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Abstract 

Solvents are ubiquitous in chemistry. They can drastically impact the outcome of a process 

or reaction, and are usually the largest material component, greatly affecting environmental impact. 

Choosing the best solvent usually means optimizing for the best yields, but as safety standards and 

environmental regulations increase there is increasing need to optimize for these as well. There 

have been many advances in green chemistry, including the identification of alternative solvents. 

This thesis discusses the application of two CO2-switchable solvents.  

Switchable polarity solvents (SPS) were studied to control the lifetime of a 

photoswitchable dye. The dyes used are spiropyrans, a class of dyes that change from colourless to 

coloured upon irradiation by ultraviolet (UV) light, and spontaneously revert to their colourless 

form. The rate of this reversion is dependent on the solvent polarity, where the coloured form is 

stabilized by polar solvents. To control this reversion, solvents with switchable polarity have been 

investigated; amidine- (or guanidine-) alcohol mixture, where the introduction of CO2 causes an 

ionic liquid to form, raising its polarity. DBU/alcohol has been used in particular in this research.  

Switchable hydrophilicity solvents (SHS) were investigated for the extraction of bio-oils 

from microalgae. Microalgae have been identified as a potential source of biofuel. They have 

several benefits compared to terrestrial crops, including increased oil production. Current methods 

employ highly volatile solvents to ensure low energy solvent removal, however, this also leads to 

increased safety demands and risk of exposure. SHS have the unique ability to change their 

behaviour toward water with the addition of CO2 at atmospheric pressures. In the absence of CO2 

the solvent is poorly miscible with water, and with the addition of CO2 becomes miscible with 

water in all proportions. This property allows for easy separation of extracted material. In the 

hydrophobic form the solvent is excellent for the extraction of non-polar materials, and can be 

easily separated from those materials with the addition of carbonated water. 
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Chapter 1 

Introduction 

1.1 The importance of solvents 

Solvent use is ubiquitous in chemistry, from the lab scale reaction flask to the industrial reactor. 

Even in so-called “solvent-free” reactions, there is often a step where the product must be purified 

by recrystallization, chromatography, or distillation. In terms of green chemistry, solvent choice 

can greatly reduce waste, risk, environmental impact, and cost. For example, in 2002 Pfizer was 

awarded the Presidential Green Chemistry Award for their streamlined production of sertraline HCl 

(ZoloftTM). Where the initial process used 101,400 L/1000 kg product, consisting of ethanol, ethyl 

acetate, tetrahydrofuran, toluene and hexane, the new process uses 24,000 L/1000 kg product of 

ethanol and ethyl acetate.1 While this is still a significant amount of waste, ethanol and ethyl acetate 

are considered “green” solvents due to their lower environmental impacts, especially in terms of 

toxicity and smog formation potential.2 Not only does this reduce the risk associated with using 

large volumes of solvent, it also reduces the costs associated with procuring, recovering, and 

disposing of the solvents. This is but one example of the huge impact solvents can have on a 

process. Green chemistry offers a framework for looking beyond traditional methods and traditional 

solvents for solutions to problems in synthetic and process chemistry.  

1.2 Green Chemistry 

1.2.1 Ideals and Principles 

Practitioners of green chemistry strive to improve the sustainability and environmental impact 

of academic and industrial chemical practices. The ideals of the discipline are a radical departure 
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from the pollution prevention and environmental protection initiatives of the 1960s. Instead of 

developing further methods of trapping waste, green chemistry offers a new strategy of waste 

prevention. Paul Anastas and John Warner offered structure to this area of chemistry research by 

writing the 12 Principles of Green Chemistry in their book Green Chemistry: Theory and Practice 

in 1998.3 The 12 principles, reproduced below, help chemists and engineers set goals that can 

motivate improved choices during reaction and process design.  

 

1. Prevention: It is better to prevent waste than to treat or clean up waste after it has been 

created. 

2. Atom Economy: Synthetic methods should be designed to maximize the incorporation of 

all materials used in the process into the final product. 

3. Less Hazardous Chemical Syntheses: Wherever practicable, synthetic methods should 

be designed to use and generate substances that possess little or no toxicity to human 

health and the environment. 

4. Designing Safer Chemicals: Chemical products should be designed to affect their 

desired function while minimizing their toxicity. 

5. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents, 

separation agents, etc.) should be made unnecessary wherever possible and innocuous 

when used. 

6. Design for Energy Efficiency: Energy requirements of chemical processes should be 

recognized for their environmental and economic impacts and should be minimized. If 

possible, synthetic methods should be conducted at ambient temperature and pressure. 

7. Use of Renewable Feedstocks: A raw material or feedstock should be renewable rather 

than depleting whenever technically and economically practicable. 

8. Reduce Derivatives: Unnecessary derivatization (use of blocking groups, protection/ 

deprotection, temporary modification of physical/chemical processes) should be 

minimized or avoided if possible, because such steps require additional reagents and can 

generate waste. 
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9. Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric 

reagents. 

10. Design for Degradation: Chemical products should be designed so that at the end of 

their function they break down into innocuous degradation products and do not persist in 

the environment. 

11. Real-time Analysis for Pollution Prevention: Analytical methodologies need to be 

further developed to allow for real-time, in-process monitoring and control prior to the 

formation of hazardous substances. 

12. Inherently Safer Chemistry for Accident Prevention: Substances and the form of a 

substance used in a chemical process should be chosen to minimize the potential for 

chemical accidents, including releases, explosions, and fires. 

 

These principles are an excellent guide to improved sustainability, but they are only a starting 

point. The relative importance of each principle has become a topic of debate, and has sparked 

interest in how we can quantify whether or not something is green. Upon examination, it becomes 

apparent that the term green cannot be used in an absolute sense, and it is only through comparison 

that one can identify the greenest option. The issue is rendered more complex in that changes to a 

reaction can have more than one effect on the environmental outcome. One could find a way to use 

a renewable feedstock in a reaction, thus making an improvement in terms of principle 7, but the 

change could introduce the need for more steps and more auxiliary solvents to upgrade that 

feedstock into the starting material you require. Has the change made the overall process more 

green or less?  

Solvent choice can have the greatest impact on the greenness of a reaction or process. Solvents 

are generally used in the largest proportions of the compounds used and are therefore the biggest 

contribution to waste. Most of the harm caused by solvent waste can be mitigated by two popular 

strategies; reducing the number and volume of solvents used, and/or using greener solvents. 
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As previously mentioned, identifying or quantifying greenness is not an easy task. Some 

companies have assessed the most commonly used solvents and classified them based on their 

health and safety risks,2,4 which gives their researchers a simple tool for solvent selection. When 

considering what solvent to use, they can identify the least harmful solvent that has the properties 

required for their reaction. While these are useful tools, they usually focus mainly on conventional 

solvents, or bio-derived conventional solvents, and ignore alternative greener solvents that have 

been developed over the last 20+ years.5  

These lists also ignore how the solvent was made, or the energy required to remove the solvent. 

Capello et al.6 developed a framework for comparing solvents which looked at substance specific 

hazards, as well as emission and resource use over the full life cycle of the solvent. After analyzing 

a list of 26 common organic solvents, for the production and use of 1 kg of each solvent, they found 

that small alcohols and alkanes were the least damaging, while carboxylic acids, acetonitrile, 

tetrahydrofuran, dioxane, and formaldehyde were the worst.   

However, simply choosing a solvent because it is greener than another solvent does not 

guarantee that the overall process will be greener. If the chosen solvent reduces the efficiency then 

more waste is produced and more resources are required. On the other hand, if one uses a solvent 

that is somewhat less green but greatly improves reaction efficiency, the overall reaction will be 

greener. One definition of a green solvent is “the solvent that makes a product or process have the 

least environmental impact over its entire life cycle.”7 

The most comprehensive way to measure the greenness of a pathway is to perform a Life Cycle 

Analysis (LCA), for which international standards have been developed (ISO 14040 and 14044). 

A LCA generally quantifies a number of different metrics for the required components of a reaction 

or process. These metrics can include potential to produce acid rain, human toxicity, 
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bioaccumulation, and others. In an assessment, one can compare the effects of a change in solvent 

on the overall process, including reaction efficiency, selectivity, etc., but also including the metrics 

of environmental impact. In this way one is able to make an informed decision on which solvent is 

both the best and the greenest of the available options for that process.  

1.2.2 Alternative Solvents in Green Chemistry 

Solvents have many purposes. In reaction chemistry, they can improve reaction rates, moderate 

temperature rises of exothermic reactions, and help to control outcomes. Solvents are also used in 

extractions, such as the extraction of edible oils from oilseeds, in other separations such as 

chromatography, and in liquid products such as paints and cleaning agents. The use of solvents in 

green chemistry is addressed in the first and fifth principles outlined above, where waste should be 

prevented wherever possible, and auxiliary substances such as solvents “should be made innocuous 

or obsolete wherever possible.”3 While these are applicable in terms of reaction chemistry, where 

a chemical synthesis can be designed that requires fewer steps or can be done in one step (and so 

use one or no solvent(s)), it is less applicable in terms of extractions. 

What needs to be considered when choosing solvents for extraction is the release of solvents 

during their removal from the extracted product. Distillation is the most common form of solvent 

removal, and requires that the solvents used are volatile so as to mitigate the large energy 

requirements. The more volatile the solvent the less energy required, but the greater risk of release 

and flammability. When released, volatile solvents also contribute to smog formation and have 

inherent inhalation risks due to their potential for toxicity and carcinogenicity. 

Several alternative solvents have been developed that circumvent the problem of organic 

solvent volatility. To retain volatility but reduce harmful effects, volatile inorganic solvents can be 



 

6 

 

considered, such as CO2 or water. In contrast, ionic liquids, liquid polymers, and switchable 

solvents are all examples where volatility is reduced or eliminated. 

Ionic liquids are interesting for their unique solvent abilities and their negligible volatility.8–11 

They are also tunable, in the sense that they can be developed with specific needs in mind, such as 

biodegradation or low toxicity.12 In theory, this makes them safer to use in terms of smog formation 

and fire prevention, and widely applicable in terms of properties. However, the lack of volatility 

also leads to increased difficulties in product separations. Generally, conventional volatile solvents 

are required to remove the ionic liquid from the product and thus the risk of flammability has not 

been removed from the process.  

Synthesis of some ionic liquids can also be challenging, and the starting materials and number 

of reaction steps required to make them decreases their potential green-ness.13 BASF was the first 

company to use an ionic liquid in a commercial process, for which they won a European Chemical 

News Innovation Award in 2004.14 Their process was branded BASIL, biphasic acid scavenging 

utilizing ionic liquids, and implemented at the pilot plant scale for the chlorination of alcohols using 

methylimidazolium chloride as an alternative to phosgene or thionyl chloride.15  

Liquid polymers, such as poly(ethylene glycol) and poly(propylene glycol), are another 

example of nonvolatile solvents.16,17 Unlike ionic liquids, the US Food and Drug Agency has 

deemed these safe for use internal consumption, and they are found in personal care products such 

as shampoos and face washes.5 However, recovery and recycling of liquid polymers still requires 

extraction and distillation using a volatile organic solvent to separate from the products. 

Supercritical and near-critical fluids have also been explored, as at high pressures they can be 

used as solvents but release of that pressure conveniently leaves only product behind. CO2 is the 

most commonly used supercritical fluid for extractions and chromatography due to its abundance, 
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low toxicity, and convenient critical point being at relatively low temperature (Figure 1.1). 

Supercritical CO2 has good solvent characteristics for low-polarity solutes. For example, it is 

currently being used for the extraction of sesame oil in South Korea.18 In this process food-grade 

oils and powdered seeds are recovered without the use of auxiliary solvents. The high pressures 

required to use these fluids result in higher capital and operational costs, as the equipment, energy, 

and safety measures are more extensive for processes carried out above atmospheric pressure.  

 

Gas-expanded liquids (GXLs) share some of the advantages of supercritical CO2 but are used 

at lower pressures. Many traditional solvents dissolve a significant amount of CO2 under mild 

pressures, resulting in new solvent properties. The volume of acetonitrile can expand by 387% 

Figure 1.1 Carbon dioxide pressure-temperature phase diagram. © Marc Jacobs, used under 

Creative Commons Attribution-NonCommercial-ShareAlike 2.0 Generic 



 

8 

 

under 69 bar pressure of CO2, becoming 89 mol % CO2 in the process.19 The polarity, viscosity, 

and interfacial tension decrease significantly as a result, giving the opportunity to tune the solvent’s 

properties depending on the amount of CO2 dissolved in the solvent.20 Compared to scCO2, GXLs 

operate at lower pressures and exhibit a wider range of solvent properties. Using lower pressures 

improves safety, and also reduces capital and operating costs associated with compressing large 

volumes of gas. Volatile organic solvents are still used in this system, but the volumes are far lower 

than using conventional solvents alone as GXLs are made up primarily of CO2. GXLs have been 

shown to be effective solvents for catalyzed reactions like hydroformylation, where the ratios of 

dissolved hydrogen and carbon monoxide can be adjusted for desired turnover frequencies and 

product selectivities.20  

Switchable solvents, which will be described in greater detail in Section 1.3, are another class 

of alternative solvent making use of CO2. In this case, the CO2 acts as a trigger between one solvent 

state and another. In particular, the addition of CO2 causes the protonation of a base in the presence 

of water or another proton source, which is a reversible process.21 The resulting ionic species is 

more polar and hydrophilic than the unprotonated base. The reversibility of these properties means 

greater potential for easy solvent recovery and recyclability, avoiding the need for the solvent to be 

volatile to remove it from the product. The requirement of the initial solvent to be basic to allow 

for a CO2 mediated switch means that reactions or extractions using these solvents cannot be pH 

sensitive, so they are not applicable to all reaction types. However, they have been shown to be 

effective in the extractions of oils from oilseeds,22 bitumen from bituminous sand,23 and dissolution 

and re-dispersion of polystyrene.24,25   
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1.3 Switchable Solvents 

1.3.1 Switchability 

A system is switchable when it can be reversibly changed from one set of properties to another 

by application of a trigger. There are many examples of switching systems, including 

surfactants21,26 and dyes27–29. An example of a switchable system that is easy to visualize is a pH 

indicator dye. By changing the pH of the bulk solution the absorbance spectrum of the indicator 

dye is changed. There are a wide variety of pH indicators, each with its own range of colours for a 

specific pH range. These indicators are usually weak acids or bases that, when in solution, may be 

in either its protonated or non-protonated form depending on the pH of that solution and the pKa of 

the indicator. They are commonly used for acid/base titrations, but can also be found in laboratories 

studying supercritical fluids30 or molecular switches.31,32  

An example of a molecular switch that is controlled through pH is a host-guest recognition 

system (Figure 1.2).32 An acid/base switch in this sort of system is relatively simple to design as it 

involves repulsive or attractive hydrogen bonding forces upon protonation of either the host or 

guest molecules. This switch then allows the host-guest complex to switch between two states. In 

one example, this shift can be seen visibly as it may complex and form a strongly coloured species 

in one configuration, and loses its colour as the pH changes and the molecules move to another 

configuration.32 
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Aside from acid/base triggers, light, voltage, and oxidants/reductants can also be used to control 

switching behaviour. In terms of reuse, chemical triggers are usually less desirable as repeated 

switching requires further addition of the trigger (e.g. acid/base, oxidant/reductant). This leads to 

buildup of side products as a result of continued addition of the required triggers. Light and voltage 

seem like the greenest choices, but in terms of bulk solution they are less effective if the solution 

is opaque, highly coloured, or non-conductive.21 This is where CO2 becomes an attractive option 

as a chemical trigger, as its use in pH sensitive switching systems does not lead to further waste 

production. Rather, it can be added to a solution to afford a change in properties, but switching 

back only requires removal of the CO2 and not further addition of chemicals.  

There are a few ways in which CO2 can act as a reversible chemical trigger, as shown in 

Table 1.1. The simplest version is a combination of CO2, water, and an organic base, which can 

result in the formation of a bicarbonate salt (1).21 Nitrogen bases are the most commonly used, 

though ionic carboxylates and phenolates can achieve similar switching behaviour in the presence 

of CO2 (2).33 Some carbonate formation will occur during these transformations, however, the pH 

of the resulting solution is low enough that the carbonate is usually disfavoured.34 The water used 

Figure 1.2 Host-guest system with two stations, wherein a macrocyclic unit can move between 

stations depending on the pH of the medium. 
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in these systems can also be replaced with alcohol, resulting in the formation of the alkylcarbonate 

salt as opposed to the bicarbonate salt.25  

Neutral amine bases containing N-H bonds can react with CO2 to form carbamic acid and 

carbamate salts as opposed to, or in addition to, bicarbonate salts (3).35–39 Carbamate salts are more 

stable and generally form faster than bicarbonate salts.40 This means that the removal of CO2 from 

carbamate salts is more difficult and occurs at higher temperatures than bicarbonate salts. 

Carbamates would be more useful for applications that need the ionic form to be stable at 

temperatures of 70-90 °C as bicarbonate salts are unstable at these temperatures.34 Another factor 

to consider is that fewer ions are produced in the formation of carbamate salts compared to 

bicarbonate salts, so for applications requiring greater ionic strength the bicarbonate salt would be 

more desirable. Formation of carbamate salts can be avoided by using amines that are very weakly 

basic, do not include N-H bonds, or by increasing the steric hindrance around the nitrogen.34 

CO2 can also be used to trigger urea formation (4). Reasonable rates of dialkylurea formation 

can be obtained by an uncatalyzed thermal reaction above 180 °C from primary amines and CO2. 

