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Abstract 

Polylactide (PLA) is a biobased and compostable polymer with applications in products from medical 

implants to sustainable packaging. The stereochemistry of PLA has a significant impact on the physical 

and thermal properties of the polymer, and therefore its practical applications. Post-polymerisation 

modification and control of polymer tacticity would allow polymers with desirable properties such as 

heat resistance and crystallinity to be produced selectively from low-value PLA. To this end, 

investigations were made into modifying the stereochemistry of PLA and its monomer, lactide, using 

various acids and bases, alone and in combination. Racemisation of L-lactide was achieved under 

catalytic conditions with tris(pentafluorophenyl)borane (BCF) and lutidine, a frustrated Lewis pair-

type system, at 10mol%. Ring-contraction side products were identified and suppressed. The 

thermodynamic parameters for epimerisation of lactide were determined by variable temperature 

NMR. Ring-opening of lactide by LiHMDS and LDA was observed by DOSY NMR, but without 

deprotonation. Although effective on lactide, BCF and lutidine were not effective in racemising PLA 

due to steric bulk preventing close approach to the polymer chain. Racemisation of PLLA was achieved 

with DBU, TBD and alkali metal amides and alkoxides, although it was always accompanied by chain 

scission and loss of molecular weight. These results highlight the differences in reactivity between 

linear PLA and the cyclic monomer, lactide. 

Diffusion-ordered spectroscopy (DOSY) is a useful technique for measuring diffusion coefficients and 

estimating molecular weights of molecules in solution. To date, it has always been performed on static 

samples, and never in a FlowNMR regime. In this work, effective techniques for obtaining accurate 

diffusion coefficients on flowing samples have been developed. The effects of changing acquisition 

parameters and hardware choices on the quality of DOSY data were investigated, and recommended 

settings for obtaining good quality FlowDOSY data have been derived. A convection compensated 

pulse sequence is essential for obtaining meaningful data, and is effective up to at least 4 mL min-1. 

Flow corrections can be used to obtain static diffusion coefficients from FlowDOSY data. The effect of 

flow on measured diffusion coefficient has been almost entirely eliminated by reducing pump 

pulsation to <1% with the use of a rotary multi-piston pump. This work adds DOSY to the toolbox of 

FlowNMR techniques that can be used to obtain detailed information on reacting systems in real time. 

Diffusion coefficients from DOSY NMR of polymer samples are related to weight average molecular 

weight, Mw, by an empirical linear relationship. With a suitable calibration curve produced with 

samples of known molecular weight, Mw of an unknown polymer sample can be calculated from the 

diffusion coefficient. Calibration curves for PLA, PMA and PDL with linear, cyclic and star topology 
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were produced from DOSY and GPC data. These calibration curves contain information about the 

solution properties of polymers with different topologies. For example, the calibration curves for 

linear and cyclic PLA have significantly different gradients due to the constrained hydrodynamic radii 

of the cyclic polymers. A crossover point between the two lines can be explained by lack of solvent 

penetration into the smaller cyclic polymers. Reversible addition-fragmentation chain-transfer (RAFT) 

polymerisation of methyl acrylate in a flow reactor was monitored by online DOSY and compared with 

multi-angle light scattering (MALS) data. DOSY gave access to molecular weight of the polymer product 

with relative errors around 5%, making it at least as accurate as GPC which is commonly used for 

polymer analysis.    

Several reaction monitoring techniques were employed simultaneously to study the ring-opening 

polymerisation of lactide with either Sn(II) 2-ethylhexanoate or a Zr amine trisphenolate initiator. 

Changes were made to the experimental setup to minimise sources of contaminants in the flow 

system tubing that reduced rate and conversion. Polarimetry and homonuclear decoupled 1H NMR 

were demonstrated to give access to stereochemical information on the monomer and growing 

polymer. FlowDOSY was used for reaction monitoring for the first time, and showed the polymer 

diffusion coefficient decreasing as its molecular weight increased. It also confirmed the growing chain 

was bound to the Zr metal centre of the initiator while the reaction progressed, as expected from the 

mechanism, but became dissociated to some extent as catalyst activity declined. Online GPC 

confirmed the increase in polymer molecular weight and gave access to dispersity throughout the 

reaction. These experiments demonstrated the complementary nature of using multiple techniques 

to analyse different aspects of a reaction simultaneously. 
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1. Chapter 1: Introduction 

1.1 The importance of plastic 

The dawn of synthetic polymers began with the creation of celluloid, polystyrene and polyvinyl 

chloride in the 19th century, and Bakelite in the early 20th century.1 Since then, plastics have become 

increasingly widespread across the globe. The commercialisation of PVC in the 1920s, polystyrene in 

the 1930s and polypropylene in 1957 further established plastics as the material of choice for a vast 

range of applications.2 By 2017 it was estimated that humans had produced 8,300 million metric tons 

of plastic.3 And the volume of plastic produced globally is increasing year upon year, fuelled by 

increased investment in plastic production due to increasing demand in a large number of sectors.4 

Nowadays, plastic has a seemingly indispensable role in the functioning of a healthy and sustainable 

society. Plastic packaging can reduce food waste by keeping food fresh for longer.5 Much medical 

equipment is made from plastic, including single use sterilised items as well as durable equipment. 

Polymer composites allow for the manufacture of lightweight vehicles and aircraft, greatly reducing 

fuel consumption. Overall, plastics are used in multiple established and developing technologies which 

are enabling us to transition to a more sustainable society.2,6  

However, there are problems associated with the production, use and disposal of plastics which must 

be addressed. The cost of global plastic production in terms of energy and resources is great, and 

plastic waste causes widespread harm to the natural environment. A recent report, created by a group 

of plastics experts at a global Chemical Sciences and Society Summit, sets out four key challenges 

which chemical research must address.7 Firstly, we must understand the impacts of plastics 

throughout their life cycles. Secondly, new sustainable plastics must be developed. In addition, we 

need closed-loop recycling of plastic. And finally, degradation of plastics must be understood and 

controlled. The way plastics are produced, used, and disposed of needs to be redesigned if humans 

are to continue to use these indispensable materials in a sustainable manner in the future. 

1.1.1 Production of plastic  

99% of plastic produced currently is made from fossil derived feedstocks, due to their low cost relative 

to alternatives such as bio-based polymers.8 In addition, more than 90% of plastics are made from 

virgin fossil feedstocks, accounting for around 6% of global oil consumption.9  

Making plastics from recycled waste helps keep material in circulation for longer, reducing both 

consumption of virgin materials and the amount of waste going to landfill. But producing recycled 
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plastic still has associated energy and material costs, even if the amount of energy and virgin materials 

required is usually less than when the same product is made entirely from virgin materials.10 

Increasing pressure to move away from fossil resources means other sources of materials must be 

identified from which to produce the plastic products of the future. Bio-based feedstocks can range 

from crops such as corn or sugar cane to wood pulp and food waste.11 As well as plastics, a multitude 

of other industrial chemicals can be produced by microorganisms from biobased feedstocks.12  

However, a feedstock simply being bio-based does not necessarily mean it can be called sustainable, 

nor is it necessarily less damaging to the environment than a fossil-derived plastic. In addition, 

whether or not a resource can be described as ‘renewable’ should be considered by taking into 

account the cost and timeframe of recovering or replenishing it, using existing technology.13 

1.1.1.1 Bioplastics 

The term ‘bioplastic’ is not well defined. It usually refers to ‘biobased’ plastics, which are made from 

renewable biomass. However, it can also refer to ‘biodegradable’ plastics, which can be broken down 

naturally by microorganisms. The latter two more specific terms will be used in this thesis. Figure 1.1 

shows how a plastic can be classified as biodegradable (including compostable) or non-degradable, 

and in addition can be produced from bio-based feedstocks or fossil feedstocks. 

 Fossil derived Biobased 
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• Polycaprolactone (PCL) 

• Polybutylene adipate-

coterephthalate (PBAT) 

• Polylactide (PLA) 

• Polyhydroxyalkanoates 

• Some polycarbonates 
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• Polyethylene terephthalate 

(PET) 

• Polystyrene 

• Polyethylene furanoate 

(PEF) 

• Bio-based polyethylene 

Figure 1.1: Selected examples of plastics, organised according to the type of feedstocks and their 
biodegradability. A plastic being bio-based does not necessarily imply biodegradability, nor does being fossil 
derived negate it.14 

These different categories of plastic lend themselves to different uses. A compostable plastic such as 

polylactide (PLA) is useful for food packaging where the container can be sent for industrial 

composting along with any food waste it contains, without the need for separation, thereby returning 
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more nutrients to the soil.9 On the other hand, bio-based plastic that is not biodegradable but is 

recyclable (such as poly(ethylene 2,5-furandicarboxylate), PEF) is more appropriate for a durable 

product like a gas-tight plastic bottle.15 Plastics that can degrade safely and be absorbed in the human 

body within a matter of weeks are ideal for certain biomedical applications.16  

Biomass-derived versions of conventionally fossil-derived plastics can be produced, such as bio-based 

polyethylene and partially or fully bio-derived polyethylene terephthalate (PET). These have the 

advantage that existing processing and recycling plants do not need to be adapted since these plastics 

are chemically identical to the fossil-derived versions.17,18 

While bio-based feedstocks have the benefit of being renewable over a fairly short timescale (months 

or years), biobased plastics do not always have a smaller environmental impact than fossil-derived 

plastics.19 The impact over their lifecycle also depends strongly on what products they are replacing in 

use, and how they are disposed of at the end of their useful life. 

1.1.2 Disposal of plastic 

Often, significantly more focus is placed on the production of a polymer than on its end-of-life fate.20 

However, the end-of-life destination of plastic products – both single-use disposable items and more 

long-lived product – contributes a significant amount to their environmental impact. Plastics are very 

durable and resilient materials, and often continue to exist for many hundreds of years after use. 

Often, plastics are disposed of in landfill sites (40% of plastic packaging globally). Alternatively, value 

can be extracted from them by incineration to obtain heat energy (14%), although this comes with the 

additional negative impacts of CO2 emissions and air pollution.9 Across the globe, 32% of plastic 

packaging is leaked into the environment, leaving only 14% currently being collected for recycling.21 

And just 2% of plastic packaging is made by closed loop recycling from recycled materials, with the 

rest of the recycled plastic either going towards lower-value products, or being lost in processing.9  

According to PlasticsEurope, 2016 was the first year in which the European Union recycled more 

plastic waste than it disposed of in landfill.22 This is a step in the right direction, but many problems 

still need to be addressed. 

Problems arise when discarded plastic items leak into the natural environment. More than eight 

million tons of plastic waste enter the ocean every year, and if this continues it is likely that there will 

be more plastic than fish (by weight) in the oceans by 2050.9 By 2017, five billion metric tonnes of 

plastic had made their way into landfill or the natural environment.3 Even with ambitious targets for 

reduction of plastic waste leakage, by 2030 up to 53 million tonnes per year may be leaked into aquatic 

ecosystems.23 This plastic pollution poses a threat to wildlife, both in its initial form and on breaking 

down into small pieces known as microplastics, commonly defined as less than 5 mm in size. Not 
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enough is currently known to determine the full extent of the effects microplastics and larger plastic 

debris have on the environment.24 However, current research suggests there are multiple ways 

microplastics – and nanoplastics – may cause harm to biological systems, including humans.25 

Additionally, monomers, plasticisers, pigments and other additives which leach out of plastic waste 

can cause harm to natural systems.26,27 

Recycling is the most widely used method for responsible processing of plastic waste. Currently, 

mechanical recycling accounts for most large-scale plastic recycling facilities. The process involves 

shredding, melting, and remoulding cleaned plastic waste, often with the inclusion of virgin plastic of 

the same type to obtain the desired properties. Drawbacks of this approach include the need for 

expensive and time-consuming sorting of waste – mixed recycling streams and mixed composite 

materials can cause problems with contamination by incompatible materials. In addition, only a few 

polymers (chiefly PET and polyethylene (PE)) can be recycled effectively by mechanical recycling 

techniqies.28 

Chemical recycling refers to a range of techniques for processing plastic waste into useful chemicals, 

and includes thermal techniques like pyrolysis as well as chemical depolymerisation. These 

technologies can be applied to mixed plastics as well as polymers that cannot be mechanically 

recycled, and may allow for less energy-intensive processing of waste. While chemical recycling is the 

subject of much research, it is not currently such an established technology as mechanical recycling 

and infrastructure is limited.29,30 

Plastics defined as ‘biodegradable’ are broken down by natural processes, but there is no specified 

timescale for this degradation. Depending on the conditions, it could take many years. Biodegradable 

plastics are classed as ‘compostable’ according to European standard EN 13432 if they disintegrate in 

an industrial composter within twelve weeks.31 Industrial composting uses very specific conditions, 

including temperatures of 50–60 °C, appropriate amounts of moisture and air, and microorganisms to 

break down the waste. This is not the same as a home compost heap, although certain plastics can be 

composted at home. Almost all biodegradable and compostable plastics are not fit for degradation in 

the natural environment, and still pose much the same threat as non-degradable plastics when 

littered.32 

Despite their usefulness in certain applications, there are still problems to overcome with the adoption 

of biodegradable and compostable plastic packaging. For example, consumers are often confused by 

vague or misleading terminology and are unclear about which options are most environmentally 

responsible. Often, there is also a lack of choice and biodegradable products are not always available. 

