewable 

feedstock sourced and stable enough to perform in the harsh kind of environments found in 

mining extraction solutions.  

Rhamnolipids are a class of bio-surfactants that, in addition to outstanding air-water surface 

activity,13 are capable of complexing metals.20,21,285 Mass spectrometry and infrared 

experiments performed in these laboratories have revealed molecular details about the 

complexation.20 It seems that these amphiphiles can be arranged in a conformation that 

results in formation of a highly flexible complexation cavity or claw in which metal ions and 

oxides of different sizes, elements and electronic properties can be accommodated (Figure 

7. 2). The evidence gathered in the aforementioned study postulates that the atoms in the 

carboxylate and the hydroxyls of the sugar are involved in the metal complexation.  

From the observations of claw formation, some conjectures can be made about the main 

force(s) involved. The formation of this claw requires locking of the torsional angles defined 

by the aglyconic carbon and the oxygen of the pyranose ring. The ideal conformation would 

have the aglycon oriented towards the carbohydrate unit, such that the carboxylic acid 

moiety can reach one of the hydroxyl groups of rhamnose. This conformation can be favored 

and locked by the exo-anomeric effect.190,286,287 The exo-anomeric effect is a stereoelectronic 
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effect resulting from the n-* overlap of the lone pair electrons of the axial exocyclic alkoxy 

O-R and the LUMO orbital of the heterocyclic C1-O bond.  Figure 7. 1 has the purpose of 

analyzing what conformers are favored by the exo-anomeric effect.  Two possible conformers 

of rhamnolipids are presented as Newman and canonical projections. The rhamnolipid is 

accommodated in such a way that the oxygen connected to C1 of the carbohydrate ring is in 

the front. Figure 7. 1A and B demonstrate the n-* overlap. The conformer presented in 

Figure 7. 1A has the lipid tails orientated towards the face of the sugar ring that is rich in 

hydroxyl groups. Of the three hydroxyl groups, only the hydroxyl group connected to C4 is cis 

to the glycosidic bond, making it the most likely to be part of the complexation claw. At the 

same time, Figure 7. 1B presents a rotamer locked by the exo-anomeric effect that favors a 

conformation that seems to put the carboxylate unit away from the sugar ring hydroxyls. 

However, because 8 atoms are involved in the aglycon portion of the claw, there is a chance 

that they extend enough to wrap underneath the bottom face of the sugar ring and reach the 

hydroxyl connected to C3. 

 

Figure 7. 1. The exo-anomeric effect on the orientation of the lipid tails of rhamnolipids. The overlap of the n-

* orbitals from lone pairs of the alkoxy oxygen and the LUMO of the heterocyclic C-O bond are shown for 2 
rotamers as Newman projections.  
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One way to represent the conformation on Figure 7. 1A is presented in Figure 7. 2. This model 

is not completely accurate, but serves to highlight the fact that the lipid tail is oriented with 

the hydroxyl group cis to the C1-OR bond. 

 
Figure 7. 2. Canonical representation of Rha-C10-C10 complexing a metal ion. The claw or complexation cavity 

is formed by a hydroxyl group of the sugar and the carboxylate moiety.  

Challenges in measuring metal complexation constant by amphipathic rhamnolipids 

There are preliminary studies that estimate apparent complexation constants of 

rhamnolipids with metals that are scarce or of environmental concern.21,285 The limitation on 

this information arises in part because of the complex solution phase properties of 

rhamnolipids including that they strongly adsorb14 at many surfaces, including glass and 

polypropylene which are ubiquitous materials in laboratory ware. Also, they adsorb at the 

air-water interface and aggregate in solution. These processes need to be considered or 

avoided to accurately define the complexation equilibrium.  

The methodology used by our collaborators to determine the equilibrium constants that 

govern the complexation of metal ions by rhamnolipids consists of mixing an ion exchange 

resin with pH buffered solutions of metal salts of known concentrations.21 The metal ions 

bind to the resin. The concentration of the metal ion of the supernatant water is measured. 
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Different concentrations of rhamnolipids are added. It is assumed that in these rhamnolipid-

containing solutions, there will be distribution of the metal ions only between the 

rhamnolipid, the resin and the bulk water. Again, the concentration of the metal ion in the 

supernatant water is measured using inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES), expecting to get a higher value due to its extraction from the resin by 

the complexation of rhamnolipids.  

This experiment is straightforward; however, it is an indirect measure of the complexation 

constants and several assumptions must be considered. For example, it is assumed that the 

rhamnolipid does not adsorb to the resin, the air-water interface or the vessel, and that the 

metals are not complexed by the buffer or hydroxide ions in solution. In order to make an 

accurate calculation of the complexation constants, a detailed mass balance needs to be 

done.  