This reaction has been proposed for reversible hydrogel formation under superheated conditions 

underground.41  

Carbon dioxide has many advantages as a switchable stimulus. CO2 is abundant and 

inexpensive, as energy production, and to a lesser extent cement manufacture, emit large quantities 

as a waste product. Another advantage is that it is a natural flame suppressant, meaning that it can 

act as a built-in fire safety system. Carbon dioxide has low toxicity, making it a safer choice than 

other gases.  
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Table 1.1 Reversible reactions using CO2. 1 is the reaction of a neutral base with CO2 and water 

to produce a bicarbonate salt. 2 is the reaction of an anionic base with CO2 and water to produce 

the bicarbonate ion and the protonated base. 3 is the reaction of a secondary amine with CO2 to 

produce first the carbamic acid form of the amine, and then upon further reaction produces a 

carbamate salt. 4 shows the reaction of a secondary amine with CO2 to produce dialkylurea and 

water which is stable at high temperatures. 

Reaction  

1a 

 

2 
 

3 

 

4 

 
aThe proton source in reaction 1 could also be an alcohol or an amine. 

 

1.3.2 Switchable Polarity Solvents (SPS) 

The first switchable solvents were invented by the Jessop group and developed in collaboration 

with Drs. Eckert and Liotta at Georgia Tech.25,42 These solvents are mixtures of an amidine or 

guanidine base and an alcohol, which, upon introduction of CO2, form alkylcarbonate salts that are 

liquid at room temperature. An example using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and an 

alcohol is shown in Scheme 1.1, but there are also examples using N,N,N’,N’-tetramethyl-N’’-

butylguanidine (TMBG).42  
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Scheme 1.1 Switchable polarity solvent reaction involving DBU, an alcohol, and CO2, where green 

indicates low polarity and red indicates high polarity. 

 

This process is reversible; the removal of CO2 is achieved by heating the mixture and is aided 

by bubbling with an inert gas. This system is called a “Switchable Polarity Solvent” or SPS, as the 

polarity before and after the introduction of CO2 is significantly different (Table 1.2). The 

downside of a system like this is that it is water sensitive: the formation of bicarbonate salt is more 

thermodynamically favoured than the alkylcarbonate.43 Since the bicarbonate is a white solid at 

room temperature this reduces the ability of the system to be used as an SPS, so the components of 

the SPS and any reaction materials must be dried prior to introduction of CO2. There is only a 

moderate polarity change from the neutral form to the ionic form of this type of SPS since one of 

the components is an alcohol. The range of reactions that can be performed in this medium is also 

limited as reactive solutes (e.g. alkyl halides, strong bases) will deactivate the switchability of the 

system.21 
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Table 1.2 Relative polarities of molecular, ionic, and switchable liquids as measured by UV-vis 

absorption of the Nile Red dye, where larger λmax represents higher polarity. 

Solvent λmax (nm), Nile Red Reference 

Ether 504 Pollet 201144 

NHEtBu 517 Jessop 201245 

Acetone 530 Jessop 201245 

[HNHEtBu]+[NEtBuCOO]- 531 Jessop 201245 

CH2Cl2 535 Pollet 201144 

CHCl3 538 Pollet 201144 

TMBG + MEOH 538 Pollet 201144 

DBU +MEOH 538 Pollet 201144 

DMF 541 Pollet 201144 

Propanoic Acid 542 Pollet 201144 

[bmim]+[PF6]- 548 Pollet 201144 

[DBUH]+[MeOCO2]- 548 Pollet 201144 

DMSO 549 Pollet 201144 

[TMBGH]+[MeOCO2]- 554 Pollet 201144 

Acetic acid 557 Pollet 201144 

Water 593 Jessop 201245 

 

Mixtures of amidines and primary amines were explored by Yamada et al. and were found to 

also produce a reversible ionic liquid using CO2 as a trigger.46 Upon addition of CO2 the amidinium 

carbamate salt is produced, increasing the polarity of the system. Bicarbonate formation from 

residual water was also observed but a stable liquid phase could be obtained, indicating this system 

is less impeded by moisture. 

Single component SPS have also been investigated to simplify the switching process.47,48 In 

one example, secondary amines were investigated, which are less expensive than amidines or 

guanidines. The addition of CO2 to certain secondary amines causes the formation of a liquid 

carbamate salt where the amine acts as both the proton donor and the nucleophile (Scheme 1.2).21,47 

It is presumed that this mixture is liquid at room temperature due to the presence of carbamic acid 

and/or unreacted amine. These SPS are less sensitive to the presence of water, though upon addition 
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of CO2 to a mixture of the amine and a stoichiometric amount of water the insoluble bicarbonate 

salt forms and does not re-dissolve upon removal of CO2. 

 

Scheme 1.2 Switchable polarity solvent reaction involving two equivalents of a secondary 

amine and CO2. 

 

Trialkoxy- and trialkylsilylamines have also been explored as single component SPS, mainly 

for the recovery of crude oil from oil shale feedstocks.48 In the presence of CO2, the clay and other 

impurities found in oil shale were separated into the ionic liquid form of triethoxysilylamine while 

the oil formed a second phase. Very little loss of the solvent was observed compared to the two-

component systems using alcohol, especially as the temperature at which triethoxysilylamine is 

volatile is much lower than the temperature required to remove CO2.48 

Several applications of SPS have been explored in the literature. CO2 switchable polarity 

solvents have been studied for their effectiveness as CO2 scrubbers for industrial usage.49,50 The 

perceived advantage over current aqueous amine systems is the reduction in energy associated with 

the lower heat capacity of the organic liquids.51 Comparing a TMBG/1-butanol SPS to a 20 wt% 

solution of monoethanolamine in water, an energy reduction of 32% was calculated for solvent 

regeneration. SPS have also been used as reaction media. The reaction is carried out in one form of 

the solvent, and the separation is afforded through switching the properties of the solvent. In the 

second form of the solvent, the product or catalyst is no longer soluble, allowing for separation 

without distillation. The polymerization of styrene can be carried out in a mixture of DBU/1-
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propanol, and upon addition of CO2 the polymer product becomes insoluble in the resulting 

propylcarbonate ionic liquid and precipitates (Figure 1.3).25 

 

 

Figure 1.3 Method for polymerization of styrene in a switchable solvent consisting of DBU and 1-

propanol. Green indicates the solvent in its neutral form, whereas red indicates the ionic form.18 

 

 A Claisen-Schmidt condensation of 2-butanone and benzaldehyde has been demonstrated 

using the TMBG/methanol SPS (Scheme 1.3).44,52 The reaction itself was carried out in TMBG, 

which had the advantage of being not only the solvent but also the catalyst. Under basic conditions 

the terminal enone product is favoured. As water is produced in this reaction, for effective recycling 

the media needed to be dried prior to addition of CO2; dry methanol and dry octane were used to 

separate the product from the ionic form of the solvent. Drying the solvent prevented formation of 

the bicarbonate salt and allowed for more efficient recycling of the solvent. 
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Scheme 1.3 Claisen-Schmidt condensation of 2-butanone and benzaldehyde 

 

Hart et al. investigated using DBU/hexanol as the reaction medium for Heck reactions.52 These 

are palladium catalyzed C-C bond couplings between an aryl halide and a substituted alkene. Heck 

reactions produce hydrogen halides which need to be neutralized by a base to recover the catalyst, 

usually resulting in the formation of large amounts of salt. The coupling of bromobenzene and 

styrene was performed in the ionic form of the solvent (Scheme 1.4). The product could then be 

extracted, and the salt was easily separated by removing the CO2 and returning the solvent to its 

molecular form. No additional base was required as the DBU acted as an HBr scavenger, so it was 

this salt that was recovered after the reaction. The palladium catalyst remained in the molecular 

solvent, and, once the solvent was switched back to the ionic form by addition of CO2, the system 

was re-used for an additional coupling.  

 

Scheme 1.4 Heck reaction of bromobenzene and styrene to produce E-stilbene using the 

DBU-hexylcarbonate ionic liquid as the reaction medium.  
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These examples show that the use of switchable solvent systems have some advantages over 

more conventional solvents as reaction media. For reactions that require additional base, the solvent 

can fill that role, leading to fewer materials being required, fewer byproducts being produced, and 

overall easier solvent purification and recycling.  

1.3.3 Switchable Hydrophilicity Solvents (SHS) 

An extension of the idea of switchable polarity and thus switchable solubility, is switchable 

hydrophilicity.22,24,53,54 This iteration of the switchable solvent is miscible with water in its ionic 

form, and sparingly soluble in its neutral form (Figure 1.4). Examples of molecules with the 

appropriate properties have been identified, including difficult to synthesize guanidines, and widely 

commercially available tertiary amines.55 The desired result from using a SHS over a conventional 

solvent is the ability to remove it from a product without the use of distillation. The solvent should 

also separate from the water such that both can be recycled for subsequent use. 

  

For a molecule to be considered a SHS it must meet several criteria. For the stimulus that 

triggers switching to be CO2 the molecule must form a water-soluble salt in the presence of 

carbonated water. Therefore the solvent must be immiscible with water under air. To react with 

Figure 1.4 A conceptual scheme of switchable hydrophilicity solvents.  
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hydrated CO2 the molecule should also be basic, as with SPS discussed above (Section 1.3.2). The 

switch from one form to the other must also be reversible, such that removal of CO2 can be achieved 

through bubbling the solution with an inert gas, such as N2 or Ar, and/or through mild heating. 

The first paper on SHS was published in 2010 and tested nine amidine and guanidine bases, of 

which only one could reliably switch from immiscible with water to miscible and back again using 

1 bar of CO2 as a trigger.22 Amidines and guanidines were chosen because they are known to form 

bicarbonate salts in the presence of hydrated CO2
25 which should then be water-soluble. Molecules 

were chosen over a wide range of estimated octanol-water partition coefficients (log KOW), which 

is a measure of partitioning behaviour of a molecule between a water phase and an octanol phase.  

Of the nine molecules initially chosen, several were eliminated for failing to meet one or more 

of the criteria for a SHS. Bases with low estimated log KOW values (roughly 0.3-3.6) were 

eliminated because they were miscible with water in the absence of CO2. The molecule with the 

highest estimated log KOW (7.1) was eliminated for being immiscible with water in both the 

presence and absence of CO2. Several other molecules, which formed a separate phase with water 

under air and were water soluble under CO2, were eliminated because flushing the system with an 

inert gas was not able to convert the bicarbonate salt back to the neutral molecule. Of the nine 

molecules studied, only N,N,N’-tributylpentanamidine was identified as an SHS, with an estimated 

log KOW of 6.1.  

Although N,N,N’-tributylpentanamidine is a successful SHS it suffers from several 

disadvantages.22 It has a relatively high log KOW value, meaning it can pose environmental risk in 

terms of persistence and bioaccumulation. If the molecule is highly persistent, then a high log KOW 

value will mean that it could build up in the fatty tissues of animals in the environment. This risk 

is mitigated for N,N,N’-tributylpentanamidine as it is not anticipated to be highly persistent. It 
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should degrade hydrolytically in the environment, since the pH of surface water is typically 6.0-

8.5. However, hydrolytic instability will mean there will be some solvent degradation over multiple 

solvent cycles, particularly after removal of CO2 when the solvent will become less soluble in the 

water while the pH of the water rises. 

Other molecules were studied to overcome the disadvantages of the amidine SHS. Desired 

improvements included commercial availability of the molecule, hydrolytic stability, and lower 

risk of bioaccumulation.24 In the second study a series of tertiary amines were tested. Primary and 

secondary amines were avoided to prevent the formation of carbamate salts, as these would make 

the removal of CO2 difficult.  

Interestingly, where the ideal log KOW range for amidines and guanidines was somewhere 

between 3 and 7, for amines it was found to be between 1.2 and 2.5. Mathematical modelling has 

revealed that the desired phase behaviour is dependent on both log KOW and pKaH, which helps to 

explain the discrepancy between these two series of bases (Figure 1.5).53 For a molecule that is 

strongly basic to behave as an SHS it must also be very hydrophobic. A strongly basic molecule 

would favour formation of the water-soluble hydroxide salt in the presence of water, so weak 

partitioning into the water phase would prevent miscibility in the absence of CO2.  
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Figure 1.5 Theoretical map indicating the region of high SHS viability in a two-liquid system. The 

z-axis represents Z from eqn (10) and the green dots represent confirmed SHS tertiary and bulky 

secondary amines and the two SHS amidines at the upper right. (Reproduced from Ref. 53 with 

permission). 

 

From the second series of bases studied, cyclohexyldimethylamine (CyNMe2) was identified 

as a good SHS due to its low toxicity, low flammability (flash point < 38 °C), and commercial 

availability.24 It is also an improvement over N,N,N’-tributylpentanamidine because it is 

hydrolytically stable and is less likely to bioaccumulate with an estimated log KOW of 2.1. Research 

is ongoing to find molecules which are safer in terms of toxicity and volatility, while still 

performing well as SHS.54–56 

Switchable hydrophilicity solvents are most obviously good replacements for solvents of low 

polarity. Hexane is a widely used low-polarity solvent that is volatile and flammable. In Canada, 
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industrial distillation emitted 4 800 tonnes of hexane in 2014 alone.57 Replacement with a low-

volatility switchable solvent would reduce atmospheric emissions and therefore smog formation 

potential, as the separation is done without distillation. In this case a tertiary amine or guanidine 

can be used first as an extraction solvent, as they are miscible with low polarity products. After 

extraction, the addition of CO2 and water protonates the SHS, making it more soluble in water as 

well as making the water more ionic and causing the products to come out of solution.  

Tested applications of switchable hydrophilicity solvents have mostly centred on extraction of 

bitumen from bituminous sands,23 soybean oil from soybean flakes,22 and bio-oil from algae as this 

thesis will explore.58 SHS have also been shown to be effective in recycling of polystyrene foam, 

where foam packing material could be dissolved and re-polymerized using SHS.24  

1.4 Research Goals 

1.4.1 Application of SPS: Controlled Photoswitching 

This research explored controlling the lifetime of a photoswitchable dye using the polarity 

changes of DBU/alcohol mixtures in the presence and absence of CO2. The system can be described 

as a molecular switch, which are molecules that can be switched between two stable states in a 

controlled manner. As such, the system could have applications in various fields including liquid 

crystals,59 data storage,60 and catalysis.61 Chapter 2 discusses the use of spiropyran dyes for this 

purpose, as the lifetime of the coloured form is subject to the polarity of the solvent in which it is 

dissolved.62  

The goal of this project was to determine if switchable polarity solvents could be used to attain 

a bi-stable spiropyran system. It was hypothesized that the coloured species would have a longer 

lifetime in the higher polarity form of the solvent than the lower polarity form.  
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1.4.2 Application of SHS: Extraction of bio-oils from microalgae 

Chapter 3 focuses on the application of SHS for the extraction of bio-oils. As has been 

discussed in Section 1.3, switchable hydrophilicity solvents may have the greatest impact as a 

replacement for hexane in the extraction of oils from natural sources. They have already been 

shown to be effective in the extraction of soybean oil from soybean flakes22 and bitumen from 

bituminous sand.23 Microalgae present the potential for a renewable source of fuel if the oils can 

be accessed economically. Microalgae have an advantage over other bio-based fuels and additives 

as their growth is separate from food production and does not depend on important resources for 

agriculture.  

The goal of this research was to determine if a SHS could be used to extract bio-oil from 

microalgae. It was expected that in the neutral form the solvent would extract neutral lipids from 

microalgal cells, and upon addition of carbonated water the solvent would become protonated and 

the extracted lipids would be forced out of solution.  
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Chapter 2 

Enhanced bi-stability of 6-nitroBIPS 

2.1 Introduction 

2.1.1 Molecular Switches 

Practical molecular switching is observed in molecules which are able to interconvert 

between two stable states when triggered to do so by the application of an external stimulus 

(Scheme 2.1). Molecular switches have been used for a variety of applications, utilizing diverse 

stimuli such as pressure,63,64 light, heat,65 chemical reactions,32,66 and magnetic or electric fields.64,67 

Research in this area has been growing steadily and has resulted in molecular motors,68,69 advanced 

liquid crystal development,59 light-gated catalysts,70 and new substrates for information storage.71  

Scheme 2.1 The interconversion of a molecular switch from state A to state B and back again 

with the application of stimuli S1 and S2. 

 

The change between the two forms of the molecular switch can be derived from electron 

transfer, isomerization, complexation behaviour, and photocyclization. The key parameter is the 

reversibility of the change between the two forms of the molecular switch, as well as the stability 

of each form of the molecule.72  

2.1.2 Photochromism 

Photochromism is understood to be a reversible light-driven transformation wherein a 

chemical species interconverts between two forms, each having different absorption spectra. To be 
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photochromic, the change must be induced in at least one direction by electromagnetic radiation. 

The resulting changes in structure, dielectric constant, refractive index, and other physicochemical 

properties have prompted research in many fields that benefit from a molecular switch with a simple 

stimulus. 

A wide range of photochromic materials have been studied since the term was coined by 

Hirshberg in 1955.73 Ring-opening, trans-to-cis isomerization and photocyclization reactions are 

some of the mechanisms by which light is used to modify the absorbance spectrum of a compound. 