In addition, more information must be made available to consumers about how to dispose of 
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biodegradable products. However, even if consumers know the best practice, the appropriate 

infrastructure for industrial composting is often not available.33  

1.1.3 Design of new, sustainable plastic materials 

As well as improving the processes currently in place for the production, use and disposal of plastics, 

there is also a need for new, more sustainable materials to be designed and integrated into 

sustainable, circular systems. In recent years, much research has been carried out into alternative 

plastics of various kinds. Some of these plastics are already available to consumers. Biobased and 

biodegradable plastics have been described above. Other renewable feedstocks such as the 

greenhouse gas carbon dioxide can be incorporated into plastic materials to facilitate carbon capture 

and utilisation.34  

Without quantifiable data, it is not possible to draw meaningful conclusions or to compare different 

technologies. To gain a proper understanding of the impacts of a particular material on the planet, a 

life cycle assessment (LCA) must be made.20  

Further research is in progress to improve the properties of sustainable plastics so they are better able 

to replace fossil-derived plastics in various applications. Other research seeks to address the 

sustainability of the processes used to produce plastic. This thesis aims to contribute to both of these 

areas. 

However, it is important to note that despite advances in technologies for production of more 

sustainable plastics, and advanced recycling and composting processes, none of these can fully offset 

the impacts associated with plastic production. Processes such as recycling only act to delay the 

eventual disposal of waste. Therefore, the only real way to reduce the amount of plastic waste is to 

avoid production and consumption of unnecessary products.23,35 
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1.2 Polylactide (PLA) 

Polylactide, also known as poly(lactic acid) and abbreviated to PLA, is a polyester that finds 

applications in fields as diverse as disposable packaging, 3D printing and medical implants. It is classed 

as a bio-based plastic since its monomer, lactide, is derived from lactic acid which in turn can be 

produced by enzymatic hydrolysis and fermentation of sugar-containing materials. Corn-starch is 

often used as a feedstock, amongst other biomass. There is a disadvantage to growing crops for 

bioplastic production on farmland that could be used to grow food. To mitigate this, waste products 

such as food waste may be used instead. PLA is biodegradable and can be disposed of by industrial 

composting, where appropriate infrastructure and disposal systems are available. Waste PLA can also 

be recycled. When alternative disposal methods are not available, PLA breaks down to non-toxic 

compounds in landfill.9,36 

PLA is produced industrially as a commercially available packaging material. Industrial production of 

PLA has been economically feasible since as long ago as the 1990s, with the first commercial PLA plant 

being opened by NatureWorks in 2002.37,38 Companies such as Vegware sell disposable PLA cups, food 

containers and other compostable packaging materials to the UK market as well as abroad.39 Annual 

production of PLA is around 180,000 tonnes across the globe, with NatureWorks producing nearly 80% 

of the total.40 

1.2.1 Properties of PLA  

Like many other polymers used today in packaging and numerous other applications, PLA is a 

thermoplastic. This means it can be moulded at elevated temperatures and becomes solid again on 

cooling. It is a polyester, and the repeat unit is shown in Figure 1.2. The physical properties of PLA are 

similar to those of crystalline polystyrene or PET.41 

 

Figure 1.2: Repeat unit of PLA, showing ester linkage.  

Depending on the intended application of the polymer, some important properties to consider include 

the glass transition temperature (Tg), melting temperature (Tm), heat deflection (or distortion) 

temperature (HDT), degree of crystallinity, and colour. Factors influencing the properties of the bulk 

polymer include molecular weight, molecular weight distribution, tacticity, molecular architecture, 

copolymerisation with other monomers, the inclusion of additives, and the formation of composites.  
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Figure 1.3: The three stereoisomers of lactide. 

Here we will focus on polymer tacticity – that is, the relative stereochemistry of adjacent chiral centres 

– as this has a strong influence on the bulk polymer, in particular its thermal properties. The cyclic 

lactide monomer contains two chiral centres, so it exists in three stereoisomers as shown in Figure 

1.3. Each stereocentre can exist in one of two conformations, R and S. (S,S)-Lactide is also known as L-

lactide, and (R,R)-lactide is D-lactide. Polylactide contains a stereocentre in each polymer repeat unit 

(labelled with an asterisk in Figure 1.2). The sequence of R and S centres along the polymer chain is 

the tacticity, and many combinations are possible. For example, when all the stereocentres have 

identical configuration, the polymer is isotactic. This can be either PLLA where all the stereocentres 

are S (as in L-lactide), or PDLA where all stereocentres are R. A polymer where consecutive 

stereocentres have opposite chirality throughout the chain is called syndiotactic. Other sequences 

such as heterotactic with a repeating R-R-S-S pattern are also possible. Finally, if the configurations of 

all the stereocentres are randomly distributed, this is known as an atactic polymer. These are 

illustrated in Figure 1.4.42 

 

Figure 1.4: Common examples of PLA tacticity. 
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The tacticity and optical purity of the polymer have a significant effect on the physical properties of 

the material. Isotactic PLA has higher Tg and Tm than atactic PLA (see Table 1.1), making it a more 

useful material for packaging and other applications where rigidity at elevated temperatures is 

necessary. Atactic and heterotactic PLA tend to be amorphous, whereas isotactic PLA can be 

crystalline.  

Table 1.1: Thermal properties of PLA of different stereochemistry. Heat deflection temperature (HDT) is the 
temperature at which a sample of material deflects by 250 µm under a specified load (0.46 MPa) at a heating 

rate of 2 °C min−1.43–45 

 Atactic PLA Isotactic PLLA or PDLA PLA stereocomplex 

Tm / °C – 170-190 220-240 

Tg / °C 45-55 50-65 65-72 

HDT / °C  55 150  

The point chirality present in the stereocentres of PLA produces asymmetry on a larger scale within 

the molecule. This manifests as a helical structure with a ‘handedness’ dictated by the chirality of the 

stereocentres: polymer chains in crystalline PLLA have a left-handed helical structure, and 

correspondingly PDLA has a mirror image structure consisting of right-handed helices (Figure 1.5).46 

 

Figure 1.5: Helical structures of PLLA (left; left-handed helix) and PDLA (right-handed helix). Reproduced with 
permission from De Santis and Kovacs.47 
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Perhaps an even starker example of stereochemistry influencing PLA properties is the stereocomplex. 

A stereocomplex forms when two complementary stereoregular polymers interact and interlock in a 

stereoselective manner, forming a new composite material whose physical properties are different to 

either parent polymer.48  

For PLA, a stereocomplex can be formed between isotactic PLLA and PDLA. Stereocomplexed PLA 

(scPLA) was first synthesised in 1987 by Ikada et al. from a 50:50 mixture of PLLA and PDLA.49 

Differential scanning calorimetry (DSC) revealed a new material with a significantly increased melting 

point around 230 °C, much higher than for either enantiomeric polymer. Intermediate ratios of the L 

and D isomers also showed some degree of stereocomplexation. 

The significantly enhanced thermal properties of scPLA are attributed to its three-dimensional 

structure, which has been shown by X-ray crystallography to have an entirely different form to the 

unblended polymers. Blending PLLA and PDLA in a 1:1 ratio allows polymer chains of opposite helicity 

to lie parallel to one another. This gives rise to increased intermolecular interactions in the crystal, 

accounting for the increased Tm, Tg and HDT shown in Table 1.1, as well as greater density than isotactic 

PLA. These improved thermal properties make scPLA more suitable for applications that require it to 

remain rigid at high temperatures.44,50 

Making scPLA by crystallising a 50:50 mixture of PLLA and PDLA, either in solution or by melt 

processing, is a straightforward way to access the improved polymer. However, this requires PDLA, 

and therefore the D-lactide monomer, in equimolar quantities with the L isomer. While it is possible 

to produce D-lactic acid by fermentation, it is significantly more difficult to produce it in high yield and 

purity compared with L-lactic acid, and therefore this isomer is more expensive.51,52 To avoid the need 

for costly, pure monomers, other routes to scPLA involve simultaneous, stereoselective 

polymerisation of rac-lactide to form both PLLA and PDLA – or stereoblock copolymers of the two – 

which crystallise together to form the stereocomplex.53–58 

Summary of PLA properties 

Since the tacticity of PLA has such an impact on the bulk properties of a polymer, much attention has 

been paid to controlling the stereochemistry during polymerisation and tuning the properties of the 

polymer for the desired application. Despite the challenges associated with making it, the 

stereocomplex is particularly appealing due to its improved heat resistance. This area will no doubt be 

the subject of continuing research due to the benefits of producing high performance polymers from 

renewable resources. 
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1.2.2 Routes to PLA 

Several methods exist for production of PLA. Polycondensation of lactic acid to PLA might appear to 

be the most direct approach. However, it is difficult to produce high molecular weight polymers by 

this method, dispersity is often higher than desired, and this approach can lead to discolouration of 

the polymer product.  

More controlled polymerisation can be achieved by ring-opening polymerisation (ROP) of lactide. This 

route first requires polycondensation of lactic acid to oligomeric PLA, then depolymerisation to give 

lactide, the cyclic dimer of lactic acid. Finally, catalytic ring-opening polymerisation of lactide gives 

access to high molecular weight PLA, with the potential for good control of molecular weight, 

dispersity, and stereochemistry.59,60  

1.2.3 Ring-opening polymerisation (ROP) of lactide 

ROP of lactide is a chain-growth polymerisation, whereas polycondensation is step-growth. ROP has 

the advantage of the driving force due to release of ring-strain in the cyclic starting material, reducing 

the temperatures required to bring about polymerisation. Multiple catalysts of different types 

including metal complexes and organocatalysts can polymerise lactide, with various mechanisms. 

These mechanisms are categorised as cationic, anionic, organocatalytic, activated monomer or 

coordination insertion. 

Certain catalysts effect polymerisation with living behaviour, which allows good control of molecular 

weight with narrow dispersity. Living polymerisation is characterised by an initiation step which is fast 

compared with propagation, and a termination step that is slow. There is a linear correlation between 

conversion and number-average molecular weight, Mn, and molecular weight can be predicted (and 

controlled) based on the ratio of monomer to initiator and the conversion.61 

The most widely used catalyst for industrial PLA production is tin(II) 2-ethylhexanoate (tin octoate, 

SnOct2).59 This is a low-cost catalyst capable of producing high molecular weight PLA, and it is tolerant 

of air and moisture. The active species for catalysis are tin alkoxides produced on reaction of SnOct2 

with alcohols, and ROP is thought to proceed via a coordination-insertion mechanism. This mechanism 

begins with lactide coordinating to the metal centre via a carbonyl oxygen, activating the carbonyl. 

Then the alkoxide initiator (or the chain end of the growing polymer) attacks the carbonyl carbon, 

opening the ring with retention of configuration and increasing the length of the polymer chain by one 

lactide unit.62–66 A general coordination-insertion mechanism is shown in Scheme 1.1. 
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Scheme 1.1: Coordination-insertion mechanism for ROP of lactide.  

1.2.4 Stereochemical control during ROP  

Catalysts with well-defined ligand systems have been developed to improve the control of polymer 

stereochemistry and give access to PLA with various tacticities. 

ROP of enantiopure D- or L-lactide results in isotactic PLA, provided there is no epimerisation of the 

stereocentres during polymerisation. SnOct2 is not chiral but it gives rise to minimal racemisation 

during polymerisation and can therefore produce isotactic PLLA from L-lactide.  

If a chiral catalyst is used, ROP can be highly selective for one stereoisomer of the monomer – this 

significantly increases the stereopurity of polymers produced from impure monomer and can even be 

used to produce isotactic PLA from rac-lactide in a kinetic resolution polymerisation.42,61  

Stereocontrol in polymerisation can be achieved in two ways with the coordination-insertion 

mechanism: chain-end control and enantiomorphic site control. Chain end control is often the source 

of stereocontrol when achiral catalysts are used. The chirality of the lactide group that was last 

inserted into the chain and is nearest the catalyst dictates the next monomer to be inserted. For 

example, if the initiator is isoselective, a monomer of the same chirality as the last is more likely to be 

enchained next. In contrast, using a chiral initiator can give enantiomorphic site control where the 

chirality of the catalyst itself favours insertion of a particular monomer.   

Heterotactic PLA can be produced from rac-lactide by catalysts including the Zr and Hf amine 

trisphenolate complexes reported by Chmura et al (Figure 1.6).67,68 After a molecule of L-lactide has 

been incorporated into the chain, insertion of the monomer with opposite chirality, D-lactide, is 

strongly favoured as the next step via a dynamic enantiomorphic site control mechanism. This 
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preferentially forms a heterotactic polymer with R-R-S-S microstructure. With the Ti complex, this 

stereoselectivity is not observed. 