An alternative is to measure the complexation constants by isothermal titration calorimetry 

(ITC).288 This technique measures the heat exchanged in an intermolecular interaction 

between two species. It is universal, does not rely on third components that may alter and 

complicate the system, uses small quantities and does not require structural modification of 

the molecules with fluorescent of chromophore tags. The experiment is fairly 

straightforward. An aliquot of a known concentration of the metal is deposited in the sample 

cell of the calorimeter. Known amounts of rhamnolipid are added from a syringe. The 

instrument is equipped with a system that provides or subtract heat to the sample cell to 

keep it at the same temperature as a reference cell that contains the buffer or the solvent 

and measures this amount of heat as function of complexation. Preliminary studies showed 
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that the measurement of the complexation constant is precluded by the heat exchanged 

during aggregation of the rhamnolipid into micelles.17 Therefore, the study of metal 

complexation with rhamnolipids by ITC is convoluted by surfactant self-aggregation effects. 

Molecular design of a rhamnolipid congener that does not aggregate in aqueous 
solutions  

Aggregation is a common behavior of amphiphilic molecules. The only way to avoid 

aggregation at any concentration range is by eliminating one of the moieties that confer the 

amphipathic behavior to the glycolipid. This can be done by designing and synthesizing a 

rhamnolipid congener that can chelate metals but does not aggregate. Since there is evidence 

that the complexation does not involve the lipid tails, the molecule represented in Figure 7. 

3 became the synthetic target to study the affinity of the rhamnolipid claw for metals. 

Additionally, this molecule is attractive, because it does not have chiral centers at the aglycon 

which simplifies its manufacture. Also, due to its smaller number of methylene groups 

compared to the native rhamnolipids, its solubility in polar solvents like water is higher at a 

broader range of pH, which facilitates is study. 

 

Figure 7. 3. Rhamnolipid congener, Rha-C3-C3, designed for the study of the affinity of the rhamnolipid claw 
for metal complexation.  
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Results and discussion 

Synthetic methodology for the manufacturing of Rha-C3-C3 

The synthetic methodology to manufacture Rha-C3-C3 presented in Figure 7. 4 is very similar 

to the one used to synthesize the regular congeners of rhamnolipids.12,13 Peracetylated 

rhamnose is activated with the minimally competent Lewis acid11 Bi(Otf)3 to glycosylate 

benzyl 3-hydroxypropanoate. The glycoside is debenzylated to obtain the acid 7b which is 

esterified using Steglich activation with EDC to render 7c.289 The ester obtained is 

debenzylated again to obtain the acid 7d. In the last step, the carbohydrate unit is 

deacetylated to obtain the final product 7e. The synthetic methodology for manufacturing 

Rha-C3-C3 differs from the synthetic methodology to produce conventional rhamnolipid 

congeners in two respects: the synthesis of the acceptor benzyl 3-hydropranoate and the 

deacetylation process. These aspects are discussed further below. 

The synthesis of the acceptor benzyl 3-hydroxypropanoate was done by means of the Pinner 

condensation290,291 of benzyl alcohol with 3-hydroxypropionitrile (7a). The Meldrum’s acid292 

approach was not suitable because it would require the use of formyl chloride, an obnoxious 

and very reactive gas that is hard to handle. The yield of this condensation was poor (14%). It 

has been suggested in the literature that the presence of electron withdrawing groups at the 

benzyl group of the alcohol and radical scavengers can elevate the yield of the Pinner 

reaction.293 Due to the importance of 3-hydroxypropionic acid as a building block for greener 

polymers and materials, recent reports have described other alternatives to manufacture the 

ester in higher yields.294 



428 

The deacetylation reaction under typical Zemplen conditions (MeONa/MeOH)260 proved to 

be not regiospecific, and instead of limiting the promotion of the transesterification of the O-

acetyl groups at the carbohydrate unit, it overextended to the apparently more labile ester 

at the aglycon, producing the deacetylated version of 7b. The successful alternative was to 

use the less nucleophilic transesterification initiator KCN in MeOH.295,296 The reaction 

proceeds at lower rates (overnight), but it is quantitative and allows the recovery of the pure 

product without contamination.  

 

Figure 7. 4. Synthetic methodology to manufacture Rha-C3-C3 

The following subsections contain detailed procedures to synthesize Rha-C3-C3, along with 

the molecular characterization by NMR which includes 1H-NMR, 13C-NMR, DEPT 13C-NMR, 1H-

1H COSY, 1H-13C HMBC and 1H-13C HSQC.   

Experimental procedures and spectroscopic data for the synthesis of Rha-C3-C3 

Synthesis of Benzyl 3-hydroxypropanoate (7a) 

In a 250 mL round bottom flask equipped with a magnetic stir bar and a condenser, 12.1 M 

HCl(aq) was diluted down to 1 M with benzyl alcohol (95.70 g, 885.62 mmol) at room 

temperature. 3-hydroxypropionitrile (20 g, 253.03 mmol) was added dropwise from an 
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addition funnel over the course of 30 min. The reaction mixture was refluxed at 90 oC for 48 

h. The flask was removed from the oil bath and allowed to cool down to room temperature. 