The most prevalent groups of organic photochromic molecules are azobenzenes,74 spiropyrans,28 

diarylethenes29 and fulgides.27  

Photochromic materials share many traits with molecular switches; however, they often do 

not present sufficient bi-stability for most applications, such as optical information storage.72 

Thermal instability of the photoinduced state of the molecule has impeded the use of some 

photochromic materials as molecular switches. Diarylethenes and fulgides are two groups of 

photochromic molecules that have been developed for improved bi-stability. Both groups undergo 

photo-induced cyclization to produce a ring-closed coloured isomer, however, they require greater 

substitutions, and therefore more complicated syntheses, to diminish the thermal instability.29,75 

The next section will discuss spiropyrans, which, of the groups mentioned above, have 

been some of the most widely studied materials in the area of photochromism.75  

2.1.3 Spiropyran-Merocyanine photoswitching and applications 

Spiropyrans were initially studied as thermochromic compounds, and it was not until the 

1950s that their photochromic characteristics were discovered.73,76,77 Spiropyrans consist of two 

heterocyclic rings, one of which is a 2H pyran, connected by a spiro-linkage. Most absorb in the 

ultraviolet (UV) region, between 200 nm and 400 nm. Spiropyrans display photochromic behaviour 
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upon irradiation in this region, where the spiropyran (SP) form ring-opens to a merocyanine (MC) 

form (Scheme 2.2). Using UV-light (ca. 365 nm), the carbon-oxygen bond is broken and the 

molecule can freely rotate to the MC form and accommodate conjugation across both ring systems. 

This is reversible by two mechanisms; thermal and photochemical. The lack of thermal stability in 

the MC form makes the SP-MC system of limited use as a molecular switch. Some spiropyrans do 

not appear photochromic as a result of a high thermal rate of decay, where the lifetime of the MC 

is too short to be observed. As discussed in Section 2.1.1, an optimal molecular switch shifts 

between one or more stable states at the application of a stimulus such as light. 

 

Scheme 2.2 Spiropyran-merocyanine photoswitch of 6'-nitro-1,3,3-trimethylspiro(indolino-2,2'-

benzopyran) (6-nitroBIPS), where 1 is SP, 2a is the quinoidal mesomer of MC and 2b is the 

zwitterionic mesomer of the open MC. 

  

Spiropyrans have found application in a variety of areas, especially in films for optical 

recording, ophthalmic lenses, liquid crystals, and supramolecular assemblies.78 Efforts to extend 

the lifetime of MC have resulted in studies of metal-ion complexation to MC,79–82 acidification,83 

structural modifications,84 and solvent modification.62 
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2.1.4 Solvent effects on absorbance and thermal reversion 

The SP-MC photoswitch is observed to be both solvatochromic as well as solvatokinetic, 

meaning that solvent polarity affects both the maximum absorbance (λmax) of MC as well as the 

rate of thermal reversion of MC to SP.28,62 Table 2.1 shows λmax and observed rate constants (kobs) 

for 6-nitroBIPS in a variety of solvents. The polarity has been shown using the ET(30) scale, where 

larger numbers indicate higher polarity and/or high proticity, as well as the dielectric constant (ε) 

where higher numbers indicate higher polarity alone. It should be noted that the kobs for the MC-SP 

thermal reversion of 6-nitroBIPS is four orders of magnitude greater in low polarity solvents 

compared to higher polarity solvents. It is also interesting to note that this trend is not based on 

polarity alone. Trends can be observed comparing ET(30), λmaz and kobs, but not for the dielectric 

constant. This indicates that the MCSP photoswitch is also sensitive to the proticity of the dye, 

not just its polarity. 

Table 2.1 Solvatochromic data for the MCSP reversion, including solvent polarity and 

proticity (ET(30)), dielectric constant, maximum absorbance of the MC, and reversion rates.  

Solvent ET (30) 

(kcal mol-1) 

ε λmax 

(nm) 

kobs 

(103 s-1) 

toluene 33.9 2.38 600 122 

diethylether 34.6 4.33 594 103 

1,4-dioxane 36.0 2.25 590 63.9 

tetrahydrofuran 37.4 7.58 584 26.8 

acetone 42.2 20.7 568 7.28 

dimethylformamide 43.8 36.7 562 2.85 

ethanol 51.9 24.5 540 0.69 

 

The open form of 6-nitroBIPS and other spiropyran dyes is named the merocyanine form 

due to their similarity to the merocyanine class of molecules. Merocyanines have a conjugated π 
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system linking an electron-donating group and an electron-accepting group, and generally consist 

of two mesomeric forms (e.g. 2a and 2b in Scheme 2.2). Intramolecular charge transfer between 

the donor and acceptor groups generates an excited state with a dipole moment that is appreciably 

different from the ground state dipole moment.  

Merocyanines, such as the one formed by 6-nitroBIPS, display negative 

solvatochromism, meaning that as the polarity of the solvent increases, the maximum absorbance 

(λmax) is observed to decrease. (Table 2.1). Negative solvatochromism occurs when the ground 

state of a molecule has a stronger dipole than the excited state, which has been shown for this 

system both theoretically and experimentally.85–87 In higher polarity solvents the zwitterionic 

mesomer of the ground state is better solvated and therefore more prevalent when the 

merocyanine is dissolved in more polar solvents. The excited state is non-polar, and is thus not as 

well stabilized in polar solvents as the zwitterionic ground state. Therefore, the gap between the 

highest and lowest occupied molecular orbitals, or HOMO and LUMO, increases with increasing 

solvent polarity, meaning that shorter and more energetic wavelengths are required for excitation.  

The difference in kobs for MCSP reversion can be attributed to the stabilization effects 

of solvents of different polarities, and the ring closure mechanism by which MC returns to SP. To 

return to SP, the MC must first rotate to the cis-MC form before ring-closure can occur. In higher 

polarity media the ground state zwitterionic mesomer will be better stabilized over the ground 

state quinoidal mesomer. As the rotation barrier for a typical carbon-carbon double bond is 

approximately 65 kcal/mol and that for a single bond is closer to 5 kcal/mol, the rotation barrier 

between trans-MC and cis-MC leads to slower reversion of MCSP in higher polarity solvents. 
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2.1.5 Application of switchable solvents 

Switchable polarity solvents (SPS), as discussed in Section 1.3, are liquid compounds or 

mixtures which with a mild stimulus will change polarity. Currently, carbon dioxide is used as the 

switch as it is abundant, non-toxic, and non-flammable.88 Due to the solvent dependency of the 

thermal reversion62 it was hypothesized that use of SPS would help to control the bistability of the 

SP-MC photoswitch. In particular, the diazabicyclo[5.4.0]undec-7-ene (DBU)–1-propanol 

(PrOH) system was studied as it exhibits a large change in polarity. The low polarity form of this 

combination (without CO2) is comparable in polarity to dimethylformamide, and the high polarity 

form (with CO2) approaches that of water.89   

It was expected that use of SPS would allow control over the lifetime of the coloured 

form of the SP-MC photoswitch without addition of other materials or significant modification to 

the structure of the photoswitch. Figure 2.1 shows the four potential states that would arise from 

using the SP-MC photoswitch in SPS. In the high polarity form of the SPS, the MC would be 

more stable until (DC) reversion is desired, at which point the SPS could be switched to the 

low polarity form allowing for rapid reversion (AB). Other methods which control the rate of 

reversion either require the addition of metals, or, in the case of acid/base chemistry, result in the 

production of salts to afford changes in the solvent medium. Switchable polarity solvents take 

advantage of the changes in the stability of the zwitterionic mesomer of MC in different polarity 

solvents without having to first remove the solvent to replace it with a solvent having a different 

polarity. 

The proposed application for this technology is as a switchable printer ink. The ability to 

control whether or not the ink was coloured would allow for paper to be reused in the home or 

workplace without going through a recycling plant. 
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Figure 2.1 Depiction of four situations expected for a spiropyran dissolved in a SPS. 

 

2.2 Experimental 

2.2.1 Equipment 

Nuclear Magnetic Resonance (NMR) spectra were recorded using a Bruker-Avance 400 

spectrometer (400.1 MHz, 1H; 100.1 MHz, 13C). UV-vis spectra were recorded using a HP 8542 

photodiode array spectrophotometer or Varian Cary 3 double beam spectrophotometer. UV-vis 

irradiation of samples was performed in a Spectroline CX series ultraviolet fluorescence analysis 

cabinet, equipped with a Spectroline XX-15N UV lamp (dual 15 W, 365 nm). Where inert 

atmosphere was required, standard Schlenk techniques were used, or a glovebox (VAC controlled 

atmosphere systems, Nexus one). 

2.2.2 Materials 
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1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, Aldrich 98%) was refluxed over CaH2 for an 

hour, distilled in vacuo, bubbled with CO2 for 1 h, filtered to remove the resulting bicarbonate salt 

and stored in a Schlenk flask under N2. 1-Propanol (PrOH; Aldrich) was stored over 4 Å molecular 

sieves. Trifluoroacetic acid (TFA; Aldrich) was used as purchased.  Other common solvents or 

bases were obtained commercially and used without further purification. Supercritical CO2 

(99.999%, < 0.5 ppm H2O) and N2 (99.998%, < 3 ppm H2O) were used as received from Praxair. 

2.2.3 Synthesis of 6'-nitro-1,3,3-trimethylspiro(indolino-2,2'-benzopyran) (SP) 

A 50 mL round-bottomed flask was prepared with a stir bar over a hot-plate/stirrer with a 

condenser. Triethylamine (Aldrich, 1.7 mL/0.01 mol) and 1,3,3-trimethyl-2-methyleneindoline 

(Aldrich 97%, 1.7 mL/0.01 mol) were stirred for 10 min in 25 mL of ethanol. 2-Hydroxy-5-

nitrobenzaldehyde (Aldrich 98%, 1.7 g/0.01 mol) was added and the entire mixture was refluxed 

for 4 h. The mixture was then allowed to cool to room temperature; as the product is sparingly 

soluble in ethanol it was separated by vacuum filtration and recrystallized from 2-propanol and 

ethyl acetate.  

1H NMR (400.1 MHz) in benzene-d6: δ 7.59 (1H, s), 7.58 (1H, d), 7.12 (1H, m), 6.95 (1H, 

d), 6.88 (1H, t), 6.39 (1H, d), 6.05 (2H, m), 5.27 (1H, d), 2.41 (3H, s), 1.16 (3H, s), 0.99 (3H, s) 

13C NMR (100.1 MHz) in benzene-d6: δ 159.1, 148.2, 136.4, 125.9, 122.8, 121.8, 121.2, 

120.3, 118.6, 115.3, 107.5, 106.4, 52.3, 28.7, 25.8, 20.0. 

2.2.4 UV-visible studies 

2.2.4.1 General methods 

Blank spectra were taken using the bulk media prior to addition of SP. Irradiation was 

performed in the Spectroline cabinet for 90 s. Stock solutions of 5.12 x 10-3 M SP were prepared 
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in propanol in volumetric flasks that were then wrapped in tinfoil. Stock solutions of 0.100 M DBU 

and 0.100 M TFA were prepared in toluene. Gas-tight syringes were used for addition of the dye, 

base, or acid to the cuvette. 

2.2.4.2  Acquisition of UV-vis spectra and reversion rates of SP 

Blank spectra were recorded using 2.50 mL of solvent in a quartz cuvette. Spectra were 

recorded after the addition of 25.0 µL of the SP stock solution, and after irradiation to obtain the 

MC spectrum. Using the HP 8542 spectrophotometer, the rates of reversion were measured by 

monitoring the λmax over 255 min with sampling times every 5 min. Using the Cary 3, the entire 

spectrum was recorded every 5 min over 255 min. The reversion rates were monitored in ethanol 

and toluene for comparison to previous studies, and in propanol for the purpose of this study. 

2.2.4.3 UV-vis experiments of DBU effects on the SP-MC photoswitch 

Initially, the DBU/PrOH (1:1.5 v/v) solution was used as the bulk solvent to study its effect 

on the reversion rates of SP. A blank spectrum of 2.50 mL of the 1:1.5 DBU:PrOH solution was 

acquired in a quartz cuvette. As before, 25.0 µL of the SP stock solution was added to the cuvette, 

the solution was irradiated at 365 nm for 90 s, and spectra were taken at t = 0, 2, 6, 10 and 50 min. 

Bubbling CO2 through this solution afforded no changes in the spectrum.  

A lower ratio of DBU (1:100 v/v) in PrOH was then studied. A blank spectrum of PrOH 

was taken, to which 25.0 μL of the SP stock solution was added and the spectrum recorded. Spectra 

were acquired after the sample was irradiated for 90 s and following the subsequent addition of 

25.0 μL of DBU. After this, CO2 was bubbled through the mixture and the final spectrum was 

recorded. 

Separately, the same ratio (1:100 v/v) of DBU/PrOH was bubbled with CO2 for 30 min in 

a 2-neck round bottom flask using a condenser. A blank spectrum was taken using 2.50 mL of this 
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mixture, then 25.0 μL of SP stock solution was added and the spectrum recorded. The cuvette was 

then irradiated for 90 s and the spectrum was recorded over time to obtain the reversion rate. Using 

the remaining mixture, the CO2 was removed by bubbling N2 through the liquid and heating to 

60 °C in a 2 neck round bottom flask using a condenser. A blank spectrum was collected using 

2.50 mL of this mixture and 25.0 μL of SP stock solution was added and irradiated for 90 s and 

spectra were recorded over time. 

2.2.4.4 The disruption of DBU effects on the SP-MC photoswitch using TFA 

To determine whether TFA would disrupt the MC-DBU system, several experiments were 

conducted. In the first experiment, after a blank spectrum was acquired, 25.0 μL of the SP stock 

solution was added to a cuvette of 2.50 mL of PrOH and irradiated for 2 min. DBU was added from 

a 0.100 M stock solution previously prepared and the spectrum was acquired. After the addition of 

25.0 μL of the TFA stock solution, spectra were collected over a period of 88 min.  

Another set of experiments looked at the effect of DBU and TFA on the SP in ethanol as 

the bulk solvent rather than propanol. DBU or TFA were added to the cuvette of SP prior to the 

90 s of irradiation in these experiments. Spectra were acquired of TFA and MC without the 

presence of DBU, and of DBU and MC without TFA. Spectra were also acquired of SP, SP with 

25.0 μL of 0.100 M DBU, the same sample after 90 s of irradiation, and subsequently after 25.0 μL 

of 0.100 M TFA was added. 

2.2.4.5 UV-vis experiments of the effects of other bases on the SP-MC photoswitch 

Several bases other than DBU were explored as well; an amidine, a guanidine, a 2° amine 

and pyridine. All of these experiments were done using PrOH as the bulk solvent. After taking a 

blank spectrum of PrOH, 25.0 μL of the SP stock solution was added to the cuvette and irradiated 
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for 90 s before adding the base. For all but pyridine, 25.0 μL of the base was used; for pyridine 

13.0 μL was used. This gave approximately 2 moles of base in the cuvette. 

2.2.4.6 Benesi-Hildebrand 

Three different stock solutions of DBU were prepared (0.0512 M, 0.256 M, 0.768 M) such 

that appropriate amounts of DBU could be added to the system to afford 1:5, 1:10, 1:25. 1:50, 1:75, 

1:100 and 1:150 mole ratios of SP:DBU while maintaining a constant concentration of SP (5.12 x 

10-5). A series of spectra were recorded (separate cuvettes) starting with SP in pure PrOH. After 

mixing, the samples were irradiated for 90 s and the spectra were recorded.  

2.2.4.7 NaOMe Experiments 

A 0.50 M stock solution of NaOMe was prepared in methanol. The blank spectrum was 

acquired using 2.50 mL of EtOH. Spectra were taken after the addition of 25.0 μL of the SP stock 

solution, after 90 s of irradiation, and after 25.0 μL of the NaOMe stock solution (final 

concentration of 5.0 x 10-3 M). 

A second experiment was conducted using TFA after the addition of NaOMe. The 

procedure was performed as described above, and once the spectrum was acquired after the addition 

of NaOMe, further spectra were recorded after the addition of 50.0 μL, 150.0 μL and 200.0 μL of 

the 0.100 M TFA stock solution.  

2.3 Results and discussion 

2.3.1 Scope of study 

The goal of this research was to further study methods of attaining bi-stability within the 

SP-MC system. This means gaining more control over when the system is coloured (MC) and 

colourless (SP), which, as described above, is hindered by reversion rates that are either high or 
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low depending upon the polarity of the solvent in which the dye is dissolved. The aim of this study 

was to determine if using switchable polarity solvents (SPS) could control the rate of reversion, the 

advantage being that the solvent would not need to be removed to change the rate.  

There were several projected outcomes from using SPS with SP-MC. A longer lifetime for 

the MC was expected in the high polarity form of the solvent, and with the removal of CO2 it was 

anticipated that the MC would revert to SP at a higher rate. Due to the solvatochromic nature of the 

dye it was also a possibility that in the higher polarity form of the solvent the maximum absorbance 

(λmax) would shift slightly to lower wavelengths. This trend was indicated by Wojtyk et al.,62 where 

the λmax of the MC was higher in low polarity solvents, and lower in high polarity solvents. 

After preliminary experiments, details of which are described below, it became clear that 

the above expectations would not be realized (Figure 2.1, Figure 2.2). Upon addition of DBU to 

an alcoholic solution of MC, the sample was observed to have a λmax of 420 nm (B), much lower 

than the initial 545 nm, and to remain unchanged rather than reverting back to SP. We hypothesised 

that the MC reacted with DBU to make a stable new compound. Proton NMR spectroscopy 

experiments of the mixture were inconclusive, and crystals of the hypothesized new species could 

not be obtained. Addition of CO2 unexpectedly resulted in the λmax and rate of reversion becoming 

similar to those observed in low molecular weight alcohols (DC). 
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Figure 2.2 Updated version of Figure 2.1, where B is now unknown in structure but stable. 