 

Figure 1.6: Structure of amine trisphenolate initiator.68  

Syndiotactic PLA can be synthesised by stereoselective ROP of meso-lactide, with the stereochemistry 

dictated by an enantiomorphic site-control mechanism: one of the monomer’s acyl bonds is 

preferentially opened at each enchainment, resulting in alternating stereochemistry.69  

Good stereocontrol is important, since even a few stereocentres of the ‘wrong’ conformation in an 

otherwise isotactic polymer severely compromise its properties.70 
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1.3 Gel Permeation Chromatography (GPC) 

When characterising polymers, it is important to be able to quantify the molecular weight of a sample 

since this has a great influence on the polymer properties. A polymer sample usually consists of 

molecules with a range of molecular weights, so characterising the molecular weight distribution is 

also important. Different types of average molecular weight can be measured and calculated.  These 

include the number average molecular weight, Mn, and the weight average molecular weight, Mw, 

which are defined as follows: 

Equation 1.1 

𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖𝑖

∑ 𝑁𝑖𝑖
 

Equation 1.2 

𝑀𝑤 =
∑ 𝑁𝑖𝑀𝑖

2
𝑖

∑ 𝑁𝑖𝑀𝑖𝑖
 

where 𝑁𝑖  is the number of molecules with molecular weight 𝑀𝑖. An example molecular weight 

distribution is illustrated in Figure 1.7, along with Mn and Mw. 

 

Figure 1.7: Cartoon representation of the molecular weight distribution of a polymer sample, showing Mw and 
Mn. 

The dispersity, PD or Đ, is equal to Mw/Mn, and describes the breadth of the distribution of molecular 

weights in a sample. For a polymer sample in which all chains have identical molecular weight, PD = 1. 

For any other sample, PD > 1. 

Gel permeation chromatography (GPC) is a form of size exclusion chromatography (SEC) which works 

by separating analytes based on their size. The physical process behind the separation was discovered 

in the mid-1950s,71 and the technique was developed for analysis of polymers in the following 
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decade.72 Separation happens by means of chromatography in a porous gel stationary phase. As a 

solution of sample flows through the column, smaller molecules diffuse into the pores to a greater 

extent than larger molecules which are not able to fit into smaller pores. Therefore, larger molecules 

are eluted more quickly than smaller molecules, and there is a correlation between elution time and 

hydrodynamic volume.73 

Detectors of various kinds can be used to measure the polymer fractions exiting the column. These 

range from concentration-sensitive techniques such as refractive index (RI) detectors which measure 

the changes in refractive index of the solution as a function of elution time, to techniques such as light 

scattering which can give a quantitative measure of the molecular weight.74 With a concentration-

sensitive detection method, the molecular weights of individual fractions must be inferred from a 

calibration curve that links elution times to molecular weights of known standard samples. These data 

give numerical values of several different types of molecular weight average. In this work, the most 

important are Mn and Mw.  

Samples for GPC are dissolved in a suitable solvent such as THF or water which is also used as the 

eluent. Concentrations tend to be around 1–2 mg mL-1, and the technique is applicable to any polymer 

which is soluble in a GPC solvent. Samples are injected into the column, and typically take around 30 

to 45 min to run. There can be significant variability in results from laboratory to laboratory, and 

absolute measurements of molecular weight may be subject to errors as large as 20%.75–78   
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1.4 NMR for reaction monitoring 

NMR is a powerful tool for obtaining information about chemical structure.79 In addition, signal 

integrals are proportional to the number of spins, so NMR is inherently quantitative. It therefore gives 

direct access to the concentrations of species in solution. This is very useful for reaction monitoring 

where the concentrations of reagents and products may be followed throughout a reaction to obtain 

kinetic information. 

Different approaches to reaction monitoring can be described in a number of ways including online, 

offline, operando, and in situ. Though these terms are not always used consistently, operando 

specifically refers to monitoring a reaction in its working state, i.e. while the reaction is going, whereas 

in situ monitoring could refer to a model study under non-turnover conditions.80,81 

Monitoring a reaction offline allows reaction conditions including stirring and temperature regulation 

to be controlled as desired, while samples are taken periodically for analysis. However, this method is 

quite labour intensive and doesn’t lend itself to obtaining high temporal resolution. Also, samples 

taken from the reaction mixture are often quenched and not representative of the species present 

during reaction. Therefore, while conversion may be measured accurately, details about the nature of 

intermediates or catalysts may be lost. 

In situ reaction monitoring may be performed in a conventional NMR tube and data are acquired in 

real time with the entire reaction mixture sitting inside the NMR probe. This type of monitoring is the 

most straightforward way of obtaining real-time NMR data on a reaction. However, it is not easy to 

maintain good mass transfer in the reaction solution so kinetics of diffusion-limited reactions will not 

be representative.82 In addition, the small scale (0.5–1 mL) makes accurate measurement of reagents 

challenging, leading to larger errors in concentrations. Due to the need for injecting the sample into 

the spectrometer and shimming etc. there is a time delay between combining the reagents and taking 

the first measurement, so data for the early stages of the reaction cannot be obtained. Also, addition 

of further reagents or changes to reaction conditions are more difficult once the sample is in the 

magnet. 

Online monitoring techniques can overcome some of the problems associated with offline monitoring 

or in situ NMR spectroscopy. The reaction can be performed in a vessel with careful control of 

conditions such as temperature and atmosphere, and reaction mixture is circulated through analytical 

equipment such as high field or benchtop NMR for monitoring in real time – see discussion of 

FlowNMR in Section 1.4.1. 
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For very fast reactions which go to completion in less than a few minutes, FlowNMR is less useful and 

stopped-flow NMR techniques become more appropriate. Solutions of reagents are injected 

simultaneously through an efficient mixer into a reservoir in the NMR probe and acquisition begins 

after a set time interval which is closely controlled. In this way, reactions on the scale of seconds or 

minutes can be monitored.83–86 

For further discussion of reaction monitoring techniques as applied to polymers and polymerisation, 

see Chapter 5.  

1.4.1 FlowNMR and the DReaM Facility 

Measuring the nuclear resonance of flowing liquids using radiofrequency radiation is not a new idea: 

as far back as 1951 Suryan reported the measurement of T1 and T2 relaxation and the effect of flow 

on the magnitude of the signal.87 More recently, FlowNMR has been developed as a valuable method 

for real-time reaction monitoring on a lab scale as well as for process monitoring in industry.88–91 Not 

only can this technique provide real-time access to concentration data from which kinetic information 

can be extracted, it can also give new insight into the nature of intermediates and catalyst 

speciation.92–94  

The Dynamic Reaction Monitoring (DReaM) Facility was opened at the University of Bath in 2016 for 

online monitoring of homogeneous chemical reactions in real time using FlowNMR and other 

techniques. Online NMR experiments in this thesis were performed in the DReaM Facility. 

The principal method of analysis is a 500 MHz NMR spectrometer equipped with a liquid N2 cryoprobe, 

and other techniques can be included in the flow system as required. Thus far, these have included 

UV-visible spectroscopy, headspace mass spectrometry, HPLC, GPC, and polarimetry. The modular 

system means instruments can be added and removed as required. A representative setup is shown 

in Figure 1.8. 
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Figure 1.8: Reaction monitoring setup used in the DReaM facility, including a representative selection of 
analytical techniques.  

Flexible, small diameter HPLC tubing brings the reaction mixture from the reaction vessel into an 

InsightMR flow tube inside the probe of the NMR spectrometer. The shape of the flow tube is designed 

to mimic a conventional 5 mm NMR tube and spinner so it can be used with most standard 

spectrometers. The reaction mixture circulates through the flow tube and returns to the reaction 

vessel in a continuous closed loop. It is propelled through the flow system using a positive 

displacement pump, with typical flow rates of 3–4 mL min−1. 

Effective reaction monitoring allows measurement of chemical changes during the reaction without 

interfering with the reaction conditions in any way, and this is possible with FlowNMR. Performing the 

reaction in a vessel external to the spectrometer allows the reaction conditions to be controlled 

precisely. The reaction mixture can be stirred continuously, and more reagents can be added as 

desired without interrupting the analysis. Reaction conditions are realistic and representative of the 

reaction flask. Data can be acquired without the delay that would be introduced by sampling, and data 

density can be very high with spectra acquired every 20–30 s if desired. Different types of NMR 

experiment such as multinuclear NMR can be interleaved to obtain more information on the system. 

Since there is no need to quench the reaction, the technique can be used to obtain detailed 

information on intermediates, side products, catalysts, etc. under the reaction conditions.  

1.4.2 Practicalities and considerations for FlowNMR  

Due to the narrow tubing of the flow system, it is necessary to make sure the reaction is strictly free 

of any solids which may cause blockages. Solvents and solutions must be syringe filtered to avoid 

particulates or dust, and the operator must be confident that absolutely no precipitate will be formed 

during the course of the reaction. 
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To avoid the need for several millilitres of expensive deuterated solvent per reaction, solvent 

suppressed NMR experiments can be used so the reaction can be performed in non-deuterated 

solvent.  

Unlike with a static NMR sample, when performing FlowNMR the continuous flow of the sample 

though the magnet has some important effects on the magnetisation of the spins. Firstly, since the 

time between the sample entering the magnet and the FID being acquired may be significantly less 

than 5 times T1, the sample may not have become fully magnetised. Therefore, less signal will be 

detected. This can be referred to as in-flow effects. In addition, previously excited spins are continually 

being replaced by fresh sample meaning there is not such a need to wait for the spins to relax between 

scans (out-flow effects). These phenomena have an effect on the measured signal intensity. For the 

data to be quantitative, a flow effect correction must be carried out by comparing a spectrum acquired 

on the flowing sample with a static, quantitative spectrum. An internal standard should also be used 

for quantification of concentration.91 
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1.5 Diffusion Ordered Spectroscopy (DOSY) 

Diffusion ordered NMR spectroscopy (DOSY) is an NMR technique which probes the rate of self-

diffusion of molecules in solution and can determine the numerical value of the diffusion coefficient, 

D. DOSY uses pulsed magnetic field gradients to encode information about the position in space of 

different spins in a sample. Decoding with another gradient pulse gives information on the movement 

through space of molecules in solution. As a result, we can separate NMR signals of different 

molecules in a mixture by the diffusion coefficients of those molecules, giving an effect analogous to 

chromatography. This gives access to NMR signatures of individual components in complex mixtures. 

Additionally, the diffusion coefficients of the species in solution can be quantified. This in turn can be 

translated into information on molecular size: for spherical particles the diffusion coefficient, D, is 

related to the hydrodynamic radius, 𝑟H, by the Stokes-Einstein equation: 

Equation 1.3 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑟H

 

where 𝑘B is the Boltzmann constant,  𝑇 is the absolute temperature, and 𝜂 is the solvent viscosity.95 

This relationship is of great practical utility because molecular diffusion coefficients can be used to 

calculate the effective radius of the molecules in solution, and therefore their molecular size.96 

DOSY therefore finds application in solving many chemical problems: identifying if signals in a 

spectrum that are not related by scalar coupling or nOe may result from the same molecule; 

identifying individual components in a mixture; observing solution-state aggregation of molecules;97 

and estimating molecular weights of small and large molecules in solution.98–100 DOSY gives access to 

information particular to the solution state behaviour of mixtures that often cannot be obtained by 

other techniques, in a completely non-invasive way.  

DOSY works by using a pulsed magnetic field gradient (PFG) to encode spatial information into the 

nuclear spins, in combination with the radiofrequency pulses used in other NMR experiments. The 

PFG produces a different field strength at different spatial locations in the sample. It is typically applied 

in the z-axis, and it probes the movement of molecules along that same axis. 

To illustrate the key parts of the DOSY experiments used in this research, we will refer to a simpler 

pulse sequence: pulsed gradient spin echo (PGSE), shown in Figure 1.9. First a 90° radiofrequency 

pulse flips the pre-aligned magnetisation about the x-axis into the x-y plane. A magnetic field gradient 

pulse acts to disperse the spins in the x-y plane. After a period of time equal to Δ/2 a second 

radiofrequency pulse, this time 180° about the y-axis, is used to invert the spins. After the second half 

of the diffusion delay, Δ, a second pulsed field gradient of equal strength to the first is used to refocus 
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the magnetisation, after which the free induction decay (FID) is recorded. If a molecule has stayed in 

the same spatial location during the experiment, its magnetisation will be exactly refocused, and the 

full signal will be recovered. However, due to diffusion this is generally not the case – molecules which 

have diffused during the time interval Δ will have experienced two different magnetic field strengths 

during the two gradient pulses and will therefore not have their magnetisation fully refocused. This 

results in a loss of signal intensity. The further the molecules travel during the diffusion delay, the 

greater the loss of signal.  

 

Figure 1.9: PGSE pulse sequence. 