The reaction was stopped with water (9.1 g, 506.06 mmol) and Na2CO3 (26.8 g, 253.03 mmol). 

The solids were filtered, and the filtrate was diluted with 250 mL of ethyl acetate, washed 

with water (3x100 mL). The organic layer was collected, dried over MgSO4, the solids were 

filtrated, and the solvent was removed by roto-evaporation at reduced pressure. The oil was 

dissolved in dichloromethane and loaded into a silica column for its isolation by flash column 

chromatography operated by the Isolera Biotage® system (mobile phase hexanes/ethyl 

acetate, flow rate 50 mL/min, equilibration with 3 column volumes of 7% hexanes/ethyl 

acetate, and a linear gradient over 10 column volumes from 7 to 60% of ethyl 

acetate/hexanes, with a final flush of 2 column volumes at 60% ethyl acetate/hexanes). TLC: 

Rf = 0.23 (30% ethyl acetate/hexanes); product 7a is obtained as a clear oil; yield 14%; 1H NMR 

(400 MHz, Chloroform-d) δ 7.38 – 7.28 (m, 5H), 5.14 (s, 2H), 3.86 (q, J = 5.6 Hz, 2H), 2.78 (t, J 

= 6.0 Hz, 1H), 2.63 – 2.58 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 172.67, 135.64, 128.62, 128.37, 

128.25, 66.52, 58.16, 36.95. 

Synthesis of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)propanoic acid (7b) 

In a 24/40 single neck 100 mL round bottom flask equipped with a magnetic stir bar and a 

condenser 7a (1.71 g, 9.51 mmol) and rhamnose peracetate (5.17 g, 15.57 mmol) were 

dissolved in 25 mL dry acetonitrile at room temperature. Bi(OTf)3 (312 mg, 0.48 mmol) was 

added to the reaction mixture and dissolved with the assistance of sonication. The reaction 

mixture was placed in an oil bath at 90 oC and refluxed for 2 h and mixed with two equivalents 
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of acetic anhydride. The reaction mixture was removed from the oil bath, cooled down, mixed 

with a scoop of celite and filtered. The solvent was removed by rotoevaporation at reduced 

pressure to obtain a yellowish oil. The isolation of the glycosylated benzyl 3-

hydroxypropanoate proved to be impractical (TLC Rf = 0.44; 20% ethyl acetate/hexanes). The 

mixture was redissolved in 20 mL of dry THF in a flame-vacuum dried 24/40 single neck 250 

mL round bottom flask equipped with a magnetic stir bar. The flask with the reaction mixture 

was purged with argon and 100 mg of Pd/C was added. A hydrogen balloon was attached 

through a syringe inserted at the septum stopper. The heterogeneous mixture was stirred at 

room temperature overnight. The hydrogen was vented, and the flask with the reaction 

mixture was purged with argon. Celite was added to the reaction mixture, the solids filtered, 

and the solvent removed. The reaction mixture was redissolved in dichloromethane and 

loaded onto a silica column for isolation (gradient 5-40% ethyl acetate/toluene over 10 

column volumes). Product 7b was obtained as a clear oil. TLC Rf = 0.08 (20% ethyl 

acetate/toluene); yield 68%. 1H NMR (400 MHz, Chloroform-d) δ 5.05 (t, J = 9.8 Hz, 1H), 3.98 

(dt, J = 10.0, 6.3 Hz, 1H), 5.27 – 5.20 (m, 0H), 5.27 – 5.21 (m, 2H), 4.76 (dd, J = 1.6, 0.6 Hz, 1H), 

3.91 (dq, J = 9.7, 6.5 Hz, 1H), 3.72 (dt, J = 10.0, 6.2 Hz, 1H), 2.69 (t, J = 6.3 Hz, 2H), 2.15 (s, 3H), 

2.05 (s, 3H), 1.98 (s, 3H), 1.23 (d, J = 6.3 Hz, 3H).13C NMR (101 MHz, CDCl3) δ 176.23, 170.19, 

170.10, 170.05, 97.62, 71.04, 69.74, 69.08, 66.52, 63.09, 34.27, 20.89, 20.79, 20.70, 17.32. 