  

At this point it was determined that while bi-stability had been achieved, it was important 

to explore how it was produced and its limitations. Section 2.3.3 will describe the observations and 

interpretations of experiments designed to probe the nature of the bi-stability realized using DBU. 

2.3.2 Preliminary experiments 

Synthesis of the spiropyran, 6-nitroBIPS, has been well described in the literature.90 After 

condensation of 1,3,3-trimethyl-2-methylindoline with 2-hydroxy-5-nitrobenzaldehyde in the 

presence of NEt3, the product was recovered and recrystallized from ethyl acetate and 2-propanol. 

NMR spectra were consistent with those provided in the literature.62  

The rate of reversion of MC to SP was studied in conventional solvents prior to testing the 

SPS. Ethanol and toluene were chosen to compare to the literature as examples of high and low 
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polarity solvents, respectively. 1-Propanol was also studied as this would be the alcohol component 

of the SPS to be investigated. 

The rate of ring closing can be calculated using Equation 2.1 by monitoring the 

disappearance of the λmax of MC over time:  

 𝐥𝐧(𝑨𝒕 − 𝑨𝒆𝒒) = 𝒌𝒐𝒃𝒔𝒕 + 𝐥𝐧(𝑨𝟎 − 𝑨𝒆𝒒) 2.1 

 

where kobs is the observed rate constant, t is time in seconds, At is the absorbance at time t, A0 is the 

initial absorbance and Aeq is the absorbance after 10 half-lives.  

The graphs for MC-SP reversion in ethanol are shown in Figure 2.3. The maximum 

absorbance for SP in ethanol is in the UV range (320 nm). The λmax of MC in ethanol is 540 nm, 

and decays as shown in Figure 2.3b. After plotting the data using Equation 2.1 (Figure 2.3c), the 

observed rate constant (kobs), which describes the sum of the forward and back reaction MC to SP, 

is equal to the slope of the trendline (0.55 x 10-3 s-1), which is comparable to the literature value.62 

As shown in the literature (Table 2.1), the kobs for the MC-SP reversion in ethanol is much smaller 

than that in toluene, and, as anticipated, the rate in propanol (0.79 x 10-3 s-1) is comparable to that 

in ethanol. 
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Figure 2.3 a) UV-visible spectra of SP and MC in ethanol, b) decay of peak at 540 nm over time, 

c) plot of data using Equation 2.1 

 

The first experiment involving DBU consisted of a 1:1.5 mix by volume of DBU and dry 

1-propanol, because these would be the amounts used in the SPS. Excess alcohol was used to 

mitigate the increased viscosity which results from addition of CO2 to the SPS. The excess alcohol 

should have a minimal effect on the polarity of the medium. Irradiation of the solution caused the 

λmax to shift to 420 nm (yellow). Based on solvent polarity alone, this shift was unexpected, as in 

previous literature the colours of the photogenerated MC ranged from pink (540 nm) in high 

polarity solvents to blue (600 nm) in lower polarity solvents.62 After a short induction period over 

which the absorbance at λmax increased, the intensity remained constant. At this point, the addition 
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of CO2 caused the liquid to become increasingly viscous and produced solid particulate which was 

most likely the formation of bicarbonate, but there was no change in colour.  

The experiment was repeated using a smaller concentration of DBU; 25 µL in 2.5 mL of 

propanol. Even with this much lower concentration of DBU the λmax remained at 420 nm, and 

remained constant. However, the addition of CO2 in this case caused the absorbance to shift back 

to 545 nm, which then decayed at the expected rate (Figure 2.4). 
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Figure 2.4 SP, 1, in PrOH medium prior to irradiation has no significant absorbance in 450–650 nm 

region (blue trace). Irradiation at 365 nm photogenerates the MC form (red trace, λmax = 545 nm). 

Addition of DBU reduces the absorbance of the band for MC to <0.05 and generates the species 

that absorbs at 420 nm in this DBU–PrOH solvent mixture (green trace). Saturation with carbon 

dioxide (to switch to the [DBUH]+ [PrOCOO]− medium) results in almost complete restoration of 

the band for MC, 2 (purple trace). 
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It was concluded from these results that there were several possibilities as to why the dye 

would behave so differently in the presence of DBU. It could be due to the pH of the solution, or 

there could be a complex forming between the dye and the DBU, either of which could be disrupted 

by the addition of acid. Crystallization of the 420 nm species was attempted but unsuccessful, 

resulting only in crystals of the dye alone for which the crystal structure has been previously 

reported.91 

2.3.3 Candidates for the 420 nm species  

There are several possible reasons why the absorbance spectrum for the MC of 6-nitroBIPS 

shifted drastically from 545 nm to 420 nm. In a study exploring the use of a family of spiropyrans 

(Scheme 2.3) as solvatochromic dyes for room temperature ionic liquids (RTILs),92 Wu et al. 

noticed a comparable peak in the UV-vis spectra to the 420 nm peak observed in the above 

experiments. In the series studied, MCs dissolved in RTILs with high hydrogen-bond basicity (by 

the Kamlet-Taft scale) showed a peak at 420-450 nm, after irradiation of the spiropyran, which was 

stable for at least 2 days. Wu attributed this peak to the formation of cis-MC complexes stabilized 

by the RTILs (Scheme 2.4).  

 

Scheme 2.3 Family of SPs where R = (CH2)3CH3, (CH2)7CH3, (CH2)2COOH, (CH2)3SO3H. 



 

41 

 

 

Scheme 2.4 Proposed RTIL stabilized cis-MC. 

 

However, this observation does not explain how DBU causes a similar absorbance for MC. 

Using the SPS, the same charge stabilization is not available as the SPS is in its non-ionic form 

when the 420 nm species is formed. Also, in contradiction to what Wu found, the 420 nm species 

disappears with the addition of CO2 to the SPS. It therefore seems unlikely that the formation of 

the cis conformer of MC is responsible for the 420 nm peak observed in the spectra described in 

the previous section. This is supported by spectroscopic and density functional theory (DFT) 

calculations performed by the Buncel group exploring the relative stabilities of the eight possible 

conformers, where the trans MC conformer was shown to be the most stable.62 

Another candidate for the 420 nm species is to consider DBU as a nucleophile. Due to its 

size DBU is often referred to as a “non-nucleophilic base” and has been reported as a good catalyst 

for Baylis-Hilman reactions.93 However, it has also been used more recently for its nucleophilic 

behaviour. Baidya and Mayr studied the nucleophilicities of DBU and DBN (1,5-

diazabicyclo[4.3.0]non-5-ene) and found that, while they were less nucleophilic than DABCO (1,4-

diazabicyclo[2.2.2]octane) and quinuclidine, they were more nucleophilic than DMAP (4-

dimethylaminopyridine). It is plausible that in this case DBU could attack the conjugated indolium 

present in the MC by 1,2 or 1,4 Michael addition as shown in Scheme 2.5. Considering the sterics 
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involved in the 1,2 mode of addition the 1,4 addition should be preferred in this model. This is 

supported by results obtained by Baidya and Mayr who, with a set of 7 Michael acceptors, showed 

1,4 addition of DBU.94 Due to the placement of the nucleophile, the conjugation across the MC 

would be cut short, explaining the hypsochromic shift from 545 nm to 420 nm. This absorbance 

maximum is comparable to 4-nitrophenoxide (ca. 400 nm) [Bowers et al. clinical chemistry 1980],95 

which is structurally similar to the right moiety of 5. 

 

Scheme 2.5 Potential 1,4- and 1,2-Michael addition products of SP and a nucleophile, R-. 

 

An alternative adduct would arise if DBU, instead of acting primarily as a nucleophile, 

acted as a base. In this case, hydroxide or alkoxide, RO-, could be formed in situ, which would be 

a much more effective nucleophile than DBU itself as RO- is much less sterically hindered. Cota 

et al. were able to show that enough hydroxide could be produced using DBU to catalyse aldol 

condensation reactions.96 The amount of RO- present would be dependent upon the pKa of the 

alcoholic co-solvent, which would also affect the efficacy of trapping the MC as an adduct before 

it reverts to the SP form. 

The subsequent experiments were performed to determine which of the above hypotheses 

best explains the presence of the 420 nm species. 
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2.3.4 Effect of acidification on the 420 nm species 

Trifluoroacetic acid (TFA) was used to disrupt the effect of DBU on the absorbance 

spectrum of MC. TFA is a strong acid that is soluble in most organic solvents, making it a good 

candidate for this study.  

In the first experiment, DBU was added to MC and the absorbance spectrum was acquired. 

As in the preliminary experiments, addition of DBU shifted the λmax from 545 nm to 420 nm. 

Addition of TFA caused the band at 420 nm to immediately decrease and the absorbance at 545 nm 

to dramatically increase. However, both the band at 545 nm and the band at 420 nm decreased over 

time (Figure 2.5). This shows that the acidification of the system can disrupt the interaction of 

DBU with the open MC. This can be attributed to the MC that is associated with DBU being 

released from that association, and at that point being able to revert back to SP as normal.  
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Figure 2.5 Spectra showing the change in absorbance of the MC-DBU mixture after the addition 

of TFA. The black line shows the spectrum prior to addition of TFA. 

 

In a similar experiment, using 1.0 x 10-3 M of both DBU and TFA allows for the production 

of MC-H+, where the phenoxyl oxygen is protonated (Figure 2.6). This species was studied 

previously97 and it was noted that while the λmax shifted to the same region as that observed using 

DBU, it does not shut down the MCSP reversion process. 
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Figure 2.6 Spectra in PrOH of SP before irradiation, SP with the addition of 25 μL of DBU stock 

solution, irradiation of SP in the presence of DBU to the ring opened MC, and the MC-DBU mix 

with the addition of 25 μL of TFA stock solution. 

 

2.3.5 Extension to other bases  

To determine if the unusual result observed using DBU was due to pH or other factors, 

several other bases were tested in conjunction with MC in propanol. These bases were: 1,1,3,3-

tetramethylguanidine (TMG), N-tert-butyl-N’,N’-dimethylformamidine (BDF), pyridine, N-

ethylbutylamine and sodium methoxide (NaOMe) (Scheme 2.6). All but pyridine and NaOMe 

could also be used as switchable polarity solvents, as described in Section 1.3.25,47 For this 

experiment, a ratio of 0.01:1 v/v (base/solvent) was used of each base, which was added after the 

irradiation of 5.12 x 10-5 M SP in PrOH.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

250 350 450 550 650 750

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

SP
SP-DBU
MC-DBU
MC-DBU-TFA

MC
MC-DBU

MC-H+



 

46 

 

 

Scheme 2.6 a) 1,1,3,3-tetramethylguanidine (TMG),b) N-ethylbutylamine, c) N-tert-butyl-N’,N’-

dimethylformamidine (BDF), d) pyridine, e) sodium methoxide (NaOMe), f) 1,8-

diazabicycloundec-7-ene (DBU). 

 

Each base represents a different family of bases, each of which display different expected 

pKaH and nucleophilicity values. The pKaH is the acid dissociation constant of the protonated base 

(conjugate acid), and is a quantitative measure of the strength of the conjugate acid in solution, and 

therefore correlates to the strength of a base in solution. Amidines and guanidines are usually more 

basic than other families of bases like pyridines and 2° amines, as evidenced by their higher pKaH 

values (Table 2.2). Alkoxides could be considered more nucleophilic, depending on steric effects. 

In examining the spectra obtained upon the addition of 25 µL of each base to the irradiated 

dye dissolved in 1-propanol, it can be observed that only some bases produced the 420 nm peak 

(Appendix 1). The absorbance at 420 nm and at 545 nm was also different depending on the base 

used. The amidine and the guanidine used both shifted the λmax from 545 nm to 420 nm 

significantly, though not as completely as DBU. Pyridine did not produce an observable amount of 

the 420 nm species, though a small amount could have been hidden beneath the spectrum for MC. 

The amine used also did not appear to form an appreciable amount of the 420 nm species. Similar 
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results have been reported for two other bases, tri-N-butylamine and N,N-diisopropylamine, by 

Xiao et al.83 No change in spectrum or rate of decay of the MC was observed upon the addition of 

these bases. 

When the spectra were observed over a period of 215 min (Appendix 1), it was observed 

that the 420 nm species decayed slightly for DBU and more appreciably for BDF and TMG. 

Interestingly, a small amount of the 420 nm species was observed in the n-ethylbutylamine sample 

after 35 min and continued to grow slightly until 215 min. The pyridine sample did not produce an 

observable amount of the 420 nm species over the monitored period and the rate of decay for this 

sample and the amine sample remained consistent with MC reversion in 1-propanol. 

Use of an excess of NaOMe also suppressed the 545 nm peak in the UV spectrum in favour 

of the 420 nm species in the same manner as DBU. As use of these molecules, which are dissimilar 

in electronic configuration, result in the same species λmax in the UV spectrum it is reasonable to 

conclude that the most appropriate explanation for the 420 nm species is 1,2- or 1,4- alkoxide attack 

on the MC, and is dependent on the ability of the base to produce a significant amount of alkoxide. 

Because DBU, TMG and BDF have high pKaH values (23-24 in acetonitrile),98–100 they can produce 

hydroxide or alkoxide in situ in higher concentrations than the amine or pyridine. The other bases 

studied, in this and the work by Xiao et al., were not strong enough to produce the alkoxide in 

significant enough amounts to produce an observable amount of the 420 nm species.  

Table 2.2 shows the estimated alkoxide concentrations using pKaH values for each of the 

bases either measured, calculated, or estimated in acetonitrile. While this can give us an idea of the 

abilities of each base to produce alkoxide, it is not fully representative of the current system where 

the bulk solution is 1-propanol.  
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Table 2.2 Estimated propoxide concentrations due to the concentrations of the bases explored in 

Scheme 2.6 based on their estimated pKaH values in acetonitrile. 

 

2.3.6 Equilibrium Constant 

A Benesi-Hildebrand plot was constructed to determine the equilibrium constant of the 

adduct formed with the addition of DBU to solutions of MC. A Benesi-Hildebrand plot is 

commonly used to determine the equilibrium constant and stoichiometry of non-bonding 

interactions, such as host-guest complexes. To construct one of these plots, a set of UV-vis 

experiments are conducted, where the concentration of one factor is held constant while the other 

is varied. The data is then plotted as 1/A vs. 1/[B], where the intercept gives the extinction 

coefficient and the slope gives the equilibrium constant (Equation 2.2).  

 [𝑀𝐶]0

𝐴420
=

1

𝐾𝜀420
×

1

[𝐷𝐵𝑈]0
+

1

𝜀420
 

2.2 

 

In our experiment the absorbance used was that at 420 nm, immediately after 90 s 

irradiation at 365 nm. The concentration of DBU was varied such that spectra could be taken of 

samples with MC:DBU mole ratios of 1:5 to 1:150 (Figure 2.7).  

Bases [Base] pKaH (MeCN) Calculated [RO-]  

 a) 1,1,3,3-tetramethylguanidine (TMG)  80 µM 23.350 3.98 x 10-5 µM 

b) N-ethylbutylamine, 73 µM 18 (approx.) 8.55 x 10-8 µM 

c) N-tert-butyl-N’,N’-

dimethylformamidine (BDF) 

64 µM 22 (approx.) 7.97 x 10-5 µM 

d) pyridine 64 µM 12.5399 1.48 x 10-10 µM 

e) 1,8-diazabicycloundec-7-ene (DBU) 67 µM 24.399 1.16 x 10-9 µM 

f) sodium methoxide (NaOMe) 500 µM 40101 500 µM 
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Figure 2.7 Series of UV-vis spectra of samples with varying MC:DBU mole ratio, taken in 1-

propanol. The absorbance and concentration data were used to construct the Benesi Hildebrand 

plot (Figure 2.8) 

 

Figure 2.8 Benesi-Hildebrand plot constructed using the data shown in Figure 2.7. The 

equilibrium constant determined from the slope is K = 4.1 x 103 M-1 and the molar absorptivity of 

the peak at 420 nm determined from the intercept is 1.8 x 104 M-1 cm-1 
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There are several conclusions that can be drawn from the above plots. In Figure 2.7 there 

are several isosbestic points visible, indicating that the stoichiometry of the adduct remains the 

same despite the increase in concentration of the DBU. Due to the linearity of the Benesi-

Hildebrand plot (Figure 2.8) the stoichiometry of the adduct is 1:1.  The equilibrium constant of 

the 420 nm species can be calculated to be 4.1 x 103 M-1 and the extinction coefficient to be 1.8 x 

104 M-1cm-1.   

Considering the system being studied, it is plausible that the equilibrium constant 

determined represents the formation of alkoxide addition products as a function of the concentration 

of DBU. From this it is possible to conclude that the constant is actually due to two coupled 

equilibria; of the alcohol with DBU (Equation 2.3) as well as the alkoxide with MC (Equation 

2.4). The constant determined from Figure 2.8 can then be considered an overall equilibrium 

constant shown in Equation 2.5, where K = K1 x K2. 