A DOSY experiment consists of repeated PGSE acquisitions with a series of different gradient field 

strengths. The signal intensity is attenuated to a greater extent as the gradient field strength is 

increased, according to the Stejskal-Tanner equation  

Equation 1.4 

𝐼𝐺 =  𝐼𝐺=0 𝑒−(𝛾𝛿𝐺)2(Δ−𝛿
3

)𝐷 

(for a rectangular pulse)101 where 𝐼𝐺 is the signal intensity at gradient strength G, γ is the gyromagnetic 

ratio, δ is the PFG duration, Δ is the diffusion delay, and D is the diffusion coefficient. Since the PFG 

strength and duration are known, the diffusion coefficient can be calculated from the signal 

attenuation by curve fitting.102 In this way, the signals are processed to make a 2-D DOSY plot. DOSY 

data are typically plotted with chemical shift in ppm along the horizontal axis and diffusion coefficient, 

whose units are m2 s-1, on the vertical axis (Figure 1.10, right). Diffusion coefficients of all species in 

solution can be read off from the cross-peaks. 
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Figure 1.10: Example DOSY spectrum of a mixture of small molecules in CHCl3 (right), and the curve fit to the 
Stejskal-Tanner equation used to determine the diffusion coefficient associated with one of the peaks (left). 
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1.6 Aims of this work  

Chapter 2 

The first part of this work is concerned with modifying the stereochemistry of lactide and PLA in a 

controlled manner. The motivation for this is achieving good control of the tacticity of PLA, and 

therefore its thermal and mechanical properties, via post-polymerisation modification. To this end, 

racemisation of lactide and PLA is attempted with various neutral Lewis acids and bases as well as 

anionic alkali metal bases. The target is effective racemisation of the chiral centres along the PLA chain 

with minimal transesterification or chain scission events which would reduce the molecular weight.  

Chapter 3 

This section of work focuses on combining the existing DOSY technique for measuring diffusion 

properties of molecules in solution with FlowNMR in which NMR data is acquired on a flowing sample 

of reaction mixture. Owing to the relatively rapid sample flow through the flow tip, special 

considerations must be made in terms of acquisition and hardware setup to allow accurate 

measurements of small diffusion coefficients, and these factors are explored in detail in this chapter. 

The aim is to find conditions with which it is possible to determine the true, static diffusion coefficients 

from measurements made on a flowing sample, to facilitate monitoring of diffusion properties of 

molecules online and in real time. 

Chapter 4 

DOSY can be used to estimate the molecular weight of polymer samples with a good degree of 

accuracy, if a suitable calibration curve is made to link Mw from e.g. GPC analysis to the diffusion 

coefficient. In this chapter, calibration curves of this type are produced for PLA, poly(ε-decalactone) 

and poly(methyl acrylate). In addition, the effect of different polymer architectures – linear, cyclic and 

star – on the diffusion properties and resulting calibration curves is investigated. 

Chapter 5 

This chapter combines the (Flow)DOSY work from Chapters 3 and 4 with other techniques including 

FlowNMR, polarimetry and GPC for online monitoring of polymerisation reactions in real time. The 

aim is to demonstrate how these techniques complement one another and provide detailed 

information on multiple aspects of a controlled polymerisation reaction including conversion, 

molecular weight and stereochemistry at the same time.  
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 Chapter 2: Racemisation of lactide 

and PLA 

2.1  Introduction 

Lactide has two stereocentres, and therefore three stereoisomers which are shown in Figure 2.1. L- 

and D-lactide are more stable than meso-lactide, which can be attributed to increased steric strain in 

meso-lactide where one of the methyl groups must be in the axial rather than equatorial position; in 

L- or D-lactide both methyl groups can be equatorial which is energetically favourable. The energy 

difference is calculated to be around 5.8 kJ mol−1.1 

 

Figure 2.1: The three stereoisomers of lactide. 

To convert between meso- and D- or L-lactide requires inversion of one of the molecule’s two 

stereocentres – epimerisation.* Therefore, the molecule must go through an enol or enolate 

intermediate (Scheme 2.1). Deprotonation of the acidic proton gives a carbanionic site at the α-

position to a carbonyl. The carbanion is stabilised by the electron withdrawing ester group, via the 

resonance contribution of the enolate. The mono-enol of lactide is calculated to be 71.5 kJ mol-1 higher 

in energy than D- or L-lactide.1 This gives some indication of the energy barrier to racemisation, 

although depending on reaction conditions the epimerisation may go via a stabilised enolate 

intermediate rather than an enol or free enolate. 

 

Scheme 2.1: Epimerisation of L-lactide to meso-lactide via an enolate intermediate. 

 
* A note on terminology: ‘epimerisation’ refers to the interconversion of epimers, i.e. diastereomers which have 
opposite configuration at only one chiral centre of two or more. ‘Racemisation’ is the production of a racemate 
from a chiral starting material consisting of one enantiomer in the majority or entirety.54 Most of the work in 
this chapter is best described as racemisation since more than one stereocentre is involved in reactions. 
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Racemisation of the stereocentres in lactide sometimes occurs during polymerisation as an unwanted 

side reaction that reduces the stereopurity of the polymer, which is particularly problematic if pure 

isotactic PLA is the desired product.2 Highly selective catalysts are therefore often used which 

minimise racemisation during polymerisation and give access to very stereoregular polymers. 

Like the monomer, PLA also has an acidic proton in each repeat unit. It can react in a similar way to 

lactide, although the geometry is not constrained by the 6-membered ring of the cyclic monomer. PLA 

can be deprotonated to form enolates on the polymer backbone (Scheme 2.2) – see Section 2.1.1.  

 

Scheme 2.2: Repeat unit of polylactide, showing the acidic proton in the α-position to the carbonyl. 

2.1.1 Post polymerisation modification of PLA 

While the chemical composition of a polymer is often decided by the choice of monomer(s) and the 

selectivity of the polymerisation reaction, useful modifications to a polymer can also be made after 

polymerisation via various chemical processes.  

Irreversible deprotonation 

Post-polymerisation modification of polylactide (PLA) can be achieved by deprotonation of some of 

the PLA repeat units to the enolate. Subsequent reaction forms a new covalent bond with an 

electrophile which can be used, for example, to introduce a fluorescent label. Lithium 

diisoproplyamide (LDA) in THF is commonly used for formation of the anionic intermediate (Scheme 

2.2).3–6 LDA is a strong base (pKa 36 in THF7) and sterically hindered which renders it generally non-

nucleophilic.8 Nevertheless, this method suffers from some degree of polymer degradation and the 

molecular weight of the product can be significantly less than that of the starting polymer, e.g. 8–19% 

of the initial Mn.9 Chain degradation can be kept to a minimum by reducing the concentration of the 

LDA solution. Alternatively, surface modification of solid PLA can be brought about by exposing a solid 

sample of polymer to a solution of LDA. This method only affects the surface and avoids compromising 

the bulk properties, so chain degradation is less of a problem and can be minimised by careful control 

of the solvent mixture, temperature and reaction time.4,6  

Post-polymerisation modification can also be achieved via a radical mechanism by abstraction of a 

hydrogen radical rather than a proton. This forms a radical site on the PLA backbone which can react 

with another molecule such as the C=C bond of itaconic anhydride.10 



Chapter 2: Racemisation of lactide and PLA 

35 
 

Post-polymerisation modification using lithium amide bases is most successful when applied to the 

surface rather than the bulk of PLA. Bulk modification of PLA without significant chain degradation 

remains challenging. 

Reversible deprotonation and racemisation 

The literature examples described above employ the irreversible deprotonation of PLA with a strong 

base, and reaction with an electrophile to form a new covalent bond. However, with the use of a 

weaker base it is possible to effect reversible deprotonation of the polymer. The proton can then be 

re-added on either face of the planar enolate in an equilibrium process, yielding either stereoisomer 

of that repeat unit. Repeated reactions at different points along the chain result in racemisation of the 

polymer tacticity, with a corresponding change in polymer properties.  

Racemisation of PLA has been reported by Meimoun et al. using catalytic amounts of 

triazabicyclo[4.4.0]dec-5-ene (TBD) to obtain 46% R units starting from pure, isotactic poly-L-lactide 

(PLLA) (Scheme 2.3).11 Unlike the reactions with LDA above, there is no additional electrophile 

introduced to bond with the deprotonated chain; there are only protonated TBD molecules available 

to effect reprotonation. This gives a product that is racemised, without any new functional groups 

added to the polymer chain. Nevertheless, changes in stereochemistry can have a significant impact 

on polymer properties, as detailed in Chapter 1. The polymer product obtained from the procedure 

described by Meimoun et al. is largely atactic. As with LDA, chain scission occurs alongside 

racemisation, presumably by means of nucleophilic attack of the base on the ester carbonyls. This 

leads to a decrease in molecular weight (Mn) to 17% of the starting polymer for samples with R-

stereocentre content over 30%, and as low as 4% of the initial Mn for the maximum degree of 

racemisation achieved. The authors found that while it is possible to tune the degree of racemisation 

to some extent, it is not possible to achieve this without a proportional amount of chain scission – the 

greater the extent of racemisation, the lower the Mn of the resultant polymer. 

 

Scheme 2.3: Racemisation of PLLA with TBD. Percentages of S and R stereocentres obtained from optical rotation 
measurements. 
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2.1.2 Frustrated Lewis pairs (FLPs) 

Lewis acids are defined by their ability to accept a lone pair of electrons, while Lewis bases are electron 

pair donors.12  As a result of their complementary reactivity, classical Lewis pairs tend to coordinate 

to one another, often strongly and irreversibly. Frustrated Lewis pairs (FLPs) on the other hand consist 

of a Lewis acid and a Lewis base that are unable to react directly together due to their steric bulk, but 

are often able to react with a third molecule in concert.13 In this way, they avoid adduct formation and 

undergo reactivity not possible with conventional Lewis pairs such as small molecule activation. Lewis 

pairs exhibiting both classical and frustrated behaviour can also be found, such as lutidine and 

tris(pentafluorophenyl)borane (B(C6F5)3, BCF). These two molecules coordinate together, but they do 

so weakly and reversibly. The presence of an equilibrium between the adduct and the free molecules 

means they also exhibit FLP-type reactivity. For example, they are able to split a dihydrogen molecule: 

reaction with H2 gas produces a solid in which the two H atoms are covalently bonded to the N and B 

atoms (Scheme 2.4). Activation of H2 is reversible, and the gas is released once more on heating.14,15 

 

Scheme 2.4: Reversible activation of H2 by lutidine and BCF. 

2.1.3 Lactide deprotonation and racemisation 

Lactide deprotonation 

The lactide molecule contains two acidic protons at the α-positions to the carbonyls of the ester 

groups. These can be removed by a sufficiently strong base to form the enolate. The silyl enol ether 

of the mono- and di-enolates of lactide have been isolated by treating the cyclic ester with LDA in the 

presence of trimethylsilyl chloride (TMSCl), as shown in Scheme 2.5.16 Formation of the silyl enol 

ethers proceeded without observation of any racemisation of the starting material, although 

deprotection with HCl resulted in some degree of racemisation as well as a small amount of 

polymerisation. 
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Scheme 2.5: Trapping of lactide enolate with TMSCl. Both the mono- and di-enolates were isolated from the 
same reaction mixture. 

In some cases deprotonation of lactide has been observed to happen during ring-opening 

polymerisation (ROP): when performing ROP of lactide with a Zn(II) acetylacetonate (acac) catalyst, 

Pastusiak et al. observed the lactide enolate coordinated via an oxygen atom to the Zn centre of the 

catalyst. The deprotonated lactide derivative was observable by 1H NMR with the appearance of a new 

singlet (1.68 ppm, Figure 2.2) for the methyl group next to the carbon from which the proton had been 

removed. Lactide had lost a proton to the acac ligand, releasing free Hacac which has a pKa of 13.3 in 

DMSO. The Zn complex with the lactide enolate as a ligand was the reactive Zn species for 

initiation.17,18 The lactide enolate can also be formed in the presence of a strong N base. In trying to 

effect ROP of lactide using cyclopropeneimine superbases as organocatalysts, Stukenbroeker et al. 

observed that, in the absence of an alcohol initiator, polymerisation in dichloromethane solution was 

initiated by the lactide enolate formed on reaction with the superbase. These superbases have pKa 

values of around 27 in acetonitrile.16 

 

Figure 2.2: 1H NMR evidence for mono-deprotonated lactide during polymerisation.17 (Benzene-d6, chemical 
shifts are given in ppm.)  