Synthesis of benzyl 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl] 
propanoate (7c) 

7b (2.48 g, 6.84 mmol) was dissolved in 25 mL dry CH2Cl2 at room temperature in a flame-

dried 100 mL round bottom flask. EDC (3.94 g, 20.53 mmol) and DMAP (835 mg, 6.84 mmol) 
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were added to the reaction mixture, and the reaction was allowed to stir for 10 min at room 

temperature. 7a (1.85 g, 10.26 mmol) was dissolved in 5 mL dry CH2Cl2 and added to the 

reaction mixture, where it was stirred for 24 h at room temperature. The reaction was 

quenched with saturated NaHCO3, and the product was extracted 3x with CH2Cl2. The 

combined organic layers were dried over MgSO4, and the solution was filtered and 

concentrated. Purification was achieved via flash chromatography (gradient 5-40% ethyl 

acetate-toluene over 10 column volumes), and the product 7c was obtained as a colorless oil; 

yield 81%; TLC: Rf: 0.26 (20% ethyl acetate-toluene); 1H NMR (400 MHz, Chloroform-d) δ 7.39 

– 7.29 (m, 5H), 5.26 – 5.19 (m, 2H), 5.15 (s, 2H), 5.04 (t, J = 9.8 Hz, 1H), 4.72 (dd, J = 1.7, 0.5 

Hz, 1H), 4.41 (t, J = 6.4 Hz, 2H), 3.98 – 3.84 (m, 2H), 3.64 (ddd, J = 9.9, 6.3, 5.8 Hz, 1H), 2.73 (t, 

J = 6.4 Hz, 2H), 2.59 – 2.55 (m, 2H), 2.14 (s, 3H), 2.03 (s, 3H), 1.97 (s, 3H), 1.22 (d, J = 6.3 Hz, 

3H). 13C NMR (101 MHz, CDCl3) δ 170.92, 170.51, 170.21, 170.14, 170.05, 135.80, 128.75, 

128.70, 128.47, 128.42, 128.38, 97.69, 71.18, 69.87, 69.18, 66.69, 66.60, 63.35, 60.19, 34.51, 

33.94, 21.03, 20.92, 20.84, 17.52. 

Synthesis of  3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoic acid 
(7d) 

7c (2.91 g, 5.54 mmol) was dissolved in 25 mL dry THF at room temperature in a flame-dried 

100 mL round bottom flask, and a catalytic amount of 10 wt% Pd/C was added to the reaction 

mixture. The reaction was then placed under H2 gas (1 atm) at room temperature and stirred 

for 24 h. The mixture was diluted in CH2Cl2, filtered through Celite and concentrated by 

rotoevaporation at reduced pressure. Purification was achieved via flash chromatography 

(gradient 15-100% ethyl acetate/hexanes over 8 column volumes). Product 7d was obtained 
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as a clear oil; yield 85%; TLC: Rf: 0.38 (60% ethyl acetate/hexanes).1H NMR (400 MHz, 

Chloroform-d) δ 5.26 – 5.19 (m, 2H), 5.05 (t, J = 9.8 Hz, 1H), 4.74 (dd, J = 1.6, 0.6 Hz, 1H), 4.46 

(dt, J = 11.1, 6.1 Hz, 1H), 4.38 (dt, J = 11.1, 5.9 Hz, 1H), 3.97 (ddd, J = 9.8, 6.5, 5.3 Hz, 1H), 3.88 

(dtd, J = 9.7, 6.4, 5.8 Hz, 1H), 3.69 (ddd, J = 9.8, 6.5, 5.2 Hz, 1H), 2.73 (dd, J = 6.4, 5.8 Hz, 2H), 

2.63 – 2.58 (m, 2H), 2.15 (s, 3H), 2.05 (s, 3H), 2.00 (s, 3H), 1.23 (d, J = 6.3 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 173.73, 171.00, 170.64, 170.35, 170.06, 97.50, 70.99, 69.79, 69.41, 66.45, 

63.48, 60.03, 53.42, 34.65, 33.54, 20.93, 20.83, 20.79, 17.37. 

Synthesis of  3-O-[(3’-O-propyl)-α-L-rhamnopyranosyl]propanoic acid (7e) 

7d (1.41 g, 3.24 mmol) was dissolved in 20 mL of freshly dried methanol and mixed with KCN 

(422 mg, 6.48 mmol) in a flame dried 25 mL round bottom flask equipped with a magnetic 

stir bar. The reaction mixture was allowed to stir at room temperature over night. The 

reaction was quenched by mixing the methanolic solution with the acidic resin Dowex to 

attain a slightly acid pH on wet pH-paper. The solids were filtered and the solvent was 

removed at reduced pressure. Then the solids were resuspended in 5 mL of water and 

lyophilized. Product 7e was obtained as a white solid; quantitative yield; TLC: Rf: 0.32 (80% 

diethyl ether/hexanes + 1% v/v AcOH). 1H NMR (400 MHz, Methanol-d4) δ 4.68 (d, J = 1.7 Hz, 

1H), 4.40 – 4.27 (m, 2H), 3.93 (dt, J = 9.9, 6.0 Hz, 1H), 3.77 (dd, J = 3.4, 1.7 Hz, 1H), 3.69 – 3.55 

(m, 3H), 3.35 (t, J = 9.5 Hz, 1H), 2.59 (td, J = 6.1, 2.4 Hz, 4H), 1.27 (d, J = 6.2 Hz, 3H). 13C NMR 

(101 MHz, MeOD) δ 175.16, 171.79, 100.36, 72.52, 70.88, 70.76, 68.48, 62.81, 60.85, 34.42, 

16.59. 