 
𝐷𝐵𝑈 + 𝑃𝑟𝑂𝐻 𝐷𝐵𝑈𝐻+ + 𝑃𝑟𝑂− 

2.3 

 
𝑃𝑟𝑂− + 𝑀𝐶  [ X] 2.4 

 
𝐷𝐵𝑈 + 𝑃𝑟𝑂𝐻 + 𝑀𝐶 𝐷𝐵𝑈𝐻+ + [𝑋] 2.5 

 

The equilibrium of DBU and PrOH, K1, can be estimated from the acid dissociation 

constants for PrOH and the conjugate acid of DBU (Equation 2.3). The pKa of DBUH+ in 

acetonitrile has been reported to be 23.9-24.13.98,99 The Leffek group developed a correlation 

between pKa values in acetonitrile and water by studying a series of  strong bases, and calculated 

the value for DBUH+ in water to be 14.3.98 Considering the expected pKa range of low molecular 

weight alcohols in water the pKa of PrOH in water can be taken as 16. With these values, K1 can 

be estimated to be 10-2 (Equation 2.3). With this value and the equilibrium constant determined 
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from the Benesi-Hildebrand plot the value of K2 can be estimated to be 105 M-1 (Equation 2.4). 

Therefore the second step of the overall process, where propoxide attacks the MC to give the 1,2 

and 1,4 addition products, is very favourable. This is in agreement with the observed ready 

formation of the 420 nm species upon photogeneration of MC in the presence of DBU. 

2.4 Conclusions 

This investigation, combining switchable polarity solvents with switchable spiropyran 

dyes, was carried out using UV-vis spectroscopy and NMR spectroscopy. Although it was expected 

that the SPS would control the lifetime of the MC (coloured form) via change in polarity, the results 

showed a more complex response. A similar response was also found by an independent, concurrent 

study by Darwish et al.102,103 These unexpected results were explored further by studying various 

factors, such as the type of base added, the triggering effects of CO2 or acid, and by the 

determination of the equilibrium constant of the produced species. 

The merocyanine derived from 6-nitroBIPS (Scheme 2.2) exhibits thermal reversion, 

which is slower in high polarity solvents than in low polarity solvents. This study was intended to 

expand upon this property to extend the lifetime of the merocyanine and to improve its potential as 

a molecular switch. However, a new method for control over the coloured species was identified, 

by the reversible 1,2- or 1,4- Michael addition of alkoxides.  

While use of a switchable solvent did increase the coloured MC lifetime, the means by 

which this was achieved was not clear at first. Determination of the nature of this species began 

with the identification of several candidates (Section 2.3.3). As the species absorbing at 420 nm 

did not appear to be thermally reversible, the reversibility of the SPS was probed. Addition of CO2 

or acid was useful in the removal of the 420 nm species and the return of the MC, which was 

observed to be thermally reversible. Experiments using controlled amounts of trifluoroacetic acid 
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indicate that addition of acid causes the peak at 420 nm to diminish as the peak for MC increased, 

though not to the same intensity as the MC prior to addition of DBU. Therefore, as the MC “bound” 

by the addition of DBU is released by TFA, it is immediately subject to thermal reversion to the 

SP. This supports the reversible formation of a 1,2- or 1,4- Michael addition product, as acidic 

conditions would cause elimination of the alkoxide in the form of an alcohol, releasing the MC to 

its initial form. 

Various bases were studied to determine the requirements for producing the 420 nm 

species. Only strong, neutral bases, such as amidine and guanidine, added to the MC afforded 

absorbance at 420 nm. This suggests a common species, and further supports the identification of 

the 420 nm species as a Michael addition product of MC and alkoxide. This is further proved by 

the same results being obtained upon addition of NaOMe to MC. 

Production of the Benesi-Hildebrand plot lead to several conclusions. The linearity 

supports the formation of a 1:1 adduct, and the equation of the line allows for the determination of 

the equilibrium constant (K = 4.1 x 103 M-1) as well as the molar absorptivity of the alkoxide adducts 

(ε = 1.8 x 104 M-1 cm-1). Using the equilibrium constant given by the Benesi-Hildebrand plot, the 

approximate value for equilibrium constant for the propoxide attack on MC was determined to be 

105 M-1. This indicates that the addition step is a favourable process and accounts for the ready 

formation of the observed absorbance at 420 nm upon photogeneration of MC in DBU/PrOH. 

 

2.5 Future Directions 

2.5.1 Can SPS be used as intended? 

While bi-stability was achieved in the presence of SPS, the original goal of using the 

changing solvent polarity to control the lifetime of the MC was not met. In the initial plan, the low 
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polarity solvent would be expected to increase the reversion, and the high polarity solvent to slow 

it down. The stability achieved in reality is arguably better since the reversion of MCSP is 

effectively blocked by the presence of DBU. The significant colour change could be a problem for 

future applications, so some suggestions for preventing this mode of action are presented below. 

Preventing Michael addition to the merocyanine through synthesis would be challenging. 

The current spiropyran under investigation has two sites that are susceptible to Michael addition, 

and the alkoxide produced is easily small enough to attack. As one of the potential locations for 

Michael addition is on the spiro-carbon of the closed form, this area would not be reasonable to 

block while still expecting the system to ring open and/or ring close. The other location for Michael 

addition could be modified to have a bulky group; however, this would also potentially destroy the 

photoactivity of the spiropyran. 

Another possibility would be to modify the alcohol used as part of the SPS. If the resulting 

alkoxide were too large to effectively add to the open merocyanine then that pathway would be 

blocked, allowing for any increased stability due to the change in polarity rather than through 

Michael addition to the dye. Unfortunately in this case, small bulky alcohols such as t-butanol or 

2-propanol mixtures with DBU were shown to not afford polarity switching with the addition of 

CO2.25  

2.5.2 Investigation of longer wavelength MC-RO- 

One of the potential applications of the original project was to use the improved bi-stability 

of the SP-MC system for a switchable printer ink. However, the colour of the MC system on its 

own (pink) or after Michael addition (yellow) would not be suitable for this application, unless it 

was used primarily for reversible highlighters. To remedy this, the conjugation and resulting 
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absorbance would need to be extended, such that the resulting colour after irradiation would be 

useful.  

The colour of the stable Michael addition product is the same as that of p-nitrophenol. Thus 

the conjugation of the nitro-ring would need to be extended to increase the absorbance. For 

example, the maximum absorption of the MC form in the system shown in Scheme 2.7 would be 

expected to be blue.28 

 

Scheme 2.7 Proposed structure for a longer wavelength Michael addition product. 

 

2.5.3 Application to other photoswitchable systems 

In a paper by Liu and Chen104 the use of diarylethenes in multi-addressable switching 

systems was explored. This means a system, such as the one presented with DBU/ROH and SP-

MC, where there are more than 2 photo-states. Multi-input/multi-output systems are particularly 

interesting as they can be prototypes of molecular-level logic operators, for use in computing. 

Diarylethenes are more advantageous for these applications than spiropyrans because diarylethenes 

are thermo-irreversible and their photoisomerization is fatigue resistant.29,105  

The system that Liu and Chen investigated has four states; colourless, blue, yellow and 

green. When the diarlyethene is irradiated, the photoisomerization causes ring closing to the blue 

form. If, prior to irradiation, NaOH is added then the absorbance is yellow, and the molecule is no 

longer photoswitchable. If after irradiation the NaOH is added then the absorbance is green, and 

again the molecule is no longer photoswitchable. The effect of NaOH can be counteracted by weak 
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acid, such as carbonic acid. In this case, without added CO2 or moisture, the green or yellow forms 

returned to their initial blue or colourless forms in 5 hours under atmospheric conditions. This was 

reduced to several seconds with the addition of carbonated water.  

Recycling of this system was attempted, however it could only be repeated 2-3 times as the 

initial diarylethene decomposes in water, and production of Na2CO3 was created as a by-product 

due to repeated addition of NaOH.  

DBU/ROH could be used in the same way as NaOH is used in this system. DBU would be 

able to accept protons from the p-nitrophenol groups, allowing for the formation of the yellow 

and/or green species. Addition of CO2 in the presence of an alcohol would form [DBUH+][RO-] 

and release the diarylethene. All four switching states would be accessible by either photoswitching 

or protonation/deprotonation using DBU and CO2 without further addition of base.  
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Chapter 3 

Biofuel Extraction Using Switchable Solvents 

3.1 Introduction 

3.1.1 Energy Demand 

Energy has become an indispensable commodity globally. We depend on energy for 

lighting, transportation, communication, and much more. The International Energy Agency 

reported that in 2013 the world total primary energy supply was 13 555 million tonnes of oil 

equivalent, and that fossil fuels accounted for over 80% of that energy supply.106 Fossil fuel usage 

is also reported to account for nearly 57% of anthropogenic greenhouse gas (GHG) emissions.107 It 

is expected that energy demand will only continue to increase due to rapid industrialization in 

developing nations and continued global population growth.  

Canada is a developed nation with a high standard of living, resulting in high energy 

demands. Our energy needs are also affected by both climate and geography. The cold winters and 

hot summers mean greater dependence on heating and cooling than in more temperate climates. 

Shipping and transportation energy needs are also increased as our population density is low in 

most areas and there are large distances between communities. While Canada is one of the world’s 

largest producers of fossil fuels, the reserves found within our borders require more energy 

intensive extraction and processing for exports than other more easily accessible fuel sources.108 

As global temperatures increase, we must begin to reduce our dependence on fossil fuels 

and subsequent GHG emissions. Moving to renewable energy sources may not eliminate GHG 

emissions, but in combination with carbon capture initiatives and developing technologies that can 

use CO2 as a feedstock should help reduce our current impact.107  
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3.1.2 Biofuels 

The term biofuel is broadly used to describe a variety of fuel grades that are potential 

replacements for fossil fuels and are derived from renewable feedstocks. Many different feedstocks 

are studied for their use as energy sources. The following section will briefly describe the potential 

of several popular feedstocks as well as some concerns for their widespread use.  

Conventional biofuels are derived primarily from food crops such as corn, sugarcane, and 

oil seeds. These feedstocks are fermented to alcohols or transesterified to biodiesel for use in energy 

applications. The use of biomass mitigates some of the fossil fuel emissions, as while plants grow 

they fix CO2 from the atmosphere. During combustion the resulting fuel can only release the CO2 

that was already present in the atmosphere, unlike fossil fuels which only add to the current levels 

of CO2. However, this is a simplified view that does not account for the energy required for 

cultivation and harvesting, meaning that this fuel comes closer to carbon neutral than lowering 

global CO2 levels.  

There are other issues with using food crops for energy as well. Taking corn as an example, 

the most obvious problem for its use as an energy feedstock is that corn is that widespread use 

would divert a significant amount of land and resources required for growth from food production 

to fuel production. The increased competition between these two major industries may lead to 

higher food prices and potentially food scarcity. Production costs for conventional feedstocks can 

also be prohibitive, especially if government grants and subsidies are not available as they are 

currently in the US and Canadian corn industries. Increasing the amount of corn crops grown across 

North America could also negatively impact biodiversity, accelerate deforestation, and increase 

competition for water resources. In terms of energy balance, the fuel energy required to produce 

corn in the US is nearly equal to that of the energy the corn produces, incurring nearly no 
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environmental benefit.109 Despite the large resource cost, corn is nearly the only source for ethanol 

produced for fuel in the United States.110 Under current legislation, 95% of transportation fuels in 

the United States must have some ethanol mixed in, ranging from 10-85%.109  

More advanced biofuel feedstocks are being investigated to mitigate some of the issues 

discussed above. The so-called "2nd Generation" of biofuels focuses more on crop residues and 

lignocellulosic feedstocks, making use of agricultural byproducts. These feedstocks have the 

potential to improve environmental impact; however, the methods of converting these feedstocks 

to fuel are more resource intensive than those used for 1st Generation biofuels. Productions costs 

remain uncertain as they are largely crop dependent. Long-term fuel replacement with 2nd 

generation feedstocks could also lead to the same resource-heavy usage that hampers the use of 1st 

generation feedstocks. 

3.1.3 Microalgae 

The term “microalgae” describes a wide variety of organisms with only a few unifying 

characteristics; they are microscopic, unicellular, and coloured (Figure 3.1).111 Microalgae are 

usually photoautotrophic, meaning that they can use light energy to fix inorganic carbon, though 

they can also grow without light using sugars and other organic carbon sources through 

heterotrophic fermentation. Microalgae research has focused on conversion to biofuels in recent 

years,112–120 but they are also a potential resource for natural products with applications in 

pharmaceutical, cosmetic, and other high value industries.111  

 

 



 

59 

 

 

 

Microalgae could be an advantageous alternative to fossil fuel sources as it is renewable, 

and has several advantages over other biofuel sources. Most importantly, microalgae can produce 

nearly 800% more oil per hectare in a year than corn crops. Table 3.1 shows the oil content and oil 

yield of several conventional crops compared to microalgal cultures.  

Table 3.1 Comparison of some sources of biodiesel (Reprinted from Biotechnology Advances, 25, 

Y. Chisti, Biodiesel from microalgae, 294–306, Copyright 2007 with permission from Elsevier)121 

Crop Oil yield (L/ha) Land area needed (Mha)a % of existing US crop areaa 

Corn 172 1540  846 

Soybean 446 594  326 

Canola 1190 223  122 

Jatropha 1892 140  77 

Coconut 2689 99  54 

Oil palm 5950 45  24 

Microalgaeb 58,700 4.5 2.5 

Microalgaec 136,900 2  1.1 
aFor meeting 50% of all transport fuel needs of the United States  
b30% oil (by wt) in biomass 
c70% oil (by wt) in biomass 

 

Like other cash crops, microalgae are a renewable resource, but they grow much faster than 

corn or sugarcane. Microalgae can be harvested multiple times a year, where other more traditional 

crops are harvested once or twice a year. The doubling time of microalgae, or the time required for 

Figure 3.1 Freeze-dried botryococcus braunii 
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the culture to double in cell count, ranges between 3.5 h and 24 h. Oil content has been recorded as 

high as 90% of the dry biomass; however, 20-50% is more commonly observed.122 Unlike other 

crops, microalgae do not need fertile land or particularly clean water; several studies show that 

microalgae can be cultivated in wastewater as a secondary or tertiary treatment step.113,123–125 In 

open raceway ponds, microalgae crops can grow autotrophically during the day and 

heterotrophically at night. This allows for wastewater treatment in conjunction with biofuel 

production,125,126 as well as the potential to use waste CO2 from power plants, giving another avenue 

for CO2 recycling.126  

The process of growing and harvesting the microalgae, and ultimately extracting the 

desired products, can be energy intensive with dewatering often being the most costly step.127,128 

Microalgae cultures are largely grown in raceway ponds in industrial sized plants, which use 

agitation to ensure that the microalgae remain in suspension, preventing biofouling and increasing 

growth efficiency.121,129 This style of growth can suffer from unpredictable weather patterns or 

introduction of other microbiological species that would affect bio oil production. Research stations 

also use photobioreactors of varying designs that seal the culture off from external factors and 

increase light efficiency (Figure 3.2). Since in a normal pond sunlight can only reach the top 5 cm 

of the water, photobioreactors can increase the amount of the algal culture exposed to light, thereby 

increasing algal growth. However, the capital cost of implementing reactor systems to produce 

enough biofuel to be a widespread energy replacement may be prohibitive if the profits generated 

cannot pay off this expenditure in a reasonable time.130  
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For lipid extraction, dewatering of the culture has been a necessary and expensive step in 

biofuel production from microalgae.121,130 After harvesting, the mass of the recovered algae is still 

approximately 80 wt% water. Microalgal cells are on average less than 10 µm and exhibit a density 

very similar to water, making water removal very difficult.131,132 The electric charge carried on the 

surface of the algae also prevents the cells from settling by gravity, similar to the effects observed 

with suspensions of silt or other inorganic materials. Solid-liquid separation techniques are used 

for dewatering algae, such as flocculation/coagulation, ultrasonic aggregation, centrifugal 

sedimentation, and filtration. These can increase the microalgae culture concentration from 

between 0.1-2 g/L culture to between 10-450 g/L culture.129  

Figure 3.2 Different closed photobioreactor designs commonly employed for production of 

valuable compounds: a plate reactor, the classical approach, b tubular reactor, biggest closed 

photobioreactor is made in this design, c annular reactor, acts as bubble column, the inner cylinder 

is empty to avoid dark parts and to increase surface/volume ratio, d plate airlift reactor with baffles 

supports flashing light effect by controlled fluid barrels.  (used with permission from Springer 

from Schenk, P. M. et al., Bioenerg. Res. 2008, 1 (1), 20–43., © Springer Science+Business Media, 

LLC. 2008) 
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3.1.4 Lipid extraction  

Lipids are defined by the IUPAC as: “A loosely defined term for substances of biological 

origin that are soluble in nonpolar solvents. They consist of saponifiable lipids, such as glycerides 

(fats and oils) and phospholipids, as well as nonsaponifiable lipids, principally steroids.” Neutral 

lipids are used for energy storage within the algae cells, while polar lipids stack to form the bilayers 

of cell walls. These lipids are found as Free Fatty Acids (FFAs) or as combinations of a head group 

bound to a Fatty Acid (FA) through an ester linkage. FAs are molecules that have a carboxylate 

group and long hydrocarbon chain, and are labelled based on their carbon chain length and degree 

of unsaturation. Neutral lipids consist of the ester of one or more FA bound to glycerol; 

monoacylglycerols (MAGs), diacylglycerols (DAGs), triacylglycerols (TAGs). Polar lipids have 

polar head groups such as carbohydrates (glycolipids, GLs) or phosphate complexes 

(phospholipids, PL).  