Lactide racemisation 

Lactide racemisation by reaction with bases has been demonstrated by Shuklov et al.1 These include 

soluble organic bases as well as inorganic bases which are poorly soluble in organic solvents and 

therefore behave as heterogeneous reagents. The organic bases included diazabicyclo[5.4.0]undec-7-

ene (DBU), imidazole and 1,4-Diazabicyclo[2.2.2]octane (DABCO). Starting with meso-lactide in 

toluene solution, 65% rac-lactide was produced by reaction with equimolar DBU at room temperature 

in 16 h. Less strong bases DABCO and imidazole produced 64% and 58% rac-lactide respectively after 

heating to 110 °C for 20 h. Inorganic bases including NaOH and K2CO3 were also trialled as 
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heterogeneous bases. Reaction times were generally quite long, often several days at room 

temperature. Nevertheless, 63% rac-lactide was produced from meso-lactide after 72 h with NaOH 

suspended in tert-butylmethylether at room temperature. Under certain conditions, significant 

formation of oligomers was observed along with the desired racemisation, particularly with K2CO3 in 

tert-butylmethylether. Treating meso-lactide with K2CO3 in ethyl acetate, 62% of the lactide product 

was the rac isomer, but there was also around 30% oligomerised products at long reaction times up 

to two weeks. DBU immobilised on polystyrene beads was also effective as a heterogeneous catalyst 

for racemisation of lactide, giving 61% rac-lactide after 96 h at room temperature. However, the 

activity was reduced on recycling, presumably due to oligomerisation of lactide on some of the basic 

sites. 

Boron and nitrogen Lewis pairs have also been used for epimerisation of lactide, with the aim of 

transforming waste meso-lactide into useful rac-lactide.19 In particular, BCF along with either 1,4-

DABCO or Et3N was found to be effective in epimerisation. The Lewis acid can coordinate to the 

carbonyl, facilitating deprotonation of the adjacent carbon. Reprotonation of the planar enolate can 

happen on either face of the molecule, and addition of the proton to the opposite face results in 

epimerisation. In toluene solution, meso-lactide was transformed rapidly and quantitatively by 

catalytic BCF and DABCO into rac-lactide which precipitates under the conditions applied. In CH2Cl2, 

rac-lactide does not precipitate out and instead an equilibrium ratio is reached, around 82:18 rac:meso 

at room temperature.  

Lactide racemisation has also been observed during polymerisation with basic N-heterocyclic carbenes 

(NHCs). meso-Lactide is formed from L-lactide, then consumed in the first few seconds of the 

polymerisation reaction, but even on this fast timescale it is observable by stopped-flow NMR. 

Epimerisation of lactide is thought to go by either the direct removal and re-addition of a proton by 

the NHC catalyst (Scheme 2.6, mechanism (a)), or with nucleophilic attack of the NHC on a lactide 

carbonyl followed by deprotonation to the enolate, reprotonation and cyclisation back to the cyclic 

monomer (Scheme 2.6, mechanism (b)).20 
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Scheme 2.6: Two proposed mechanisms for epimerisation of lactide by NHCs, with and without ring-opening of 
the monomer.20 

Finally, racemisation of lactide has also been observed on simply heating to high temperatures during 

depolymerisation.21 Longer reaction times and higher temperatures increased the amount of meso-

lactide produced from PLLA. This is consistent with the higher energy of meso-lactide relative to L- or 

D-lactide.1 Racemisation can occur in the polymer chain before it is depolymerised, but it can also 

happen in the monomer itself. Heating neat L-lactide above 200 °C for two hours resulted in formation 

of meso-lactide, with more meso-lactide produced at higher temperatures, up to almost 40 wt% at 

300 °C. The reaction is thought to go directly via the enol of lactide, and not via racemisation of the 

oligomers which formed more slowly. The meso-lactide isomer is generally an undesirable product of 

chemical recycling of PLA; the L isomer is preferred because it can be polymerised once again to form 

crystalline PLLA.  
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2.2 Aims 

As discussed in Chapter 1, the (relative) configurations of the stereocentres in PLA have a significant 

effect on the physical, thermal and mechanical properties of the bulk material. The aims of this 

research are to find suitable conditions for the controlled racemisation of PLA so that post 

polymerisation modification of polymer stereochemistry can be achieved.  

This could take two forms: 

1. A suitable dynamic racemisation catalyst system which may induce stereocomplex formation 

by crystallisation from any form of PLA, as the stereocomplex is the most thermodynamically 

stable form.  

2. A stereoselective catalyst system that could selectively epimerise, say, D-stereocentres in 

otherwise isotactic PLLA, thereby “fixing” errors in the microstructure and forming crystalline 

isotactic PLA. 

To this end, racemisation was attempted with (a) lactide as a model compound, followed by (b) 

racemisation of the polymer itself.  

(a) 

 

(b) 

 

Figure 2.3: Epimerisation of chiral centres in (a) lactide and (b) PLA by removal and addition of a proton. 

To invert a stereocentre in either lactide or PLA a proton must be removed from the carbon to which 

the methyl group is bonded, forming the corresponding enolate. Then a proton must be added to the 

other side of the same carbon, giving the opposite stereochemical configuration. This epimerisation 

process is shown in Figure 2.3. Inversion of stereochemistry must happen with minimal nucleophilic 

attack on the carbonyl, so as to suppress ring-opening of lactide or chain scission of PLA. In the 

following work, Lewis acid-base pairs, alkali metal bases, organic N-bases and inorganic bases were 

screened for their ability to racemise lactide and/or PLA in a controlled manner, and the nature of the 

interactions was investigated.  
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2.3 Racemisation of L-lactide 

2.3.1 Racemisation of L-lactide: Lewis acids and bases 

Combinations of bulky, neutral Lewis acids and bases were selected as candidates for reversible, 

catalytic racemisation of lactide in this work due to their ability to activate the carbonyl and 

deprotonate the adjacent carbon.  

Non-nucleophilic bases must be used because a base that can act as a nucleophile can also attack the 

carbonyl carbon, especially if the carbonyl is activated by coordination to a Lewis acid (Scheme 2.7). 

Instead of the desired deprotonation, this can lead to ring-opening of lactide resulting in 

oligomerisation – in fact, Lewis pairs have been used previously as an intentional way of performing 

ROP.22–24 This type of reactivity would also cause problems in attempts at racemisation of PLA because 

it could bring about transesterification. 

 

Scheme 2.7: Activation of lactide by coordination to a Lewis acid can be followed by deprotonation (arrow (a), 
desired) or nucleophilic attack (arrow (b), undesired). 

Lewis pairs at various points on the spectrum from classical to frustrated were chosen to find an 

optimal balance of sterics and reactivity, and to tune the reactivity towards the desired racemisation 

with no side-reactions such as ring opening. Lewis bases pyridine, 2,6-lutidine, 2,6-di-tert-

butylpyridine, triethylamine, tri-tert-butylphosphine and DABCO were combined with bulky BCF or 

smaller BF3, as described below. Their structures are shown in Figure 2.4. 
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Figure 2.4: Structures of Lewis acids and bases used in these racemisation experiments, along with the pKa values 
for the conjugate acids of the bases in DMSO.7 *pKa in CF3CO2H.25 

Racemisation of lactide can be determined by 1H NMR spectroscopy. Observation of meso-lactide 

signals indicates at least one epimerisation event has occurred in that lactide molecule. Methyl and 

methine signals for L-lactide and meso-lactide have slightly different chemical shifts and can therefore 

be quantified separately and their relative concentrations can be calculated. The methyl region of an 

example spectrum is shown in Figure 2.5. Since L- and D-lactide are enantiomers and have identical 

NMR spectra, we cannot differentiate between them by NMR, and the signals that look like the L-

lactide starting material may be a mixture of the two enantiomers, if the lactide molecules are reacting 

more than once each with the Lewis pair (i.e. catalytic reaction; see Scheme 2.8). The signal could be 

anything from pure L-lactide (if each lactide molecule reacts no more than once with the Lewis acid-

base system) to a 50:50 mixture (rac-lactide) if racemisation is complete. In an equilibrium process, it 

might be expected that meso-lactide would indeed continue to react, forming L- and D-lactide, due to 

its higher energy relative to the other stereoisomers. 

 

Scheme 2.8: Sequential epimerisation steps can interconvert between all three stereoisomers of lactide. 



Chapter 2: Racemisation of lactide and PLA 

43 
 

 

Figure 2.5: Example 1H NMR spectrum of the methyl region of a reaction mixture. Relative amounts of rac- and 
meso-lactide can be determined from the integrals. 

While it is not possible to distinguish between L- and D-lactide in the 1H NMR data, optical rotation 

data can provide this information. Optical rotation measurements confirm loss of optical purity of the 

starting L-lactide, indicative of racemisation to form meso-lactide and in some cases D-lactide. Optical 

rotation is directly proportional to optical purity and concentration. Combining the results from 1H 

NMR (relative amounts of rac- and meso-lactide) with optical rotation results (enantiomeric excess of 

L-lactide) it is possible to calculate the proportions of all three lactide stereoisomers in the mixture. 

2.3.1.1 Stoichiometric racemisation 

Initial tests were made to identify if and how L-lactide interacts with Lewis acids and bases. These 

reactions were carried out on equimolar mixtures of reagents (one acid and/or base molecule per 

lactide molecule, not one per ester group). 

2.3.1.1.1 Reactions of lactide with neutral Lewis bases 

The simplest system for racemisation of lactide would be a single basic molecule that can bring about 

reversible deprotonation of the acidic protons of lactide. Although reactivity will need to be carefully 

adjusted, a single reagent would generally be easier to use than a Lewis acid-base pair and would 

avoid the need for three molecules to come together in a ternary reaction. Therefore, first the bases 

alone were screened for reactivity in racemisation of lactide in a 1:1 ratio with lactide. 
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Interestingly, in the strict absence of air and moisture none of the six Lewis bases (pyridine, 2,6-

lutidine, 2,6-di-tert-butylpyridine, triethylamine, tri-tert-butylphosphine and DABCO) gave rise to any 

racemisation of lactide in chloroform at room temperature detectable by 1H NMR. This is likely due to 

insufficient base strength, combined with steric hindrance in the case of many of the bases. 

An additional, stronger base was also tested: Diazabicyclo[5.4.0]undec-7-ene (DBU), with a pKa in THF 

of 16.6.26 DBU is known to bring about ROP of lactide, with or without an alcohol initiator.27–29 The 

base activates an alcohol initiator, where present, by hydrogen bonding, but can also react via direct 

nucleophilic attack on the monomer. However, DBU has also previously been shown to racemise 

meso-lactide in dry toluene solution at room temperature.1  

Stoichiometric reactions were performed between DBU and L-lactide in either chloroform or toluene, 

and the products were analysed by 1H NMR. DBU rapidly ring-opened L-lactide in dry CHCl3 at room 

temperature, with conversion reaching 80% around 30 min and nearly 90% in 3 h (Scheme 2.9). 

Presence of meso-lactide (approx. 24% of remaining lactide signals) indicated racemisation of the 

monomer occurred alongside oligomerisation. Additionally, presence of meso-lactide could result 

from back-biting of the racemised polymer, as part of the monomer-polymer equilibrium which is well 

known for PLA. The oligomeric product showed multiple methine signals in the 1H NMR indicating a 

mix of stereochemical sequences. This could result from polymerisation of already racemised 

monomer, but in addition could also be caused by racemisation of the oligomers once formed. The 

same reaction in dry toluene also gave rise to oligomerisation, but showed little evidence of 

racemisation in the 1H NMR in toluene after 21 h.  

 

Scheme 2.9: Reaction of L-lactide with equimolar DBU in dry CHCl3.  

These results demonstrate that a balance must be found between bases which lack the reactivity to 

racemise lactide at all, and DBU which is too nucleophilic and can polymerise lactide even in the 

absence of an alcohol initiator. The alternative approach is to choose a base with intermediate 

reactivity and pair it with a Lewis acid to selectively activate lactide. 

2.3.1.1.2 Reaction of lactide with tris(pentafluorophenyl)borane 

First, the coordination between L-lactide and BCF in chloroform solution was characterised (Scheme 

2.10). The two molecules were found to coordinate together weakly and reversibly. In solution, this 
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interaction is thought to happen via a carbonyl oxygen since these have the most sterically accessible 

oxygen lone pairs.  

 

Scheme 2.10: Reversible coordination between L-lactide and BCF in chloroform. [LA] = [BCF] = 0.046 M. 

Coordination was observed by a shift in both the 1H and 19F NMR signals, while the 1H coupling 

constant between the CH3 and CH remained at 6.67 Hz as in free lactide, indicating no major changes 

in the structure and geometry of bound lactide. Observation of just one signal each for the methyl and 

methine groups of lactide suggests the coordinated pair exists in a dynamic equilibrium which is fast 

on the NMR timescale, rather than static a 1:1 adduct with BCF bound to just one of the carbonyl 

groups. 

Free BCF displays a single, broad 11B resonance around 60 ppm, typical of boron with three aryl 

substituents. On coordination of a donor to boron’s empty pz orbital, the signal tends to shift to around 

zero ppm and becomes much sharper due to the increased symmetry of the tetrahedral environment 

around the quadrupolar boron nucleus. In a 1:1 mixture of lactide and BCF, no 4-coordinate 11B signal 

was visible at this concentration with 64 scans, presumably because so few of the molecules are in the 

complexed state. However, when lactide is present in a tenfold excess over BCF, a new peak at 

−1.0 ppm indicative of 4-coordinate boron is observed. ([LA]0 = 0.16 M, [BCF]0 = 0.016 M.) 