 



433 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. 5. 1H-NMR spectra for benzyl 3-hydroxypropanoate (7a) 
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Figure 7. 6. 13C-NMR spectra for benzyl 3-hydroxypropanoate (7a) 



435 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. 7. DEPT 13C-NMR spectrum for benzyl 3-hydroxypropanoate (7a) 
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Figure 7. 8. 1H-NMR spectra of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)propanoic acid (7b) 
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Figure 7. 9. 13C-NMR spectra of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)propanoic acid (7b) 
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Figure 7. 10. DEPT 13C-NMR spectrum of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)propanoic acid (7b) 
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Figure 7. 11. 1H-1H COSY spectra of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)propanoic acid (7b). 
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Figure 7. 12. 13C1H HMBC spectra of 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)propanoic acid (7b). 
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Figure 7. 13. 13C1H HSQC spectra for 3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)propanoic acid (7b). 
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Figure 7. 14. 1H-NMR spectra of benzyl 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoate (7c) 
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Figure 7. 15. 13C-NMR spectra of benzyl 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoate (7c) 
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Figure 7. 16. DEPT 13C-NMR spectrum of benzyl 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoate (7c) 
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Figure 7. 17. 1H1H COSY spectra of benzyl 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoate (7c) 
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Figure 7. 18. 13C1H HMBC spectra for benzyl 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoate (7c) 
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Figure 7. 19. 13C1H HSQC spectra for benzyl 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoate (7c) 
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Figure 7. 20. 1H-NMR spectra for3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoic acid (7d) 
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Figure 7. 21. 13C-NMR spectra of 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoic acid (7d) 
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Figure 7. 22. DEPT 13C-NMR spectrum of 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoic acid (7d) 
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Figure 7. 23. 1H1H COSY spectra of 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoic acid (7d) 
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Figure 7. 24. 13C1H HMBC spectra for 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoic acid (7d) 
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Figure 7. 25. 13C1H HSQC spectra for 3-O-[(3’-O-propyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]propanoic acid (7d) 
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Figure 7. 26. 1H-NMR spectra of 3-O-[(3’-O-propyl)-α-L-rhamnopyranosyl]propanoic acid (7e) 
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Figure 7. 27. 13C-NMR spectra of 3-O-[(3’-O-propyl)-α-L-rhamnopyranosyl]propanoic acid (7e) 
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Figure 7. 28. DEPT 13C-NMR spectrum of 3-O-[(3’-O-propyl)-α-L-rhamnopyranosyl]propanoic acid (7e) 
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Figure 7. 29. 1H1H COSY spectra of 3-O-[(3’-O-propyl)-α-L-rhamnopyranosyl]propanoic acid (7e) 
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Figure 7. 30. 13C1H HMBC spectra for3-O-[(3’-O-propyl)-α-L-rhamnopyranosyl]propanoic acid (7e). 
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Figure 7. 31. 13C1H HSQC spectra of 3-O-[(3’-O-propyl)-α-L-rhamnopyranosyl]propanoic acid (7e). 
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Chapter 8: Conclusions and future directions 

 

Overview of the problem 

Consumer demands, government policies and environmental concerns are shifting the goals 

of industry and scientific research to find greener options to replace many products and 

goods. One of the industries with the biggest impact on the global environment is the 

surfactant industry. Its large impact is due to the massive amounts of these materials released 

to the environment (1012 metric tons annually), their wide range of applications and ubiquity, 

their toxicity and low degradability, and the non-green approaches used for their production 

currently used.  

The work presented in this dissertation is a contribution to gain access and understanding of 

the behavior of surfactants that are greener and less toxic than the currently commercial 

options in the market. Here, the chemical synthesis and characterization of surfactants with 

structures inspired by glycolipids bio-produced by bacteria was presented. The efforts of this 

work focused on investigating bio-inspired rhamnolipid synthetic variants. Bio-inspired 

synthetic variants are defined as materials with moieties found in nature. Rhamnolipids are 

a class of biosurfactants produced by several microorganisms. They have attracted a lot of 

attention because of their outstanding performance at reducing the surface tension of the 

air/water interface and their low critical aggregation concentration. In addition, they have an 

interesting ability to   
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These biosurfactants are structurally more complex than the surfactants commercially 

available. Their structure is comprised of a lipid unit of (R,R)-β-hydroxyalkanoyl-β-

hydroxyalkanoic acids of variable chain lengths (C6-C14) trans-1,2-O-glycosylated by mono- 

or dimeric carbohydrate L-rhamnopyranosyl units. The most efficient of the synthetic 

methodologies available requires 9 steps to obtain these materials. This issue limits the 

commercial application of these materials to specialty sectors like mining or cosmeceuticals. 