Industrially, biologically derived fuels are produced through alkaline transesterification of 

the neutral acylglycerols to fatty acid methyl esters (FAMEs). Transesterification can be done using 

acidic, basic, or enzymatic catalysts in the presence of an excess of methanol. Without 

transesterification the crude microalgal lipids are too viscous for efficient use in transport engines 

and would result in the buildup of sludge within the engine.131 The methyl esters are much less 

viscous and are useable as fuels. However, too much water present during the transesterification 

reaction will result in increased FFA, further resulting in saponification in the presence of most 

alkaline catalysts, rather than esterification.  

Several conventional solvent systems have been explored for the extraction of bio-oils from 

microalgae. Originally used for studying brain and other tissues, both the Folch133 and the Bligh & 

Dyer134 methods of lipid extraction employ mixtures of chloroform and methanol. Both methods 
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have been used to varying success for the extraction of algal lipids, but require dried algae for 

effective extraction, as the presence of water decreases effective mass transfer of the lipids to the 

extraction solvent.129 Most conventional solvent systems that have been developed since then make 

use of a mixture of a non-polar solvent and a polar solvent. The neutral lipids are easily extracted 

from the cytoplasm by the non-polar solvent, but this leaves behind neutral lipids that are part of a 

polar complex with the cell wall.135 Using a polar solvent can disrupt these complexes and allow 

for higher extraction efficiencies, but inevitably lead to co-extraction of polar lipids.129 Mixtures of 

hexanes and short chain alcohols, especially isopropanol, have been studied as low-toxicity 

replacements for chloroform and methanol.136 

Non-traditional solvents, such as supercritical CO2 (scCO2), gas expanded liquids (GXLs), 

liquid CO2, and Switchable Polarity Solvents (SPS) have also been studied in terms of their 

extraction efficiencies. The properties of these solvents have been discussed previously in 

Section 1.2.2.  

Using scCO2 for lipid extraction has been studied previously, and literature suggests that it 

can be used effectively to extract lipids from microalgae.137–139 This solvent is advantageous as the 

resulting lipids should be solvent free due to the ease of removing CO2 by depressurization. The 

lipid extract has also been shown to have similar FAME profiles as extracts obtained through 

extraction with hexanes.138–140 The extraction is also tunable since changing the pressure will 

change the solvent’s extraction ability. Changing the density of the solvent by increasing the 

pressure has been shown to change the proportions of the extracted TAGs, such that increasing the 

pressure increases the proportion of less polar TAGs, affording a more complete extraction of 

neutral lipids.138 However, higher pressures increase operating costs and decrease selectivity, 

resulting in the extraction of extraneous cellular components.140  
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Paudel et al. studied the potential for using lCO2 and gas expanded methanol (cxMeOH) 

for the extraction of neutral lipids from microalgae.141 lCO2 confers many of the same benefits in 

terms of low toxicity and safety as using scCO2, but with the added benefit of operating at a lower 

pressure, lowering the operational risks even further. At lower pressures CO2 continues to be a low 

polarity solvent, and remains effective in extracting neutral lipids.141 However, decreasing pressure 

also decreases extraction yields, potentially due to lower cell destruction or lower fluid densities.138 

Less extract is obtained using lCO2, but what is obtained is richer in neutral lipids and FFAs 

compared to conventional solvents,141 reducing the amount of downstream processing required 

compared to conventional solvent usage. cxMeOH was shown to produce a similar yield of lipids 

compared to lCO2, though slightly richer in FFAs.141 Compared to MeOH alone or CHCl3/MeOH 

mixtures, lower yields were obtained using cxMeOH, but again the extracts were richer in neutral 

lipids and FFAs, implying that cxMeOH is more selective for these lipids. 

Samori et al. used an SPS for the extraction of lipids microalgae.142 However, mixtures of 

water, DBU, and CO2 form the bicarbonate salt of DBU, therefore both the solvent system and the 

algae must be rigorously dried prior to extraction to prevent this by-product, which could lead to 

clogging of the system and increased costs in downstream processing of the lipids.43 

3.1.5 Application of SHS to lipid extraction from Botryococcus braunii 

Using switchable hydrophilicity solvents for the extraction of lipids from algae is the goal 

of this study. As described in Section 1.3.3, SHS switch from poorly miscible to miscible with 

water by the application of CO2. In attempting to extract lipids from algae, the hydrophobic form 

of the solvent would be mixed with algae to extract lipids. Switching the solvent to its hydrophilic 

form upon application of CO2 and water would force the neutral lipids out of solution. The solvent 
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could then be recovered from the water by the removal of CO2 and used again for subsequent 

extractions.  

The strain of alga under investigation is Botryococcus braunii, race A. This strain of algae 

has very high lipid content, reported up to 75 wt% of the dry weight.143 B. Braunii is also unusual 

because it produces hydrocarbons in the extracellular matrix.144 There are three B. braunii races 

that are distinguished by the types of hydrocarbons they produce.143 Race A mainly produces 

alkadienes and trienes from fatty acids, while Races B and L produce more branched hydrocarbons, 

including lycopadiene.  

The hydrocarbons in the extracellular matrix are challenging to extract. Frenz et al. 

observed a recovery of <1 % of extractable oils from intact wet algae after 5 min of contact with n-

hexanes.145 The discrepancy between the hydrocarbons being located in the extracellular matrix but 

relatively difficult to recover is expected to be due to an outer carbohydrate polymer structure.144,146 

Prolonged exposure of the algae to hexanes with heat and stirring was shown to recover 70 % of 

extractable oils.145 

B. braunii also has the advantage of being viable in both freshwater and seawater.144 

Industrially this can be an advantage as seawater is more abundant globally than freshwater. Using 

seawater may also reduce the risk of contamination by other competing colonies when cultivated 

in open-air ponds. The hydrocarbons have also been found to be more easily extracted from B. 

braunii cultivated in ¼ seawater compared to freshwater.144 The use of seawater may also be 

advantageous in the application of SHS as the extraction solvent, as the higher ionic strength of the 

water should help make the lipid extract less soluble in the water phase and therefore more should 

be forced out of solution upon application of CO2. 
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Lipid and hydrocarbon yields are also influenced by the physiological state of the algae 

culture at the time of harvesting. During the early exponential growth phase, greater recovery was 

observed from algae cultivated in an airlift photobioreactor compared to a stirred bioreactor.143 This 

is possibly due to the smaller average colony size obtained in the stirred vessel. Culturing 

conditions can strongly influence the composition of the lipids in algal cells. Alkadiene 

hydrocarbons are synthesized from fatty acid precursors and their accumulation depends on the 

mono-, di- and triacylglycerols present, and may only occur after a prolonged period in the 

stationary phase.147 

3.2 Experimental 

3.2.1 Equipment 

Nuclear Magnetic Resonance (NMR) spectra were recorded using a Bruker-Avance 400 

spectrometer (400.1 MHz, 1H; 100.1 MHz, 13C). Water used during the extraction was purified 

using a Millipore purification system. Samples were sonicated using a Fisher Scientific SF30 

ultrasonication bath. Solid phase extraction was facilitated by the use of a Preppy™ Vacuum 

Manifold. Ultra-performance liquid chromatography (UPLC) was performed on a Waters Acquity 

UPLC coupled to a Waters QTOF Premier quadrupole time of flight mass spectrometer using 

electrospray ionization (ESI) in positive-ion and negative-ion modes. Gas chromatography was 

performed on a Perkin Elmer Clarus 680 gas chromatograph (GC) attached to a Clarus 600T mass 

spectrometer (MS). 

3.2.2 Materials 

All chemicals were used as received. Cultivation of Botryococcus braunii (B. braunii) Race 

A UTEX 572 was conducted by researchers at the National Research Council in Halifax, Nova 
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Scotia as described by MacDougall et al.148 Cells were lyophilized to a final moisture content of 2 

wt.%. Water used during the extraction was purified using a Millipore purification system. N,N-

Dimethylcyclohexylamine 99% (CyNMe2) from Aldrich was used for the extractions. Carbon 

dioxide was obtained from Praxair: 4.0 grade (99.99%). Triacylglycerol (TAG), diacylglycerol 

(DAG), monoacylglycerol (MAG), and fatty acid standards were purchased from Nu-Chek Prep. 

The digalactosyldiacylglycerol (DGDG) standards DGDG (18:0/16:0) was acquired from Matreya. 

3.2.3 Lipid extraction by SHS 

Extractions were performed in duplicate. Conditions were varied by using different ratios 

of solvent to dry algae, changing temperatures, and by introducing sonication as a means of cell 

disruption.  

For samples 1-6, approximately 1 g of dry algae was weighed into a tared 4 dram vial and 

3 mL of CyNMe2 was added. For samples 7-10, approximately 0.5 g of dried algae and 10 mL of 

CyNMe2 was used. The mixtures were then either stirred or sonicated for 30 min, following which 

the samples were stirred for 18 h at either room temperature, 60°C or 80°C. Each sample was 

filtered through a Whatman #1 filter paper using vacuum filtration and washed with fresh CyNMe2. 

Once the filtrate was collected, an equal volume of water was added. Carbon dioxide was added to 

the biphasic mixture by means of a gas dispersion tube until the amine and water layers combined. 

The lipid layer separated to the top of the mixture, no longer soluble in the amine/water layer, and 

was collected by dissolution in chloroform and transferred to a new flask. The solvent was removed 

at reduced pressure. The hydrophilic amine/water layer was separated by bubbling with N2 gas and 

heating until the two layers were resolved.149 
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3.2.4 Standard chloroform/methanol extraction 

As a standard method comparison, 300 mg of dry algae was extracted using 2:1 (v/v) 

chloroform/methanol solution overnight by Soxhlet extraction at 80°C. The solvent was removed 

under reduced pressure. 

3.2.5 Solid phase extraction separations 

The samples collected as described in Sections 3.2.3 and 3.2.4 were separated by solid 

phase extraction (SPE). LC-NH2 (500 mg, Supelco) cartridges were preconditioned with hexanes, 

prior to loading with 60 mg of sample. The samples were washed with 6 solutions; 15/85 ethyl 

acetate/hexanes, 23/1 chloroform/methanol, 98/2 ethyl ether/acetic acid, 9/1.35 acetone/methanol, 

2/1 chloroform/methanol, 30/60/8 chloroform/methanol/3.6 M ammonium acetate.150 Each fraction 

was collected using a Preppy™ Vacuum Manifold, and the solvents were removed from the 

fractions under reduced pressure.149  

3.2.6 UPLC-MS Analysis 

Samples 7-10 were brought to the National Research Council in Halifax, Nova Scotia for 

further testing. They were analyzed by ultra-performance liquid chromatography (UPLC) on a 

Waters Acquity UPLC coupled to a Waters QTOF Premier quadrupole time-of-flight mass 

spectrometer (MS) using electrospray ionization (ESI) in the positive-ion and negative ion modes. 

The lipid extracts obtained by extraction described in 3.2.3 were diluted to 0.1 mg/mL in 1:1 

methanol:isopropanol, and subsequently filtered using 0.22 µm Ultra-free-MC centrifugal filter 

devices (Amicon Bioseparations).149  
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Intact lipid ions and fragment ions were generated by alternation scanning between high 

(30 eV) and low (5 eV) collision energy. Liquid chromatography conditions were optimized to 

analyze both polar and non-polar lipids and triacylglycerols (TAGs) within 15 min on a Waters 

Acquity BEH UPLC C18 column at 55 °C, using mobile phases consisting of (A) 40% water with 

10 mM ammonium formate/60% methanol, and (B) 70% isopropanol/30% methanol. Using a flow 

rate of 0.4 mL/min, the gradient consisted of a ramp from 40% B to 100% B over 10 min, and then 

a hold at 100% B for 30 s. The column was equilibrated back to the initial starting conditions for 5 

min. The injection volume was 3 µL and each extract was analyzed in triplicate. The MS operating 

conditions were as follows: capillary voltage 3.2 kV, sample cone 32 V, extraction cone 2.0 V, 

source temperature 120 °C, desolvation temperature 400 °C, cone gas 50 L/h, desolvation gas 

60  L/h, scan time 0.1 s, inter-scan delay 0.02 s, scan range m/z 200–1500 (for low collision energy 

scans) and m/z 50–1500 (for high collision energy scans).148,149 

3.2.7 GC-MS Analysis 

Samples were analyzed after SPE separation on a Perkin Elmer Clarus 680 gas 

chromatograph attached to a Clarus 600T mass spectrometer using a 30 m, 0.32 mm i.d. column 

packed with 5% diphenyl/95% dimethyl polysiloxane. The thermal program started at 130 °C and 

rose to 250 °C at a rate of 15 °C/min and was held for 1 min, then rose to 300 °C at a rate of 5 

°C/min and was held for 1 min.149 

3.3 Results and discussion 

3.3.1 Switchable Solvent Extraction 

Extractions were undertaken using freeze-dried algae to have a basis of comparison for 

future extractions with wet algae. Dry algae is much more energy intensive to produce, as the 
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removal of water is not trivial. As an example, if the growth medium and algae are pumped through 

filters of 5-µm-pore size at a rate of 800 L/h, the concentration of solids goes from only 0.5% solids 

to 8.0% solids.136 This is due to the electric charge carried on the surface of the algae, similar to 

that of silt or other inorganic suspensions.  

The general experimental setup is shown in a diagram (Figure 3.1). The dry algae was 

weighed into a tared vial with a stir bar, and then CyNMe2 was added. As the sonicated and non-

sonicated samples were run in tandem, the samples were either sonicated or stirred for 30 min prior 

to being put into a fixed temperature oil bath for 18 h. The lipid and hydrophobic solvent, indicated 

by the yellow beaker in Figure 3.3, was removed from the remaining solids by vacuum filtration. 

The solids were rinsed with a minimum amount of CyNMe2 to ensure most of the lipids are 

removed. At this point, the solution was transferred to a tall graduated cylinder containing an equal 

amount of water, and CO2 was bubbled through the solution to switch to the hydrophilic solvent 

(green). The graduated cylinder provided enough headspace to accommodate the bubbling, and 

prevent overflow. The sticky extract containing the lipids rose to the top of the vial as it became 

less soluble in the switchable solvent. After bubbling, the solvent was removed using a glass pipette 

to minimize loss of lipids, and the extract was collected by dissolution in chloroform, which was 

removed by rotary evaporation.   
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Figure 3.3 The extraction strategy for the removal of lipids from algae cells using SHS.149 

 

3.3.2 Extract Analysis 

Initial experiments to determine the effectiveness of CyNMe2 for extraction of 

microalgae products also varied the temperature, cell disruption via ultrasonication, and solvent 

volume. Table 3.1 shows the gravimetric results of these experiments. Each sample was run in 

duplicate, and at each temperature the sonicated and non-sonicated samples were done in tandem.  
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Table 3.2 Extraction conditions and results using N,N-dimethylcyclohexylamine. 

Sample Algae 

(g) 
CyNMe2 

(mL) 

Sonication Temp. 

(°C) 

wt% 

Extracted 

wt% 

Amine in 

Extract 

1 1 3 No RT 19 ± 2 8 

2 1 3 Yes RT 16 ± 2 4 

3 1 3 No 60 20 ± 1 24 

4 1 3 Yes 60 22 ± 2 18 

5 1 3 No 80 18 ± 2 22 

6 1 3 Yes 80 20 ± 1 22 

7 0.5 10 No RT 12 ± 5 n.d. 

8 0.5 10 Yes RT 11 ± 2 n.d.        

9 0.5 10 No 80 22 ± 1 n.d. 

10 0.5 10 Yes 80 21 ± 4 n.d. 

 

Moderate temperatures were chosen to minimize energy expenditure at this step, and also 

to prevent decomposition of any extracted products. From the results in Table 3.1 there is little 

evidence that sonication had an impact on the extraction and was abandoned at this stage. It is likely 

that the freeze-drying that the cells underwent prior to extraction ruptured the cells enough to render 

sonication unnecessary.151 

NMR spectra of the samples showed higher amine content in the extracts obtained at 

elevated temperatures than those at room temperature. Lower amine content is desired for both 

higher extract quality and improved solvent recovery. The observed lower amine content could be 

due to several factors. The addition of aprotic solvents to CO2 saturated solutions causes the CO2 

to come out of solution, making residual amine in the cylinder more soluble in the chloroform used 

to collect the extract. It is possible that some of the amine reacted with products in the algae extract; 

however, none of these products were shown in the UHPLC-MS analysis. 

UHPLC-MS analysis was performed by Karen MacDougall and Jeremy Melanson of the 

National Research Council in Halifax, Nova Scotia. The results of this analysis lead to several 
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interesting observations, though a lack of commercial standards and the variability in the ionization 

efficiencies of the lipids mean that the values obtained can only be considered semi-quantitative. 

The positive ion mode scans (Appendix 2) showed that the room temperature samples have much 

higher lipid content than the samples treated at 80°C, but show no significant difference between 

sonicated and not sonicated samples. The major peaks were attributed to the following 

triacylglycerols (TAGs): (18:1/18:1/18:1), (28:2/18:1/18:1) and (28:1/18:1/18:1), which is 

consistent with the lipid profiling studies of B. braunii by MacDougall et al. using Soxhlet 

extraction procedures.148 The diacylglycerols (DAGs) present had a similar fatty acid profile as the 

TAGs, while the monoacylglycerols (MAGs) were predominately (18:1/0.0/0.0). Glycolipids were 

also more abundant in the room temperature samples, but were estimated to be 5-10 times less 

abundant than the TAGs.  