Coordination to BCF can also be seen by changes in the 19F NMR spectrum, in particular the difference 

in chemical shift between the meta and para resonances, Δ𝛿m,p. The difference in chemical shift is at 

its greatest for free BCF at around 17 ppm in CHCl3, and decreases on forming four-coordinate species 

and anionic species.30 For the mixture containing equimolar BCF and lactide the difference between 

meta and para resonances is 12.3 ppm, which is close to the literature values for the BCF-lactide 

complex of 11.6 ppm (CD2Cl2)31 and 10.45 (C6D6)32. However, this value is still higher than typical values 

for 4-coordinate boron (6–8 ppm), which could be explained by a dynamic equilibrium between 

coordinated and uncoordinated BCF. 

Further evidence for the (partial) coordination of lactide to BCF is provided from diffusion ordered 

spectroscopy (DOSY). A diffusion spectrum of a 1:1 mixture of lactide and BCF in CHCl3 shows lactide 

diffusing much more slowly than in a solution of the same concentration containing only lactide (D = 
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1.12 x 10-9 ± 1.79 x 10-12 m2 s-1; c.f. free L-lactide D = 2.53 x 10-9 ± 1.04 x 10-10 m2 s-1). Its calculated33 

molecular weight is over four times that of the sample where BCF is not present, consistent with a 

significant amount of the adduct in solution. When lactide is present in a 10:1 excess over BCF, the 

lactide diffusion coefficient is just 12% smaller than the value for free lactide, which is consistent with 

only some of the lactide having a BCF molecule available to coordinate with.  

These results point towards reversible coordination between lactide and BCF, with both the adduct 

and the free molecules existing in equilibrium. This is consistent with literature data which show 

lactide coordinates to BCF, albeit more weakly than lactones, cyclic carbonates or THF.32  

The 0.12 ppm deshielding of the methine group observed by 1H NMR is expected to be accompanied 

by increased acidity of that proton. When lactide is coordinated to BCF, the carbonyl group is donating 

electron density into the empty orbital on boron. The reduced electron density on the carbonyl makes 

the α-proton more reactive towards a nearby base (although it also increases the susceptibility of the 

carbonyl to nucleophilic attack). This means BCF can facilitate deprotonation of lactide in the following 

racemisation reactions which use BCF in combination with neutral Lewis bases. 

2.3.1.1.3 Lactide reactions with Lewis acid-base pairs 

Combinations of Lewis bases and acids were screened for their ability to racemise L-lactide in 

equimolar reactions in CHCl3 in J Youngs NMR tubes. 1H NMR was used to check for epimerisation by 

identifying if meso-lactide had been formed which is indicative of at least some degree of 

epimerisation. The reaction mixtures were also analysed by 11B and 19F NMR.  

Results of equimolar racemisation reactions are shown in Table 2.1. In combination with BCF, four of 

the bases (lutidine, triethylamine, tri-tert-butylphosphine and DABCO) gave NMR signals for meso-

lactide in approximately equilibrium quantities relative to rac-lactide (around 18%19). As described 

above, none of the bases gave rise to racemisation on their own since the activation of lactide by the 

Lewis acid is necessary before deprotonation can occur. Equally, coordination of lactide to BCF or BF3 

alone does not bring about any reaction and a base is necessary for racemisation.  
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Table 2.1: Summary of Lewis acid-base pairs used in equimolar reactions with lactide in chloroform at room 
temperature. Values indicate the amount of meso-lactide observed as a percentage of the total lactide derived 
from quantitative 1H NMR analysis. *pKa in CF3CO2H.25 

 
Pyridine Lutidine di-tBu-

Pyridine 

Et3N tBu3P DABCO No Lewis 

base 

pKa of conjugate acid 

in DMSO7 

3.4 4.46 0.90 9.00 11.40* 2.97, 

8.93 

- 

BCF none 22% none 21% 19% 21% none 

BF3·OEt2 - none - - - - none 

No Lewis acid - none none none none none none 

The least sterically hindered pyridine base used was pyridine itself. This coordinates to BCF and was 

not observed to give rise to racemisation of lactide. The observed adduct formation is consistent with 

previously published results.34 A bulkier base is required to achieve some degree of FLP behaviour to 

allow reactivity with lactide.  

The methyl groups of 2,6-lutidine somewhat inhibit its approach to the Lewis acidic centre of BCF. 

Without lactide present, evidence of lutidine coordinating reversibly to BCF is seen by a shift of the 1H 

signals to higher ppm, and the presence of both free BCF and 4-coordinate boron in the 11B NMR 

(Scheme 2.11). This is consistent with literature precedent.15 With lactide included in the solution, an 

equilibrium ratio of rac- and meso-lactide is observed, along with 28% ring-contraction side products 

discussed below in Section 2.3.1.3. Lactide and lutidine both coordinate reversibly to the Lewis acid, 

leaving some free lutidine to deprotonate the activated lactide molecule and bring about 

racemisation. Optical rotation measurements were carried out on a 1:1:1 reaction mixture of L-lactide, 

BCF and lutidine in chloroform. The solution was prepared and injected into a polarimeter cell in an 

argon glovebox, before sealing the cell, removing it from the glovebox and placing it into the 

polarimeter to measure optical rotation. Racemisation was rapid, and the enantiomeric excess 

decreased from 100% for pure L-lactide to 3% by the time the sample was removed from the glovebox 

and optical rotation was measured (less than 10 min).  
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Scheme 2.11: Reversible coordination of lutidine to BCF in chloroform. [lutidine] = [BCF] = 0.046 M. 

The bulkier pyridine derivative, 2,6-di-tert-butylpyridine, was not found to racemise lactide with BCF. 

In all 1H NMR spectra where BCF and di-tert-butylpyridine were present, there was a second set of 

signals for the base, shifted to higher ppm values. This is thought to be the protonated pyridine base, 

rather than an adduct with BCF. This is thought to be due to adventitious water which can coordinate 

to boron, making its protons much more acidic than free water. The pyridine derivative can then 

remove a proton, forming a small amount of [PyH]+[BCF-OH]−. This is more plausible than direct adduct 

formation between di-tert-butylpyridine with BCF which is not expected due to their steric bulk.35 This 

assignment is further backed up by the appearance of a new broad singlet with an integral of 1H 

between 10 and 11 ppm which is attributed to the proton bonded to the nitrogen of the base. Another 

new broad singlet arises at 6.61 ppm which is attributed to Ar3B-OH. 

Triethylamine and BCF facilitated the racemisation of lactide, as evidenced by 21% meso-lactide in the 

1H NMR. Racemisation was further confirmed by measurement of optical rotation which was carried 

out in the same way as with lutidine above. Rapid racemisation was observed, with the enantiomeric 

excess reduced to 4% in under 10 min. However, BCF and triethylamine also react together via a formal 

hydride abstraction from triethylamine to make the products shown in Figure 2.6. The fact that the 

equilibrium ratio of meso- and rac-lactide is formed despite this side reaction suggests there is some 

degree of reversibility to the reaction between BCF and triethylamine. This reactivity with BCF has 

previously been observed for NEt3 as well as NEt2Me36 and NEt2Ph.37 While an interesting side reaction, 

this added complication makes the system less suitable for lactide racemisation.  
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Figure 2.6: Reaction of equimolar BCF and Et3N resulting in a formal loss of hydride and a proton from 
triethylamine to form a 1:1 mixture of a salt and a zwitterionic iminium adduct. [Et3N]0 = [BCF]0 = 0.046 M. 

Tri-tert-butylphosphine was chosen because it is known to work with BCF to undergo FLP chemistry.38 

Its three bulky tert-butyl substituents prevent direct adduct formation with BCF. It proves able to 

epimerise L-lactide, as evidenced by meso-lactide signals (19%) appearing in the 1H NMR. tBu3P-H+ 

could be seen in the 1H NMR, with a 1JH-P coupling constant of 441 Hz, showing the phosphine brings 

about deprotonation. A small amount (10%) of the phosphine is protonated in the presence of just 

BCF with no lactide, which could be due to small amounts of moisture. Optical rotation measurements 

were performed on a solution of L-lactide, BCF and tri-tert-butylphosphine (1:1:1) in chloroform. The 

reaction proceeded more slowly than with lutidine or triethylamine, did not reach completion (Figure 

2.7) and some precipitate was observed.  

   

Figure 2.7: Change in specific rotation of lactide over time during reaction with tri-tert-butylphosphine and BCF. 
Final enantiomeric excess 30.5%. 
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Racemisation of lactide was also attempted with DABCO and BCF. With and without L-lactide present, 

these immediately formed an insoluble white adduct in chloroform. Nevertheless, formation of 21% 

meso-lactide was observed, indicating racemisation can take place despite formation of the Lewis 

adduct. This suggests there exists at least a small amount of free acid and base in solution which brings 

about racemisation of lactide. This agrees with previous findings where this combination of acid and 

base was used to epimerise lactide in dichloromethane or toluene.19 

Switching the Lewis acid from BCF to BF3 with lutidine as the base leads to no racemisation of lactide, 

although there was evidence for a small amount of polymerisation (<10%). Lutidine and BF3 are 

observed by 1H shifts and new peaks in 11B and 19F NMR to coordinate to one another. The 11B peak 

for the BF3-lutidine adduct is a quartet due to coupling with the three fluorine atoms, with 1JB-F = 

13.5 Hz. This coupling is resolved in the 4-coordinate boron adduct due to its tetrahedral symmetry 

meaning the quadrupolar nucleus relaxes more slowly. This adduct formation leaves no reactivity with 

lactide. This is not surprising given the much smaller fluorine substituents making the empty p-orbital 

on boron much more accessible. Lactide alone is not observed to coordinate to BF3; there is no adduct 

peak in the 11B NMR nor is there any change in the 19F NMR. 

Following the reactions described above, BCF with lutidine was chosen as the most successful 

candidate, and was used for further experiments with lactide. Lutidine was chosen as the base, due to 

its being cheaper and easier to handle than a pyrophoric phosphine, not forming an insoluble adduct 

like DABCO, and not suffering as much as Et3N from side reactions. 

2.3.1.2 Catalytic racemisation with lutidine-BCF system 

Having identified Lewis acid-base combinations which give rise to epimerisation or racemisation of 

lactide, sub-stoichiometric loadings of BCF and lutidine were used to see if catalytic racemisation could 

be achieved.  

Catalytic reactions of L-lactide with 50, 20 or 10mol% lutidine and BCF were performed in J Youngs 

NMR tubes at room temperature and the extent of racemisation was measured by integrating the 

signals for rac- and meso-lactide in the 1H NMR as above. At 50 and 20mol% the distribution of rac- 

and meso-lactide was indistinguishable from the stoichiometric reactions at 22% meso-lactide. Even 

at the lowest catalyst loading of 10mol% an equilibrium product distribution was formed, with 18% 

meso-lactide. This indicates the reaction can indeed be catalytic, i.e. the acid/base pair undergoes 

more than one turnover. 

Optical rotation was measured as a function of time on a 10:1:1 solution of L-lactide, BCF and lutidine, 

and the data are shown in Figure 2.8. In contrast to other results including the screening experiments 

above, under these catalytic conditions the reaction did not go to completion. This is likely due to a 
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small amount of atmospheric moisture creeping into the polarimeter cell. Nevertheless, based on the 

meso:rac of 18:82 from 1H NMR  coupled with the final enantiomeric excess value of 65%, the product 

distribution of the stereoisomers can be calculated and is shown in Table 2.2. Based on this product 

distribution, it can be concluded that the reaction is catalytic. The turnover number in this case was 

at least 3.6, although, under these conditions, catalyst deactivation took place before equilibrium was 

reached. 

  

Figure 2.8: Specific rotation of lactide as a function of time during reaction with BCF and lutidine each at 10mol% 
with respect to lactide. Final enantiomeric excess 65%. 

Table 2.2: Product distribution determined by 1H NMR and polarimetry for reaction of L-lactide with BCF and 
lutidine (each 10mol%) in chloroform in the polarimeter cell. 

meso-lactide L-lactide D-lactide 

18% 73% 9% 

 

2.3.1.3 Side products: ring contraction 

At lutidine and BCF loadings of 50mol% or above relative to lactide, other lactide-derived species were 

seen in the 1H NMR with quartets at 4.77–4.84 ppm and 4.32–4.47 ppm. When BCF and lutidine were 

present at 100mol%, this accounted for 28% of the initial amount of lactide. The new signals have 

been attributed to a ring contraction product, formed via rearrangement of deprotonated lactide 

(Scheme 2.12). BCF and lutidine are known to facilitate this rearrangement reaction with lactide.31,39 
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The anionic intermediate is stabilised by coordination to boron, allowing the rearrangement to take 

place.  