To design a molecule with similar properties but easier to manufacture, it is important to 

understand the structure-performance relationship of the model molecules: the 

rhamnolipids. This is the central topic of this dissertation. We used solution chemistry to 

synthesize synthetic variants inaccessible via biotechnological methods to evaluate the 

effects of modifying the original structure in performance. Specifically, the effects on self-

assembly behavior and interfacial adsorption when changing the stereochemistry (Chapter 3) 

of the lipid tails and their symmetry (Chapter 5) were explored. In addition, methods to 

determine their purity (Chapter 4), and the synthesis of a congener to test metal 

complexation (Chapter 7) is provided. In the following sections, a summary of the 

achievements and discoveries attained on a chapter by chapter basis, the conclusions made, 

and a list of the possible future directions when they apply are provided.  

Absolute configuration assignments of carbinols at the lipid tails of Rha-C10-C10 
diastereomers 

In chapter 3, the logic and methodology for the absolute configuration assignments of the 

carbinols of the lipid tails of the four diastereomers of Rha-C10-C10 was presented. In 

previous work, these diastereomers were synthesized using a methodology developed in our 
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laboratories. This methodology was not stereoselective and produced the glycolipids as 

diastereomeric mixtures. However, it was possible to isolate the four diastereomers using 

normal phase preparative flash column chromatography. The only property that allowed us 

to distinguish diastereomer from diastereomer was their relative Rf values measured on 

normal phase analytical thin layer chromatography eluted with the same mobile phase. The 

correlation between the Rf values and the absolute configuration of the carbinols at the lipid 

tails was done by means of a comparative differential analysis of the H-NMR spectrum of the 

Mosher’ ester derivatives of the cleaved lipid tails. With this information, the characterization 

data concerned to the thermodynamics of the adsorption at the air/water interface, the self-

assembly behavior, toxicity, biodegradability and metal complexation could be analyzed in 

function of the absolute stereochemical structure.  

Purity determination of the diastereomers of Rha-C10-C10 by q-1H-NMR 

In this work, the level of success of the application of qNMR for the determination of purity 

on two classes of glycolipids synthesized in our laboratories was described: a mixture of α 

and β-melibiododecanosides and the four diastereomers of Rha-C10-C10. After undisputedly 

correlating the signals of proton resonances with the chemical structure, determining the 

relaxation times (T1) of the protons of interest, and understanding the effect of data 

processing on the precision and reproducibility of our calculations, we could determine the 

relative abundance and uncertainty of the β-anomer expressed as 52.25 0.9% within a 

confidence interval of 95%. The total content of both anomers on the sample using the signal 
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of the overlapped methyl groups of the lipid tails was determined as 93.34 ±1.2% with an 

uncertainty within a confidence interval of 95% as well. 

In the case of the diastereomers of Rha-C10-C10, the determination of purity and the 

abundance of traces of other diastereomers  was not conclusive. The main reason that led us 

to believe that our qNMR measurements were not accurate was the low purity calculated 

with this technique in comparison with HPLC-MS studies and our purity projections from the 

synthetic methodology. These unexpected results can be explained in terms of the possible 

formation of precipitates (perhaps liquid crystals) that could not be detected by the 

spectrometer due to the long relaxation times. Another of our conjectures to explain this 

discrepanciy also included attributing water as a source of impurities due to the observation 

of a broad envelope resonances; however, no loss of mass was observed after placing the 

sample inside a UHV chamber. Optimization of the determination of purity of Rha-C10-C10 

diastereomers must include the proper solvent that guarantees avoiding the formation of 

precipitates or liquid crystals. This solvent might be a binary or multicomponent mixture of 

liquids.  

In summary, qNMR proved to be suitable to determine the purity of glycolipids in a more 

transparent way than the chromatographic methods due to its mass sensitivity. This feature 

allows us to build conjectures to eliminate the sources of systematic error more easily. In 

addition, the accessibility to traceable internal standards that can be universal is a paramount 

advantage for our specific case where the purity of novel molecules manufactured in our 

laboratories needs to be determined.  
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Synthesis and aqueous solution phase characterization of the members of the Rha-C14-
Cx series 

The research presented in this chapter explored the relationship between the structure of 

rhamnolipids with their interfacial properties and self-assembly behavior as an effort to 

understand what combination of chemical moieties make rhamnolipids such potent 

surfactants. This work studied the surfactant properties of rhamnolipids as a function of lipid 

tail symmetry. With this information, bio-inspired yet less complex congeners can be 

synthesized with similar performance, biodegradability and low toxicity. This knowledge can 

bring the biosurfactant technologies closer to enter and enhance the mainstream markets 

and have a powerful positive impact into the ecosystems where the currently commercialized 

surfactants are negatively affecting.  