There was an unusual absence of phospholipids observed by the UHPLC-MS, as well as a 

2-3 fold increase in the ratio of 18:1/28:2 free fatty acids (FFAs) using SHS compared to other 

extraction methods. The 28:2 FFA fragment is found almost exclusively in the TAGs, whereas 18:1 

is found in all lipids.148 These results suggest that the phospholipids or other polar lipids are 

degrading more rapidly than the TAGs, consistent with no phospholipids being observed. The polar 

fragment remaining would be more soluble in the hydrophilic portion of the SHS, which could be 

an advantage because phospholipids are less desirable for biofuel.  

For comparison in our own lab between the SHS method and a more traditional elevated 

temperature chloroform/methanol Soxhlet extraction method, the neutral lipids content of the 

resulting extracts was determined by solid phase extraction (SPE). This method consists of loading 

sample on small columns, and with successive elutions of solvent combinations the sample can be 

fractioned quickly using a small vacuum manifold (Figure 3.4). This method was chosen as GC-
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MS results obtained in the lab were inconclusive. The SPE separation method allowed for 

gravimetric determination of fractions, as described by Bodennec et al., in their case for use with 

lipids derived from fish gills.150  

 

 

Both the SHS extraction and the CHCl3/MeOH methods extracted the same amount of 

neutral lipids relative to the mass of dry algae (5.4 wt.%). However, the CHCl3/MeOH method 

extracted a larger amount of other material, so that the concentration of neutral lipids in the extract 

was only 11 wt.% relative to the total mass of extract. The SHS method was more selective for 

neutral lipids and extracted less other material, as supported by the UHPLC-MS data. The neutral 

lipid content of the SHS extract was 39 wt.% relative to the total mass of extract. 

CO2 stripping from the hydrophilic SHS recovered 83% of the amine and 75% of the water. 

The NMR spectra of the recovered amine from room temperature extractions showed lipid content 

of 11 wt% (of original dry algae) remaining. Addition of a stronger acid than carbonic acid, such 

as hydrochloric acid, caused a new lipid layer to form over the protonated amine. The likely cause 

Figure 3.4 Solid Phase Extraction (SPE) manifold shown with SPE column and collection vial.  
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is the protonation of the amine by FFAs during extraction. When the bulk solvent is protonated by 

addition of carbonic acid, these FFAs remain in the solvent as charged species. Loss of a proton 

from an FFA would form a surfactant-like molecule, rendering it more easily soluble within a polar 

solvent. After each usage, the recovered solvent would be further contaminated with FFAs that may 

impede further extraction ability once a critical concentration had been reached. The FFAs could 

be removed through addition of a stronger acid, and the solvent recovered with subsequent addition 

of a base. This is not an ideal solution due to the production of waste salts. 

3.3.3 Method comparison 

Comparing extraction methods can be a difficult task, as there are many different strains 

of algae that have been studied (and which have been harvested at different points in their cycle), 

and the results have been reported in a myriad of ways. A full LCA considering algae strain and 

extraction technique would give the clearest comparison; however, this is beyond the scope of this 

document. In the absence of such data, Table 3.3 shows lipid extraction data reported in the 

literature using freeze-dried B. braunii with conventional solvents as well as some of the alternative 

solvents discussed in Section 3.1.4. This table shows that the amount of lipid extracted by SHS is 

within the expected range compared to other solvent extractions using this strain of algae. The 

selectivity is marginally better than for conventional solvents, but the pure CO2 methods have better 

selectivity for neutral lipids.  
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Table 3.3 Lipid extraction from B. braunii using conventional and alternative solvents 

Solvent Extract (wt%)a  Selectivity (wt%)b Reference 

n-hexane (60 °C) 7.5  Samori 

2010142/Mendes152 

CHCl3/MeOH (reflux) 52 5.8 Boyd 2012149 

scCO2 (30 MPa, 55 °C) 7.3  Mendes 1995152 

lCO2 (6.8 MPa, 25 °C) 19 18 Paudel 2015141 

cxMeOH (7.2 MPa, 35 °C) 24 20 Paudel 2015141 

SPS (DBU/Octanol, 60 °C) 16  Samori 2010142 

SHS (CyNMe2, RT) 22 8.6 Boyd 2012149 
a
g of extract per g dry weight of algae  

bg neutral lipid per g dry weight of algae 

 

 

As discussed in Section 1.2.1, when considering which method is the greenest there is more 

to consider than simply the yield, such as operating costs, waste generation, and environmental 

impact. The data in Table 3.3 indicates that there is variability in the amount and quality of the 

extract obtained from each solvent.  

Supercritical CO2 has the lowest environmental impact in terms of potential solvent release, 

and is also among the easiest to remove from the extracted products. These advantages need to be 

weighed against the low extraction yield, high capital costs for equipment necessary for operating 

at high pressures, and the energy required to compress CO2 to the supercritical range. Martin et al. 

showed that, for extraction of rapeseed oil, it takes 0.19 kWh (684 kJ) per kg of CO2 for one 

extraction cycle using 55 MPa for extraction and reducing the pressure to 5 MPa to recover the 

product.153 This is comparable to the amount of energy required to distill 1 kg of hexane (approx. 

450 kJ), and was shown to account for 17% of the total energy required at the pilot plant scale. Use 

of lCO2 resulted in higher yields, and lower pressures meaning the energetic costs for this process 

are lower. CO2 expanded methanol requires operating pressure that is lower than scCO2 and slightly 

higher than lCO2.  
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The operating procedures for both SPS and SHS would be similar, incurring similar costs. 

Both the SPS and SHS extraction techniques were performed at atmospheric pressure. However, in 

the DBU/octanol system, the presence of water causes the formation of an insoluble DBU-

bicarbonate salt, from which it is energetically demanding to recover the DBU.154 To prevent the 

formation of this salt, Samori et al. showed that, prior to addition of CO2, bubbling dry N2 through 

3 mL of a mixture of DBU and octanol for 30 min reduced the water content to 0.1% with no loss 

of the organic material.142 For the SHS extraction this step is unnecessary as the bicarbonate salt is 

the hydrophilic form of the solvent. 

The disadvantages of the SHS system are mainly that there is residual amine found in the 

extract, and fatty acids found in the hydrophilic form of the SHS after separation. For the first 

problem, additional washes of carbonated water should reduce the amount of amine remaining in 

the extract. For the fatty acids found in the hydrophilic solvent, use of a stronger acid forced them 

out of solution. However, this method of recovery defeats the purpose of using a CO2 switchable 

solvent, as to recover the SHS one would need to add strong base to neutralize the acid. 

There are several benefits to using SHS as the extracting solvent. It extracts neutral lipids 

as effectively as hexanes and the green solvents discussed above. Removing the solvent from the 

extracted lipids is achieved through addition of carbonated water. The SHS extraction is also 

performed at room temperature and pressure, greatly reducing projected capital costs. CO2 is 

abundant and CyNMe2 is relatively inexpensive, especially compared to DBU. Further, UHPLC 

analysis showed that the SHS extract did not contain many non-neutral lipids, meaning it will be 

easier to upgrade the extract to bio-fuel compared to other extraction methods. 
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3.4 Conclusions 

It was determined that lipids can be extracted from microalgae using SHS. Using dry 

samples of B. braunii, CyNMe2 was able to extract 22 dry wt% lipids, including TAGs, DAGs, 

MAGs and FFAs. UHPLC-MS and NMR spectroscopy showed that extractions performed at lower 

temperatures obtained greater amounts of lipids than those performed at higher temperatures. 

Compared to extraction using conventional solvents, SHS is more selective for neutral lipids, 

making the transesterification process easier. SHS is particularly advantageous for the extraction 

of lipids from microalgae compared to the use of conventional solvents because it does not require 

flammable, highly volatile, or chlorinated solvents. SHS also does not require high pressures of 

CO2 like scCO2, lCO2, or cxMeOH, resulting in lower safety risks and capital costs associated with 

equipment designed for high pressures.  

For this technology to be practical, the amount of lipid left in the recovered amine needs to 

be lowered. While addition of a strong acid would remove the residual lipid it would also make the 

process less green, and more expensive, as recovery of the amine solvent would no longer be as 

simple as removing a dissolved gas.  

3.5 Future work 

3.5.1 Other amines as SHS 

The amine used for this project, cyclohexyldimethylamine, was among the first to be 

identified as an SHS. It is relatively cheap and relatively safe compared to the other nitrogen-

containing bases that were studied.24 However, it is still fairly water soluble prior to protonation, 

and is toxic with an LD50 of ca. 350 mg/kg.155 Further work has been carried out in our lab on 

defining and identifying what constitutes a good SHS.34,53–56 This research has revealed that the 
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properties required of the SHS (pKaH, log KOW, etc.) vary with the specific application for which it 

is being used.  

For the context of this research, CyNMe2 was not ideal due to the amount of lipid remaining 

in the amine after separation of the lipids from the solvent and recovery of the amine (addition and 

removal of carbonated water). During lipid extraction, long chain fatty acids remained in the 

solvent even after the solvent had been switched to its hydrophilic form. It is suggested that this is 

due to the formation of surfactant-like salts, keeping the lipids soluble in the hydrophilic form of 

the solvent. The FFAs could be recovered from the amine through protonation by a stronger acid 

and the amine regenerated by neutralization of the added acid. However, this would produce waste 

salts and render the system less green. Alternatively, an amine that produces a higher ionic strength 

salt upon addition of carbonated water could push more of the lipids out of the salty water phase, 

resulting in better extraction yields and less contamination of the solvent.  

Ionic strength is proportional to the square of the number of charges in solution, so 

increasing the amount of solvent used could raise the ionic strength of the solution. Another, 

arguably more efficient way to raise the ionic strength would be to increase the number of 

protonateable sites on the amine, creating more charged species per molecule of SHS. Even 

increasing the number of protonateable sites to two would increase the ionic strength by four times 

that of a monocation. The increased charge upon addition of carbonated water could be enough to 

force the FFAs out of the solvent without production of waste salts. 

3.5.2 Milking lipids from B. braunii using SHS 

Botryococcus braunii is an interesting species of microalgae as it retains hydrocarbons in 

an extracellular matrix in the algal colony.156 Several research groups have studied the possibility 

of extracting the hydrocarbons from this matrix without killing the colony.157–159 In 1989, Frenz et 
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al.145 performed extractions on both free flowing and immobilized cultures of B. braunii. The 

immobilized cultures were either on calcium alginate gel beads or polyurethane foams. 

Photosynthetic activity was used as a measure of the health of the colony.157 Immobilization of the 

cultures was found to increase hydrocarbon yields and reduce the negative effects caused by hexane 

addition. Moheimani et al.158 replaced hexane with heptane, as they found it had a less negative 

impact on the cultures and increased yields. Using heptane, they showed that they could recover 

35% of the total oils every 6 days. They compared this to blotting, a mechanical method that uses 

pressure to extract the oils, which yielded only 1% of the total oils. Neither extraction with heptane 

nor blotting damaged the cells or reduced photosynthetic activity.  

One could replace heptane or hexane with a similar solvent, but one that is CO2 switchable 

to ease solvent recovery. As mentioned above, Vanderveen et al.55 studied the qualities that make 

a useable SHS, including log Kow and pKaH, and also discusses some of the factors discussed in a 

LCA such as toxicity and eutrophication potential. The eutrophication potential of CyNMe2 is 

estimated to be 0.17, comparable to that estimated for hexane (0.15).55 In this particular application, 

where the algae colony will be grown in a water system closed to the open environment, solvents 

with high eutrophication potential may be seen as an asset as they will assist in the future growth 

of the colony and reduce the need to fertilize the colony. The important factor to be monitored 

would be whether the colony would survive after contact with the chosen SHS.  

3.5.3 Direct transesterification using SHS as both catalyst and extracting solvent 

It has been shown that transesterification of lipids prior to extraction increases the yield of 

FAMEs over transesterification after extraction.160 In general, base catalyzed transesterification is 

preferred over acid catalyzed as it takes less time and can be performed at lower temperatures.136 

Griffiths et al. studied the effects of sequential addition of a basic catalyst and an acidic catalyst to 
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increase direct transesterification (DT) yields for determining total FA content. Using sodium 

hydroxide in methanol followed by boron trifluoride in methanol they reported 100% conversion 

of TAG to FAME by GC-MS.160  

By replacing NaOH with the amine base used as the SHS, and using methanol as opposed 

to water for the other component of the SHS as well as a reactant for esterification, it may be 

possible to make use of the SHS as both solvent and catalyst. The extraction could be performed 

with an SHS in the presence of methanol, followed by carbonation to form a higher ionic strength 

solvent to remove the lipids from the solvent. This could be followed by further reaction with an 

acid catalyst to esterify the remaining lipids if the resulting alkylcarbonic acid is not strong enough 

to act as the secondary acid catalyst.  

This work showed that there was little dependence on sonication as a pre-treatment for 

lipid extraction using SHS. However, the cells used were likely previously lysed when they were 

freeze-dried. One of the first steps in future experiments should be to determine the effectiveness 

of using SHS to extract lipids from whole cells of B. braunii. 
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Chapter 4 

Conclusions and Recommendations 

 

4.1 Conclusions 

This thesis explores applications of novel switchable solvents, meaning solvents whose 

properties change upon application of a stimulus. Two types of CO2-switchable solvents were 

investigated: switchable polarity solvents involving mixtures of DBU and alcohol, and switchable 

hydrophilicity solvents using cyclohexyldimethylamine and water. Summaries of the major 

conclusions for these projects are presented below. Further details can be found in Section 2.4 and 

Section 3.4 for each project respectively. 

4.1.1 The effects of SPS on 6-nitroBIPS 

The first project discussed was an investigation of using a switchable polarity solvent to 

control a solvatochromic dye. The dye, 6-nitroBIPS, is a spiropyran (SP) molecule that ring opens 

to a coloured merocyanine (MC) upon exposure to UV light, and which reverts to the colourless 

SP at a higher rate in low polarity solvents than in high polarity solvents.28,62 The SPS uses CO2 as 

a trigger to change from low polarity to high polarity, a change which reverses once the CO2 is 

removed.21,25 It was expected that the lifetime of the MC could be extended by using the ionic, more 

polar form of a switchable polarity solvent, and reduced upon mild heating which would drive off 

the CO2 and return the solvent to its low polarity form. The intention was to control the lifetime of 

the coloured species through manipulation of the polarity of the solvent for future application as a 

switchable printer ink, where the colour could be removed when CO2 was removed. However, it 

was found to behave unusually in basic alcoholic media, in that the colour of the open form changed 
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dramatically in the neutral solvent and was stable for a period of at least one month.161 It is proposed 

that this was the result of in situ formation of an alkoxide which then forms a 1,2- or 1,4- Michael 

addition product with the MC form of 6-nitroBIPS. This effectively trapped the coloured form of 

the molecule, but addition of CO2 or other acid caused the molecule to return to the colourless form. 

In terms of the initial goals of this research, bi-stability was achieved but not by the 

anticipated mechanism. The anticipated application for a CO2 controlled dye molecule was as a 

reversible printing ink. To achieve this goal would require further modification of the dye to afford 

a more printer-friendly colour. Alternatively, other solvatochromic dyes may make better use of 

the switchable polarity of the SPS system without the further complication of a switchable Michael 

addition product. 

4.1.2 CyNMe2 for the extraction of bio-oil from B. braunii 

This project investigated whether a switchable hydrophilicity solvent could be used for the 

extraction of lipids from microalgae, with the expectation that these lipids would be used as a bio-

fuel precursor. Microalgae are considered to be an advantageous source of bio-oil, as compared to 

terrestrial plants, since it grows significantly faster with fewer agricultural demands and with higher 

lipid content. Cyclohexyldimethylamine was the chosen SHS for this work; it has relatively low 

solubility in water, addition of CO2 increases the acidity of the water enough to protonate the base 

making it water soluble.24 The advantage of a switchable solvent in this project is the ability to 

remove and recycle the solvent without distillation, reducing VOC emissions, energy requirements, 

and many safety concerns.  

There are many strains of algae, each with their advantages and disadvantages, but for this 

investigation Botryococcus braunii was used. It is an interesting species that can grow in both fresh 

and saltwater conditions, and can contain long-chain hydrocarbons within its extracellular matrix. 
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Lipid extraction from freeze dried B. Bruanii was successful under very mild conditions, and 

obtained 22 dry wt% lipids, with greater selectivity compared to conventional solvents for TAGs, 

DAGs, MAGs and FFAs. Use of higher temperatures and cell-disruption via sonication were also 

explored but did not improve lipid extraction. Compared to other extraction methods SHS is more 

selective for neutral lipids, which is expected to make the transesterification process easier. 

However, the amount of lipid left in the recovered amine needs to be lowered for this extraction 

method to be viable on a large scale. No hydrocarbons were observed in the extracts, which may 

be due to the algal culture being harvested prior to achieving the stationary phase.  

4.2 Recommendations 

Detailed recommendations for both the switchable dyes project and the extraction of bio-

oils project can be found in Section 2.5 and Section 3.5 respectively. Presented here is a summary 

of those recommendations. 

4.2.1 Can switchable dyes and SPS be used together as intended? 

In Section 2.5, three strategies are proposed to achieve the intended goal of using CO2 as 

a trigger for causing an ink to switch from being coloured to colourless. The first explores 

modification to prevent Michael addition, the second suggests extending the conjugation of the 

MC, and the third outlines other switchable dyes that may work better for the proposed system. 