 

Scheme 2.12: Proposed mechanism for lactide ring contraction.31 Two diastereomers of the product are formed, 
depending on which side of the carbonyl is attacked by the carbanion. 

Interestingly, the proposed mechanism goes via deprotonation of lactide not at the methine adjacent 

to the carbonyl to which boron is coordinated but at the other methine group. As such, it is a 

competing pathway for reaction of lactide once it has been activated by BCF. Deprotonation at this 

site could be favoured due to the steric bulk of BCF disfavouring the approach of lutidine to the α-

proton. For ring contraction to take place, the unimolecular rearrangement step must take place 

before the lactide anion can be reprotonated. 

This side reaction is unwanted here since it consumes lactide and takes it out of the racemisation 

equilibrium. Nevertheless, it provides further evidence for the cooperative FLP-like reactivity of 

lutidine and BCF towards small molecules, and their ability to activate and deprotonate lactide. It is 

possible that this side reaction could also occur on reaction with the polymer, PLA. If this is the case, 

it could complicate attempts to racemise PLA with this system. 

Ring contraction can be suppressed by using lower catalyst loadings. The ring-contracted product is 

formed to a lesser extent when sub-stoichiometric base and acid are used, with none observed at 

20mol% or below. This can be rationalised by the presence of less Lewis acid in solution meaning fewer 

lactide molecules are stabilised in the anionic form to undergo rearrangement. Despite this, the 

desired racemisation reaction still occurs at these lower loadings.  

No ring contraction was observed with any of the other bases tested, although it has previously been 

reported with tri-tert-butylphosphine.31  
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2.3.1.4 Thermodynamics of epimerisation: Variable temperature NMR 

 

Scheme 2.13: Equilibrium between L- and D-lactide and meso-lactide.  

Interconversion between rac- and meso-lactide is reversible, therefore in the presence of a catalyst 

system capable of racemising lactide, an equilibrium will eventually be established. This equilibrium is 

shown in Scheme 2.13. To probe the thermodynamics of the rac-meso equilibrium, variable 

temperature (VT) NMR experiments were carried out on solutions of L-lactide in CDCl3 with the BCF-

lutidine catalyst system at 20mol%. 1H NMR spectra were acquired at 10 K temperature intervals 

between 263 and 313 K. At each temperature, the relative amounts of meso-lactide and rac-lactide 

were extracted from the integrals, allowing the equilibrium constant, Keq, for conversion of rac-lactide 

to meso-lactide at that temperature to be calculated. The equilibrium constant is defined as follows: 

Equation 5 

𝐾eq =  
[𝑚𝑒𝑠𝑜LA]

[𝑟𝑎𝑐LA]
 

From this information, a van ’t Hoff plot of lnK against 1/T can be made (Figure 2.10). Using the van ’t 

Hoff equation  

Equation 6 

ln 𝐾eq =  −
∆𝐻o

𝑅𝑇
+ 

∆𝑆o

𝑅
 

the value of ∆𝐻o for the conversion of rac- to meso-lactide can be calculated from the gradient and 

∆𝑆o can be obtained from the vertical intercept. Then the Gibbs free energy change for the process 

can be calculated using  

Equation 7 

∆𝐺o =  −𝑅𝑇 ln 𝐾eq 
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Figure 2.9: Plot of mole fraction of meso-lactide at temperatures between 263 and 313 K, obtained from the 
relative integrals of rac- and meso-lactide in VT 1H NMR spectra. 

   

Figure 2.10: van ’t Hoff plot for the reaction rac-lactide → meso-lactide. lnK = -613.4/T + 0.770. Negative slope 
indicates the reaction is endothermic.  

The numerical values of the thermodynamic parameters obtained by this method are shown in Table 

2.3. These results are in good agreement with calculated values published previously, and confirm that 

rac-lactide is more stable than meso-lactide.1,40  



Chapter 2: Racemisation of lactide and PLA 

55 
 

Table 2.3: Values of thermodynamic parameters obtained from VT NMR data for the conversion of rac-lactide 
to meso-lactide in chloroform, including standard errors from linear regression. 

Quantity Experimental value Standard error 

ΔH 5.1 ± 0.17 kJ mol-1 3.3% 

ΔS 6.4 ± 0.58 J K-1 mol-1 9.1% 

ΔG 3.2 ± 0.34 kJ mol-1 10.7% 

 

2.3.1.5 Summary of Lewis acid-base racemisation reactions with lactide 

Four combinations of Lewis acids and bases gave rise to racemisation of L-lactide, as evidenced by 

meso-lactide peaks appearing in the 1H NMR. These were BCF with either lutidine, triethylamine, 

DABCO or tri-tert-butylphosphine. When used independently, none of the Lewis acids or bases gave 

rise to any racemisation according to 1H NMR, except DBU which also brought about significant 

polymerisation. The results of the experiments are summarised in Table 2.4. 
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Table 2.4: Summary of results of lactide racemisation reactions.  

Reagents Results 

Separately: BCF, BF3·OEt2, lutidine,  

di-tBu-pyridine, Et3N, DABCO or PtBu3 

No reaction 

DBU Racemisation (meso-lactide formed) 

Polymerisation (up to 90%) 

BCF + pyridine Lewis adduct formation 

No racemisation 

BCF + di-tert-butylpyridine No reaction 

BCF + lutidine Racemisation (meso-lactide formed) 

Racemisation is reversible 

Some ring contraction above 50 mol% loading  

Catalytic loading possible (as low as 10mol%) 

BCF + Et3N  Racemisation (meso-lactide formed) 

Hydride abstraction to form iminium species  

BCF + tri-tert-butylphosphine Racemisation (meso-lactide formed) 

BCF + DABCO Racemisation (meso-lactide formed) 

Insoluble adduct formed  

BF3·OEt2 + lutidine Lewis adduct formation 

No racemisation 

 

2.3.2  Racemisation of L-lactide: alkali metal bases 

In Section 2.3.1 above, neutral Lewis acids and bases were used to effect reversible deprotonation of 

lactide. In contrast, in the following experiments into the acid-base chemistry of lactide, strong alkali 

metal amide bases were used to attempt to irreversibly deprotonate the methine group of L-lactide 

to form the enolate. The aim was to find conditions under which lactide can be cleanly deprotonated, 

in order to learn more about its reactivity with strong bases and the acidity of the α-proton, including 

deducing its pKa. Controlled deprotonation of lactide (and PLA) would also be useful for introducing 

other chemical groups, for example to produce functionalised lactide-based polymers. 

The bases used were lithium hexamethyldisilazide (LiHMDS), and lithium diisopropylamide (LDA). 

Reactions were carried out at 1:1 stoichiometries, in THF or toluene, either in an NMR tube or on a 

larger scale on a Schlenk line or in a glove box.  
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The aggregation state of these alkali metal bases depends on the solvent and concentration. LiHMDS 

exists in an equilibrium between monomeric and dimeric forms in THF, with the monomer being 

dominant except at high concentration. In toluene, it exists predominantly as the cyclic dimer. For LDA 

in THF, the cyclic dimer is the dominant species.41 Solution structures in THF, the solvent used in most 

of these experiments, are shown in Figure 2.11. 

 

Figure 2.11: Solution structures in THF and pKa values of the corresponding conjugate acids in THF of the bases 
used in reactions with lactide.7,42,43 

The order of addition of base and lactide was subject to some consideration, with a view to bringing 

about the desired deprotonation in a controlled manner. If a solution of a strong base is added 

dropwise to a solution of lactide, it would be expected that some lactide molecules would be 

deprotonated initially, followed by more as more base is added. This might lead to unwanted side 

reactions between deprotonated lactide and neutral lactide starting material, such as polymerisation. 

To avoid this, the opposite order of addition may be used. In this case, lactide is added dropwise to a 

solution of the base. This, too, could cause complications since the lactide molecules are immediately 

surrounded by an excess of base. These conditions may even lead to double deprotonation of the 

lactide molecule, although this may be disfavoured due to the resulting high density of negative 

charge. Finally, a third option is simultaneous addition of lactide and base solutions to a flask 

containing solvent, thus minimising the concentration difference of the two reagents throughout the 

reaction. This third method was favoured for most of the experiments performed. 

If lactide has been deprotonated once only, there should be a new singlet resonance resulting from 

the methyl group (c) on the side of the molecule that has been deprotonated (Figure 2.12). Meanwhile 

the other methyl and methine groups would still give rise to the characteristic doublet and quartet, 

though the peaks are expected to be shifted depending on the coordination state of the enolate.16,17  
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Figure 2.12: Lactide enolate, with three proton environments labelled a (quartet), b (doublet) and c (singlet). 

THF solutions of lactide and LiHMDS were added dropwise simultaneously to a third portion of THF at 

room temperature, and the solution was transferred to an NMR tube under argon for immediate 

analysis (Scheme 2.14). A new quartet arose in the 1H NMR at 5.09 ppm (THF) with a coupling constant 

of 7.11 Hz, partially overlapping the original lactide quartet at 5.13 ppm (6.65 Hz), as shown in Figure 

2.13. A corresponding small doublet with the same coupling constant was found at 1.55 ppm, although 

this region is hard to interpret due to the solvent signals nearby. The new quartet signal was observed 

by DOSY NMR to diffuse significantly more slowly than the free lactide molecules, and to diffuse at 

approximately the same rate as a signal at 0.06 ppm which is attributed to the methyl groups of 

coordinated LiHMDS (Figure 2.14). This is evidence for coordination between a lactide-derived species 

and LiHMDS. The diffusion coefficients associated with the new peaks correspond to molecular 

weights over 1000 g mol-1, which suggests ring opening of lactide to form polymeric products, rather 

than direct coordination of LiHMDS to the intact lactide molecule. The coupling constant for the new 

peak (7.11 Hz) is also the same as for pure PLLA in THF. Scheme 2.14 shows the species present in the 

reaction mixture. The signal for the polymeric product represents only 8% of the initial total lactide, 

meaning polymerisation is not complete by the time NMR data was collected (within 2 h). However, 

samples left for a week at room temperature under argon showed gradual disappearance of the 

lactide peak.  

 

Scheme 2.14: Reaction between lactide and LiHMDS. 
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Figure 2.13: 1H NMR spectrum of a reaction mixture containing L-lactide and LiHMDS in THF. *LiHMDS satellites. 

 

 

 

Figure 2.14: Diffusion spectrum showing the presence of PLA with coordinated LiHMDS in THF solution. 

Polymer-LiHMDS 

Free lactide 
Free LiHMDS 
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In another reaction, LDA was added dropwise to a solution of L-lactide in THF. 1H NMR analysis  

showed the same new quartet signal seen with LiHMDS, attributed to ring-opened lactide (Figure 

2.15). This suggests LDA also reacts with lactide in a similar way to LiHMDS. 

 

Figure 2.15: 1H NMR spectrum of reaction products from L-lactide and LDA in THF. 

These results indicate that lithium amide bases are able to activate and ring-open lactide, and remain 

coordinated to the oligomers once formed. However, despite their strong basicity, the amide bases 

were not observed to deprotonate lactide under these conditions, even with the activation provided 

by coordination of the lithium cation. It may be necessary to heat the reaction to overcome the 

activation barrier, or to use a kinetically more reactive base. Ring-opening may be favoured over 

deprotonation if trace moisture is present in the samples. 

The lack of observed deprotonation is in contrast to extensive literature precedent for formation of 

ester enolates with LiHMDS or LDA at room temperature or below, although these examples feature 

linear rather than cyclic esters and therefore lack the driving force of relief of ring strain to favour 

breaking the ester bond.44,45 It is also unexpected based on the results reported by Stukenbroeker et 

al. in which the silyl enol ether of lactide was trapped by deprotonation with LDA in the presence of 

TMSCl, although there may also be some activation of the TMSCl by the base contributing to the 

reactivity in this case.16 It is possible the base may be deprotonating a small amount of the lactide, but 

not enough to see by NMR. In addition, although no racemisation is observed in the 1H NMR, reversible 

deprotonation could still be occurring with the enolate remaining in close proximity to the amide, 

perhaps with hydrogen bonding, so the proton is readded to the same face of the enolate. 

Similar reactions in toluene were not conclusive, due to the low solubility of lactide in this solvent 

leading to low signal-to-noise ratio.  

Free lactide 

5.18 ppm, 
6.62 Hz 

Polymer/oligomers 

5.14 ppm, 7.14 Hz 
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2.3.2.1 Reactions of L-lactide with alkali metal bases: conclusions 

In equimolar reactions between L-lactide and alkali metal amides, DOSY NMR gives evidence for ring-

opening polymerisation of lactide with LiHMDS and LDA. However, no direct evidence for formation 

of the lactide enolate was found. It is surprising that the strong amide bases LiHMDS and LDA did not 

show signs of deprotonating lactide, despite their pKas being 26 and 36 respectively – significantly 

higher than the pKa that would be expected for lactide. The lack of reactivity is thought to be due to a 

kinetic limitation since there is sufficient thermodynamic driving force for the reaction. It would be 

interesting to compare the reactivity of glycolide, which has a related structure to lactide without the 

methyl groups (Figure 2.16). The reduced steric hindrance may allow reactivity with LiHMDS or LDA. 