To explore the effects of the lipid tail symmetry, five members of the Rha-C14-Cx series (x = 

0, 6, 8, 10, 12, 14) were manufactured as diastereomeric mixtures at gram scale using a 

synthetic methodology developed in our laboratories. The structural characterization was 

determined by nuclear magnetic resonance spectroscopy, and their compositions 

determined by high performance liquid chromatography coupled to mass spectrometry. The 

characterization of their structure-performance relationship consisted of determining the 

thermodynamics of the adsorption and their self-assembly behavior as sodium salts at pH 8. 

The following conclusions about how the lipid tail symmetry affects adsorption at the 

interface were drawn from the surface tension measurements: 

1. The symmetry of the lipid tails has a powerful impact on the thermodynamics of 

adsorption at the air-water interface. 
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2. The differences in behavior were rationalized in terms of intramolecular interactions 

occuring within the hydrophobic moieties. The distance that the 3-((3-

hydroxypropanoyl)oxy)propanoic acid bridge imposes in between the hydrocarbons 

of the lipid tails of the same molecule match perfectly the range over which London 

dispersion forces operate efficiently. 

3. Headgroup areas calculated from the surface tension measurements are affected by 

these intramolecular interactions. Rha-C14-C6 is not hydrophobic enough and the 

outer lipid tail does not interact effectively with the inner lipid tail. It was hypothesized 

that a larger number of conformations increases the average head group area and the 

affinity for the interface due to steric hindrance and the major availability of the 

carboxylate group, respectively. This steric hindrance and lower hydrophobicity also 

makes aggregation onset occur at higher concentrations. 

The following conclusions about the effect of the lipid tail simmetry of the members of the 

Rha-C14-Cx series on the self-assembly behavior were drawn: 

1. From packing parameter predictions, it was hypothesized that as the lipid tails 

become more symmetric, the predicted dominant aggregates would  increase in size 

and complexity. Rha-C14-C6 most likely forms spherical aggregates, while Rha-C14-

C14 most likely forms vesicles and/or interconnected structures.  

2. The dynamic light scattering measurements as a function of concentration and lipid 

tail symmetry agree with the packing parameters predictions. The range of 

concentration explored (1-35 mM) does not have a strong impact on the aggregate 

inventory. The inventory of aggregates for all the members of the series include 
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aggregates with hydrodynamic radii close to the size of a small micelle (1-2 nm) along 

with the presence of two groups of larger aggregates with Rh values between 5-20 and 

50-100 nm. The relative amounts of these two groups of larger aggregates changes 

with the lipid tail symmetry. The more symmetrical members of the series present 

higher populations of the vesicle-like aggregates.  

3. The time resolved fluorescence quenching experiments provided considerable insight 

about the self-assembly behavior of the sodium salts of the members of the Rha-C14-

Cx series at 25 mM and pH 8.  

a. The Infelta-Tachiya model fit the microheterogenous systems of aqueous 

solutions of Rha-C14-C6 well and Rha-C14-C8 to a lesser extent. The Tachiya-

Infelta model for predominately micellar solutions failed to fit the emission 

decays from solutions of Rha-C14-C10, Rha-C14-C12 and Rha-C14-C14; the 

decay curves tended toward systems with large aggregates as supported by 

DLS and packing predictions.  

b. The profile of the semi-logarithmic plots of the emission decays is affected by 

the size and relative abundance of the aggregates. The fast and short 

exponential decay at earlier times observed at various [Q] for Rha-C14-C6 and 

the good fit to the Tachiya-Infelta model support the hypothesis that the 

aggregates formed by this congener are mostly micelles. Rha-C14-C8 had a 

similar behavior, but with a poorer although still acceptable goodness of fit. In 

general, for Rha-C14-Cx, as the symmetry of the lipid tails increases, the profile 

of the emission decays increasingly indicate bigger aggregates like vesicles.  
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c. Polydispersity evaluations obtained from fitting the Greiser-Warr third and 

second order polynomial to the Nagg-[Q] plots were presented for all members 

of the Rha-C14-Cx series but are only valid for Rha-C14-C6 and Rha-C14-C8 due 

to the goodness of their fit to the Tachiya-Infelta model. The statistical data 

obtained from the third polynomial was discarded due to either poor fitting 

and/or the lack of physical meaning of its outputs. The Nagg distribution from 

the second order polynomial is narrow for Rha-C14-C6 and centered around 

38 monomers/micelle, while the distribution of Nagg for Rha-C14-C8 is 

broader with a value of 66  66.  

d. The determination of the occurrence of quencher migration during the TRFQ 

experimental time window was evaluated by observing the dependence of the 

A2 values with the quencher concentration. The degree of dependence was 

estimated by comparing the slopes of the lines fitted to the A2-[Q] data points. 