Modification of either the dye or the solvent could prevent the formation of Michael 

addition products. Blocking the addition sites on the dye by making them more sterically hindered 

could prevent alkoxide attack. However, the two sites that would need to be protected are also 

crucial to the functionality of the molecule for its intended purpose. Modification of either the 1,2- 

or 1,4- sites could ruin the photoactivity of 6-nitroBIPS. The simpler solution would be modifying 

the switchable solvent. A bulkier alcohol would be less likely to attack under basic conditions, 
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which could prevent Michael addition. However, bulky alcohols have been shown to be less 

effective as switchable solvents with DBU and CO2, either because of steric effects or the alcohols 

are not acidic enough for the reaction to be favourable.25 Changing the solvent to a switchable 

hydrophilicity solvent, such as CyNMe2, may also work as it is a weaker base than DBU and should 

not promote alkoxide or hydroxide attack. In this case one consideration would be the phase 

separation of the base from water upon CO2 removal. For the original goal of a switchable printing 

ink, the scale at which the solvent would be present should be small enough that this may not pose 

practical difficulties though it may cause the paper to wrinkle depending on the density of the 

printed material. 

To make use of the bi-stability afforded by switchable Michael addition, further 

conjugation of MC could produce a colour more amenable for use in printing inks. In the current 

system the resulting yellow is likely due to the p-nitrophenol moiety produced by addition of 

alkoxide to the MC form of 6-nitroBIPS. If this moiety’s conjugation were extended then the 

resulting colour may be dark enough to be used as an ink. This may also lead to a more highly 

coloured SP form, which would reduce the effectiveness of the bi-stability and the switch. 

Other photoswitchable systems than spiropyrans are also solvatochromic. Diarylethenes 

are proposed as there is no thermal pathway for one form of the dye to revert to the other and they 

are fatigue resistant.29,162 Previous work by Liu and Chen investigated a system with four states; 

colourless, blue, yellow and green.163 Two states are achieved by irradiation of the compound, the 

other two states by addition of NaOH and a weak acid. This system has two issues, one being that 

the diarylethene decomposes in water which is produced in the neutralization of NaOH, and the 

other is the production of Na2CO3 as a by-product. Using the DBU/ROH system with CO2 could 
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achieve the same switchability without degrading the dye or producing extra waste that would need 

to be removed for further switching. 

4.2.2 Recommendations for future use of switchable solvents for the extraction of algal 

lipids 

While CyNMe2 was shown to perform as well as other conventional solvents used for the 

extraction of microalgal lipids, it is not necessarily the best SHS for this application. There are 

other amines that would have lower water solubility in their non-ionic form, or that are less volatile, 

or that would produce a higher ionic strength solution after addition of carbonated water. It would 

be advantageous to explore different SHS to maximize the extraction and minimize loss of solvent 

to both the air and the water. Adjusting the SHS used could also improve solvent separation from 

the lipids upon addition of carbonated water.  

One of the most obvious recommendations for this work is to optimize extraction from wet 

algae. Going one step further would be directly milking the algal cultures. Use of low-toxicity 

amines as SHS could allow for lipid extraction from a living culture rather than dewatering and 

drying the cells. Skipping these steps would save time and energy, and the recovery of the cell 

lipids would take less time than cultivating a new batch.158 

Additionally, using the solvent as a basic transesterification catalyst could lead to a one-

solvent extraction/transesterification system. Base catalyzed transesterification is preferred as it 

takes less time and can be performed at lower temperatures than the acid catalyzed reaction.136 

However, fatty acids deactivate basic catalysts, and microalgal lipids tend to have a higher 

concentration of FFAs than terrestrial plants. Optimization of this process would need account for 

this challenge, and an LCA analysis could reveal if this form of direct transesterification would be 

more environmentally and economically advantageous despite the anticipated lower yields.  
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4.3 Future Directions 

In Chapter 2, the control of a photoswitchable system using switchable polarity solvents 

was explored. The extension of the lifetime of the coloured species was achieved through addition 

of DBU, or equally strong base, and an alcohol, though not due to the polarity of the medium. It 

was proposed in Section 2.3 that reversible Michael addition of the alkoxide is responsible for the 

appearance of a stable band at 420 nm. The coloured form is more controlled than it would have 

been through manipulation of solvent polarity alone, which would only controls the rate of ring-

closing to the colourless form. Because the work in Chapter 2 was done at very low concentrations 

of the dye, it will be important to determine at what concentrations of dye, base, alcohol and CO2 

are effective for control over the photoswitch. It will also be of interest to determine if this 

chemistry is universal to all spiropyran-type dyes. This work also focused on using DBU as the 

base and 1-propanol as the alcohol. It will be important for broader applicability to determine if 

other Michael donors could be used, and their effects on the colour and longevity of the MC form 

of the dye. Further recommendations can be found in Section 2.5. 

In Chapter 3, the use of SHS for the extraction of lipids from microalgae was explored. It 

was determined that CyNMe2 was able to extract lipids from freeze-dried cells of B. braunii, and 

that sonication had little effect on this extraction. As discussed in Section 3.1, the largest energy 

costs associated with using microalgae as a source of biofuel is drying the cells. As such, it will be 

important to determine if CyNMe2 can be used to effectively extract lipids from wet microalgae. It 

was also observed in Section 3.3.2 that some amine remained in the lipid extract. It will be 

important to reduce the loss of amine to the lipid both for the purpose of recycling the solvent and 

for producing a useful biofuel. Amine content in fuels leads to the production of nitrogen oxides in 

a combustion engine, which leads to increased smog formation and acid rain. This work focused 
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on B. braunii, however, this is not the only strain of algae being cultivated for biofuel production. 

It will be necessary to determine the broader applicability of SHS to the extraction of lipids from a 

variety of microalgal cultures. Further recommendations are discussed in detail in Section 3.5.  

Looking beyond what has been studied in the preceding chapters, there are other potential 

applications of the technologies discussed. For example, the switchable trapping of the open form 

of 6-nitroBIPS discussed in Chapter 2 could be used as a sensor. Darwish et al. propose using an 

amidine-substituted spiropyran as a CO2 detector to potentially better understand diffusion of CO2 

into liquids in various systems.103 Alternatively, it could also be used as a contamination detector 

for inert packaging. The Michael adduct of the dye will likely react with atmospheric CO2 in the 

presence of enough water to cause a noticeable colour change. For packaging that is meant to 

remain inert (stored under nitrogen or argon gas) a seal containing the yellow adduct would undergo 

a colour change first to purple and then colourless if exposed to enough CO2 and water. A colour 

change would not be observed if only CO2 were present, as it is proposed that the resulting acid 

removes the alkoxide from the open form of the MC, allowing it to ring close. Therefore, even if 

the packaging were saturated with CO2 there would be no observable colour change unless water 

vapour enters the packaging. This colour change would indicate that the packaging and the product 

it contains had been compromised by water vapour. To determine effectiveness, one would need to 

explore the switching behavior of this system as a thin film, and the amount of water and CO2 

saturation required to observe a colour change. 

A potentially more interesting study could apply the base-induced Michael addition to 

merocyanine as part of a self-healing hydrogel. A polymer functionalized with 6-nitroBIPS and a 

sufficiently basic group could be given added stability by crosslinking through a Michael addition 
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product similar to the one discussed in Chapter 2. This network could be disrupted upon addition 

of CO2 without destroying either polymer or producing excess waste.  

Liu et al. have shown that a mixed network of two polymers made a strong and self-healing 

hydrogel.164 They combined κ-carrageenan and polyacrylamide to form an ionically crosslinked 

network with a covalently crosslinked network giving a more robust hydrogel than either polymer 

on their own. The added advantage comes from the ionically linked network, which can be 

disrupted with only 20 min at moderately high temperature and reforms upon cooling (Figure 4.1). 

When the hydrogel is cut in half, pushing the two halves together at 90 °C and allowing them to 

cool reforms a hydrogel that can support stretching by an 80 g weight.  

 

 

 

Depending on the polymers employed, a similar self-healing hydrogel network could be 

formed through reversible Michael addition. The work in Chapter 2 showed that an alkoxide group 

Figure 4.1 Cartoon representation of the recoverable and self-healing hydrogel formed through 

crosslinking of κ-Carrageenan and polyacrylamide. (Reprinted with permission from Liu et al. 

Recoverable and Self-Healing Double Network Hydrogel Based on κ-Carrageenan, Appl. Mater. 

Interfaces, 2016, 8, 29743-29758. Copyright (2016) American Chemical Society) 
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would add to the 1,2- or 1,4- position of the MC form of 6-nitroBIPS under sufficiently basic 

conditions. If a polymer were functionalized with 6-nitroBIPS, or other Michael acceptor, then, 

under sufficiently basic conditions, a similar addition should enable reversible crosslinking. 

Considering a model using 6-nitroBIPS and an alcohol, the crosslinking could be achieved by an 

alcohol unit that was present in one of three iterations: on the original polymer, as a secondary 

polymer as in the work of Li et al. described above, or as a free molecule. The best option would 

depend on the desired properties of the resulting hydrogel, where a free molecule may give more 

rigidity, a free polymer may give more flexibility. Another advantage of using a free molecule or 

polymer would be the ability to adjust the number of crosslinking units available. This could adjust 

the properties of the resulting hydrogel without having to synthesize an entirely new polymer. 

CO2-switchable technologies have the potential to make the chemical industry greener by 

potentially reducing the number of reagents required, waste produced, safety risks, and energy 

demands. However, there is much more work to be done in determining further opportunities for 

their application and their real-world impacts. Full life-cycle analysis, while currently time 

consuming, will be important in making both environmentally and economically smart solvent 

choices in all industries.   
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Appendix A1 

SP-MC Photoswitch in the presence of various bases 

 

Figure A1.1 Spectra of MC, 2, dissolved in PrOH in the presence of 25 µL of: N-tert-butyl-N’,N’-

dimethylformamidine (BDF) (blue), 1,1,3,3-tetramethylguanidine (TMG) (red), N-ethylbutylamine 

(green), pyridine (purple), sodium methoxide (NaOMe) (orange). 
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Figure A1.2: MC, 2, in PrOH with 1,1,3,3-tetramethylguanidine (TMG) (0.01:1 v/v). With the 

addition of TMG absorbance for MC is reduced and the species at 420 nm is observed.  
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Figure A1.3: MC, 2, in PrOH with N-tert-butyl-N’,N’-dimethylformamidine (BDF) (0.01:1 v/v). 

The BDF reduces the MC absorbance at 545 nm to a lesser extent than TMG or DBU.  
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Figure A1.4: MC, 2, in PrOH with pyridine (0.01:1 v/v). The addition of pyridine has no effect 

on the absorbance of MC at 545 nm or on the rate of reversion back to SP. 
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Figure A1.5: MC, 2, in PrOH with N-ethylbutylamine (0.01:1 v/v). The addition of the amine has 

no effect on the absorbance of MC at 545 nm or on the rate of reversion back to SP. 
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Appendix 2 

Positive ion mode scans of extracted lipids 

Figure A2.1: UPLC-MS chromatograms of lipids identified in samples 7-10, generated by 

extracting a 10 ppm mass window centered on the calculated mass of each lipid. Positive mode 

displayed tri-, di- and monoacylglycerols, along with glycolipids (black). The negative mode 

traces (red) show free fatty acids (FFA). The retention times of the negative mode traces were 

offset by 0.5 min for clarity. The DGDGs in positive mode (peaks 2-10) were magnified by 10. 

Peak numbers correspond to the lipids listed in Table A2.1. 
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Table A2.1 Lipids detected in UPLC-MS chromatograms in samples 7-10 

Peak 

# 

Tr 

(min) 
m/z 

(obs) 
m/z 

(calc) 
Error 

(ppm) 
Lipid ID 

 

Sample 7 

conc. (mg/g) 
Sample 8 

conc. (mg/g) 
Sample 9 

conc. (mg/g) 
Sample 10 

conc. (mg/g) 

1 1.49 379.2843 379.2819 7.05 MAG(18:1/0:0/0:0) 16 ±  1 17 ±  2 3.1 ±  0.1 5.2 ±  0.3 

2 2.37 926.5847 926.5836 1.92 DGDG(18:3/16:3) 1 ±  0.1 0.98 ±  0.1 0.15 ±  0.07 0.28 ±  0.03 

3 2.71 954.6154 954.6149 2.22 DGDG(18:3/18:3) 1.6 ±  0.1 1.4 ±  0.1 0.29 ±  0.03 0.42 ±  0.04 

4 2.97 956.6275 956.6305 3.17 DGDG(18:3/18:2) 0.5 ±  0.04 0.46 ±  0.04 0.06 ±  0.01 0.1 ±  0.02 

5 3.12 932.6314 932.6305 2.36 DGDG(18:3/16:0) 0.4 ±  0.05 0.37 ±  0.04 0.05 ±  0.03 0.10 ±  0.02 

6 3.24 958.6477 958.6462 4.22 DGDG(18:3/18:1) 1 ±  0.1 0.8 ±  0.3 0.08 ±  0.08 0.27 ±  0.1 

7 3.38 934.6441 934.6462 5.05 DGDG(18:2/16:0) 0.4 ±  0.05 0.31 ±  0.08 0.02 ±  0.02 0.09 ±  0.05 

8 3.51 960.6627 960.6618 8.95 DGDG(18:2/18:1) 0.3 ±  0.1 0.23 ±  0.1 0.02 ±  0.02 0.06 ±  0.05 

9 3.65 936.6618 936.6618 5.30 DGDG(18:1/16:0) 1.3 ±  0.1 1.2 ±  0.1 0.13 ±  0.1 0.17 ±  0.1 

10 3.81 962.6724 962.6775 5.28 DGDG(18:1/18:1) 0.5 ±  0.2 0.54 ±  0.05 0.04 ±  0.04 0.11 ±  0.06 

11 4.55 638.5701 638.5718 4.91 DAG(18:1/18:1/0:0) 32 ±  2 31 ±  2 4.7 ±  0.5 7.4 ±  0.6 

12 6.09 776.7111 776.7127 3.97 DAG(28:2/18:1/0:0) 12 ±  1 12 ±  1 3.3 ±  1 3.2 ±  1 

13 6.23 778.7241 778.7283 5.35 DAG(28:1/18:1/0:0) 14 ±  1 15 ±  1 3.6 ±  0.4 5 ±  0.7 

14 6.62 898.7878 898.7858 4.49 TAG(18:3/18:1/18:1) 2.1 ±  0.1 2.3 ±  0.1 0.5 ±  0.03 0.51 ±  0.04 

15 6.91 876.8018 876.8015 3.47 TAG(18:1/18:1/16:0) 1 ±  0.06 0.96 ±  0.1 0.34 ±  0.02 0.35 ±  0.03 

16 6.98 902.8165 902.8171 4.17 TAG(18:1/18:1/18:1) 15 ±  1 16 ±  1 4.6 ±  1 5.3 ±  1 

17 7.71 1038.9453 1038.9423 2.87 TAG(28:1/18:3/18:1) 0.4 ±  0.02 0.43 ±  0.02 0.09 ±  0.02 0.1 ±  0.02 

18 7.76 1014.9396 1014.9423 4.37 TAG(26:1/18:1/18:1) 1 ±  0.1 1 ±  0.1 0.22 ±  0.01 0.25 ±  0.02 

19 7.86 1040.9584 1040.9580 3.03 TAG(28:2/18:1/18:1) 8 ±  0.4 8.2 ±  0.4 2.1 ±  0.1 2.4 ±  0.2 

20 7.94 1042.9735 1042.9736 2.11 TAG(28:1/18:1/18:1) 6.2 ±  0.4 5.8 ±  1 1.5 ±  0.1 1.4 ±  0.1 

21 8.01 1068.9942 1068.9893 4.58 TAG(30:2/18:1/18:1) 0.9 ±  0.06 1 ±  0.06 0.17 ±  0.01 0.2 ±  0.02 

22 8.52 1179.1007 1179.0988 3.95 TAG(28:2/28:2/18:1) 0.5 ±  0.09 0.59 ±  0.04 0.08 ±  0.01 0.11 ±  0.02 

23 8.57 1181.1085 1181.1145 5.21 TAG(28:1/28:2/18:1) 0.3 ±  0.05 0.36 ±  0.07 0.08 ±  0.01 0.12 ±  0.02 

24 1.16 277.2160 277.2173 4.58 FA(18:3) 7.5 ±  0.4 8.3 ±  0.1 1.5 ±  0.02 2.3 ±  0.1 

25 1.31 279.2302 279.2330 9.86 FA(18:2) 2.4 ±  0.1 2.6 ±  0.1 0.45 ±  0.3 0.77 ±  0.04 

26 1.42 255.2316 255.2330 5.17 FA(16:0) 2.9 ±  0.02 3.1 ±  0.1 1.2 ±  0.1 1.4 ±  0.1 

27 1.52 281.2486 281.2486 1.77 FA(18:1) 250 ±  4 260 ±  7 59 ±  1 82 ±  1 

28 3.49 419.3912 419.3895 5.92 FA(28:2) 97 ±  4 93 ±  8 16 ±  4 27 ±  2 

29 3.74 421.4040 421.4051 3.32 FA(28:1) 49 ±  1 51 ±  2 11 ±  0.3 14 ±  0.4 

30 4.23 449.4376 449.4364 2.59 FA(30:1) 3.5 ±  0.1 3.2 ±  0.2 1.7 ±  0.1 1.7 ±  0.1 

 

 

 

 