Rha-C14-C6 and Rha-C14-C8 do not exhibit quencher mobility.  

e. By measuring the lifetime of the pyrene fluorescence in the absence of 

quencher, it was possible to get an idea of the micropolarity of the average 

residence space of pyrene inside the aggregate. Surprisingly, the micropolarity 

increases as the lipid tail symmetry increases. This can be explained in terms 

of the mobility of the second lipid tail and its consequent steric effects, 

precluding pyrene from occupying the region close to the headgroup.  

f. According to packing parameter predictions, DLS and TRFQ experiments, Rha-

C14-C6 forms spherical micelles, while other members of the series form 
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mixtures of aggregates richer in vesicles. From lifetime measurements, it can 

be said that micelles of Rha-C14-C6 provide a more hydrophobic environment. 

This can be rationalized in terms of the tightness of the packing and the 

amount of water molecules that can affect the environment around pyrene. A 

bigger head group area like the one measured for Rha-C14-C6 could screen 

the influence of water molecules better. 

This work  can be developed further following several branches of thought.  For example, 

characterization of the structure-performance relationships of the novel compounds 

propossed in Figure 5.2 might represent some different directions that this project can take. 

However, it would be more productive for the present work to investigate the validity of some 

of the conjectures made from the data collected using the structures proposed in Figure 8.1. 

A good fraction of the conjectures made in this work to interpret the results emanated from 

the interfacial properties and self assembly behavior that considers the intramolecular 

interactions occurring at the lipid tails. One easy way to challenge the present ideas we have 

about this interaction and its consequences could be to increase the space in between the 

lipid tails by adding 4 methylene groups to the 3-((3-hydroxypropanoyl)oxy)propanoic acid 

bridge (two to each lipid tail) . The molecular structures of the members of this series are 

presented in Figure 8.1A. These structures have the same number of methylene groups on 

the hydrocarbon chain as the members of the Rha-C14-Cx series.  This series of compounds 

would allow us to understand better if the lifetime of the  pyrene fluorescence is long (400 

ns) for Rha-C14-C6 due to the intercalation of the probe in between the lipid tails or due to 

another reason overlooked during our analysis. Also, the addition of these spacers may result 
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in an easy and atomically economical way to increase the headgroup area dramatically and 

the hydrophobicity of the aggregates. 

Figure 8.1B and C show another series of compounds that would be useful to explore the 

effect of the lipid tail symmetry on performance. Figure 8.1B shows series Rha-Cx-C14, which 

is the mirror image of Rha-C14-Cx. If the same effects are observed on this series, we can 

predict that Rha-C6-C14 would have the biggest headgroup area of the series, and in principle 

also bigger than Rha-C14-C6. Also, the conjecture made to explain the atypical fluorescence 

lifetime of pyrene can be corroborated with this series. Figure 8.1C and D shows other 

alternatives to test the effects of the lipid tail symmetry on performance that might provide 

interesting results about the structure-performance relationship.  
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A) 

 

B) 

 

C) 

 

D) 

 
Figure 8. 1. A) Rha-C16-Cx series, B) Rha-Cx-C14 series, C) Rha-C6-Cx series and D) Rha-Cx-C6 series
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Synthesis if Rha-C3-C3 for its use on the determination of the intermolecular interaction 
thermodynamics of the complexation of rhamnolipids with rare earth metals. 

A methodology for the synthesis of a congener of rhamnolipids without hydrophobic tails was 

developed to simplify the investigation of the affinity of the rhamnolipid claw for metal ions in a 

thermal experiment by ITC without the interference of the exchange of heat that occurs during 

aggregation. This congener offers the metal complexation unit without the long aggregation 

promoting hydrophobic tails, which could enable study of the heat of complexation isolated from 

the heat of aggregation. 

The synthetic methodology was successful with some opportunities for improvement. The final 

product was obtained in high purity and in gram quantities. There is room for improvements, 

however. The manufacture of the acceptor using Pinner chemistry rendered poor yields and an 

alternative should be explored, like adding radical scavengers to the reaction mixture and/or 

increasing the electron withdrawing character of the alcohol used in the condensation. On the 

other hand, an important development, the prevention of the decomposition of the final product 

during the deacetylation, was overcome by changing the initiator of the transesterification 

reaction from sodium methoxide to potassium cyanide.  

The relevance of this synthetic methodology can be extended by using it to synthesize a series of 

congeners with the same aglycon but different carbohydrate units to explore in more detail the 

operation of the exo-anomeric effect. Different carbohydrate units will have different 

orientations of the hydroxyl and alkoxy groups, giving rise to different affinities for metal ions. 

The investigation of this structure performance relationship can give rise to discovering 

glycolipids that are more powerful at complexing metals.  
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Allose-C3-C3 Altrose-C3-C3 

    

Glucose-C3-C3 Mannose-C3-C3 

 
 

 

 

Gulose-C3-C3 Idose-C3-C3 

   
 

Galactose-C3-C3 Talose-C3-C3 

 
 

 
 

 

Figure 8. 2. Congeners proposed to explore the relationship between the stereo orientation of the hydroxyl groups 
at the carbohydrate unit and the metal complexation constants.  
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