 

Figure 2.16: Structures of lactide and glycolide. 

These results serve to highlight the importance of the complementarity of the Lewis acid-base pairs in 

the FLP-type reactivity investigated in Section 2.3.1. This is essential for tuning the reactivity towards 

reversible deprotonation to bring about racemisation. 
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2.4 Racemisation of PLLA 

In the following experiments, the results obtained above regarding the racemisation of lactide are 

applied to the polymer, PLA, to attempt post-synthetic modification of the tacticity. While the repeat 

unit of PLA is chemically equivalent to lactide, the conformation is not restrained by the 6-membered 

ring as it is in lactide. Instead, the polymer chains form random coils in solution (Figure 2.17), the 

nature of which depends on factors such as solvent, temperature and concentration. If the 

intermolecular interactions between the polymer and the solvent are more favourable than polymer-

polymer and solvent-solvent interactions, the solvent is said to be a good solvent for that polymer, 

and the polymer coil expands. In a poor solvent, interactions between sections of the polymer are 

favoured over polymer-solvent interactions, and the polymer coil collapses. The intermediate scenario 

where the polymer-polymer and polymer-solvent intermolecular interactions are equally prevalent is 

called a θ-solvent.46 

 

Figure 2.17: 3D model to illustrate a possible conformation of a PLA molecule (MW 1700 g mol-1) in solution. The 
structure was made in Chem3D for illustration only and is not an accurate representation of polymer 
conformation. 

Any change in polymer stereochemistry is expected to be apparent in the 1H NMR spectrum of the 

polymer by the observation of new methine signals due to a decrease in stereoregularity. The single 

quartet at 5.15 ppm would be joined by new quartets resulting from repeat units with different 

relative stereochemistry. Where adjacent stereocentres have the same chirality (i.e. R and R or S and 

S) this is denoted “i” (isotactic). Where they have opposite chirality, this is denoted “s” (syndiotactic). 

For a group of four adjacent stereocentres, the possible relative stereochemical sequences are iii, iis, 

sii, isi, ssi, iss, sis and sss. These can be observed as separate signals in the NMR spectrum. These 

signals can be seen more clearly and quantified by using homonuclear decoupled 1H NMR to collapse 

the quartets to singlets, thus minimising signal overlap.47 Due to the NMR signature from the polymer 

microstructure, optical rotation measurements are not necessary to confirm racemisation.  
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As well as effectively modifying the tacticity of the polymer, an ideal system would not react in a 

nucleophilic manner with the polymer chain as this would give rise to undesired chain scission (e.g. 

via transesterification) and reduce the polymer molecular weight by breaking the chains into 

oligomers. Gel Permeation Chromatography (GPC) was used to determine the molecular weight 

distribution of the reaction products to verify if transesterification or chain scission had taken place. 

In some cases, DOSY NMR was used to complement the GPC results and provide information about 

components of different molecular weights in a mixture of products. 

2.4.1 Racemisation of PLLA: Lutidine-BCF 

Having been shown to successfully racemise lactide under catalytic conditions in chloroform solution 

with minimal side reactions, the first system to be applied to racemisation of PLLA was BCF and lutidine 

in chloroform.  

 

Scheme 2.15: The BCF-lutidine system does not racemise PLLA, even when heated to 50 °C. Subsequent 
racemisation of L-lactide in the same reaction mixture at room temperature rules out deactivation of the 
reagents. 

A loading of 50% with respect to the lactide repeat units of the polymer was used. The starting polymer 

was linear, with molecular weight Mn 44 300. After 20h stirring at room temperature, followed by 

heating to 50 °C for 24 h, the 1H NMR showed no sign of any change in polymer tacticity (Scheme 

2.15). Deactivation or decomposition of the catalyst system was ruled out by addition of a portion of 

L-lactide to the reaction mixture; this was quickly racemised at room temperature as usual (Figure 

2.18). Therefore, we conclude that while this catalyst system works to racemise lactide it is not 

applicable to PLLA, despite their chemical similarity. Perhaps the ring-strain in lactide makes the 

methine protons more acidic and promotes deprotonation. In addition, the conformation of the 

polymer molecules in solution could make it difficult for both the BCF and the lutidine to approach the 

same part of the chain at the same time and react with it.  
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Figure 2.18: Section of 1H NMR spectrum (CHCl3) showing unchanged PLLA signals along with racemised lactide. 
The ring-contracted side product is also formed. 

To further understand this lack of reactivity, the interaction between BCF and PLLA was studied by 

NMR spectroscopy, with a 1:1 ratio between BCF and the lactide repeat unit of PLA in CDCl3, and no 

base present. The results showed no sign of coordination: the 19F and 11B NMR spectra remained 

identical to free BCF with no sign of 4-coordinate boron. In the 19F spectrum, Δ𝛿m,p is 17.4 ppm, in 

contrast to 12.3 ppm for 1:1 BCF:lactide (Figure 2.19). 
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Figure 2.19: 19F NMR spectrum of BCF shows no change in the presence of PLLA (1:1 with lactide repeat unit) in 
CDCl3. 11B NMR spectrum also remains unchanged. 19F NMR spectrum of BCF:lactide 1:1 is shown for comparison. 

The observation that little or no BCF coordinates to PLA could be explained by the steric difficulty in 

the Lewis acid approaching the carbonyls in the polymer chain. In the polymer, there are more groups 

near to the carbonyls which could interfere with coordination (Figure 2.20). Again, the polymer 

conformation in solution may also play a significant role: if the polymer chain is coiled closely together 

there are fewer available carbonyls for the BCF to interact with (see Figure 2.17). Chloroform is a good 

solvent for PLA so there should be significant penetration of the solvent between the polymer 

chains.48,49 Nevertheless, since BCF is a much bigger molecule than CDCl3 it is plausible that it would 

still only be present at low concentration within the volume of the polymer coils meaning there is 

limited scope for coordination, and subsequent deprotonation in the presence of a base. In addition, 

while these NMR data do not give any information about the presence or absence of lutidine in close 

proximity to the polymer chain, it is conceivable that the base may also be hindered in its approach, 

which would contribute to the lack of reactivity. On the other hand, if the limiting factor is simply the 

steric bulk of the Lewis acid, stronger bases which do not require activation of the polymer by a Lewis 

acid may be able to deprotonate the polymer. This is investigated in Section 2.4.2. 
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Figure 2.20: 3D models of BCF bound to a carbonyl oxygen in a molecule of L-lactide (left) and a short PLLA 
oligomer (6 ester groups, right). At a glance, the steric crowding around the BCF molecule appears greater with 
the small section of linear polymer than the cyclic monomer. However, these structures were created in Chem3D 
with little optimisation and are for illustration only and do not represent accurate conformations. 

2.4.2 Racemisation of PLLA: DBU or TBD 

The next strategy was to use stronger, neutral nitrogen bases in the absence of a Lewis acid to bring 

about racemisation of PLA. 

Triazabicyclo[4.4.0]dec-5-ene (TBD) has been reported to racemise PLA in toluene solution at 105 °C 

(Scheme 2.16). The reaction is catalytic and can produce polymer with up to 46% D stereocentres from 

PLLA, as determined by optical rotation measurements. This could be a result of both epimerisation 

and transesterification reactions. Chain scission was always observed at the same time as 

racemisation, evidenced by a decrease in polymer molecular weight. This is thought to go via 

nucleophilic attack of TBD.11 Indeed, a higher concentration of base gives rise to both a greater degree 

of racemisation and a greater amount of chain scission: polymers of lower Mn were produced 

whenever higher degrees of racemisation were targeted. 

 

Scheme 2.16: Racemisation of PLLA with 5mol% TBD in toluene.11 

As well as the guanidine base TBD, a similarly strong neutral base is the amidine base 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU). DBU has been shown to racemise the monomer lactide in 

toluene solution at room temperature.1 The pKa values for the conjugate acids of TBD and DBU in THF 
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are 19.4 and 16.6 respectively.26 In this work, PLLA was treated with TBD or DBU and the extent of 

racemisation and chain degradation was determined. Lower temperatures were used (usually room 

temperature or 60 °C) than in the work by Meimoun et al. in an attempt to reduce the extent of chain 

scission. To achieve this, solvents were chosen which can dissolve PLA at lower temperatures than 

toluene in which PLA is not readily soluble at room temperature. These were chloroform, THF or 1,4-

dioxane. 

 

Figure 2.21: 1H NMR spectra of the methine region after reaction of PLA with DBU for 2 h at room temperature 
in chloroform, with homonuclear decoupling pulse at 1.57 ppm (bottom) and without (top). PLA signal is >95% 
isotactic, indicating little racemisation has taken place. 

In initial tests, 1:1 (with respect to lactide repeat units) reactions were performed to investigate the 

reactivity of these bases with PLA. Heating PLLA with DBU in toluene at 70 °C for just 30 min gave rise 

to some chain scission as evidenced by small oligomer peaks in the 1H NMR spectrum at 4.05–

4.20 ppm which accounted for 6% of the original polymer methine signal and grew to 10% of the signal 

by 1 h 45 min heating. Nevertheless, the product remained primarily isotactic. When repeated at 

room temperature in CHCl3, reaction with DBU was again observed to give rise to chain scission (20% 

after 2 h), but only a small amount of racemisation. The homonuclear decoupled 1H NMR spectrum in 

Figure 2.21 shows the polymer remains almost entirely isotactic, with 95% of the methine signal being 

the iii tetrad. DOSY showed separate diffusion constants for the polymer (1.49 x 10-10 ± 

9.93 x 10−12 m2 s-1), oligomers (8.37 x 10-10 ± 5.28 x 10−12 m2 s−1), and DBU (1.04 x 10-9 ± 

1.42 x 10−11 m2 s-1) after two hours of reaction, and the spectrum is shown in Figure 2.22. These figures 
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correspond to weight average molecular weights (Mw) for the PLA signals of around 9800 g mol-1, and 

500 g mol-1 for the oligomers using the calibration curve for linear PLA obtained in Chapter 4. 

 

Figure 2.22: DOSY spectrum showing significantly different diffusion constants for the polymer, base and newly 
formed oligomers after 2 h at room temperature.  

Further reactions were performed in either THF or 1,4-dioxane. PLA is soluble in both at room 

temperature at the concentrations used (10 g per litre), dissolving more readily in dioxane. The first 
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reactions in these solvents used equimolar amounts of TBD or DBU with respect to the C3H4O2 repeat 

unit and the results are shown in Table 2.5. TBD reacts more rapidly under these conditions, whereas 

with DBU no reaction is observed when the NMR sample is taken immediately after combining the 

reagents, although racemisation and chain scission products are observed by 1H NMR after 24 h. TBD 

gives rise to more chain degradation than DBU, as shown by the greater intensity of oligomer peaks 

in the NMR spectrum. Reactions in THF showed slightly more evidence of chain degradation. An 

example 1H NMR spectrum for reaction of PLLA with TBD in THF is shown in Figure 2.23; this reaction 

showed extensive racemisation and chain scission.  

Table 2.5: Results of reactions of PLLA with DBU or TBD (equimolar with C3H4O2 repeat units) at room 
temperature in THF or dioxane. NMR samples were taken of each reaction immediately after mixing, and again 
after 24 h.  

Entry  Base  Solvent  

Reaction 

time Results from NMR (in reaction solvent) 

1 DBU THF Few min No change to 1H NMR. 
 

24 h Significant racemisation and chain scission. 
15% oligomer peaks. 

2 DBU 1,4-Dioxane Few min  No change. 
 

24 h Racemisation and chain scission.  
8% oligomer peaks. 

3 TBD THF Few min  Significant racemisation and chain scission. 
 

24 h Significant racemisation and chain scission. 
62% oligomer peaks. 

4 TBD 1,4-Dioxane  Few min  Racemisation and chain scission.  

24 h Racemisation and chain scission.  
55% oligomer peaks. 
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Figure 2.23: Section of 1H NMR spectrum of the reaction of PLLA with TBD in THF (Table 2.5, Entry 3) after 24 h. 
Peaks corresponding to oligomeric PLA were assigned based on their larger diffusion coefficients compared with 
polymer peaks. 

Diffusion coefficients for Entry 3 in Table 2.5 were obtained during first 45 min of reaction. Peaks 

associated with racemised PLA (4.76–5.15 ppm) had a diffusion coefficient of 1.10 x 10-9 m2 s-1, while 

oligomer peaks (4.02–4.28 ppm) diffused more quickly at 1.44 x 10-9 m2 s-1. Additional peaks attributed 

to N-H+ and CH2 of TBD were identified at 7.76 ppm (1.41 x 10-9 m2 s-1) and 3.07 ppm (1.49 x 10-9 m2 s−1) 

respectively.  

All the reactions shown in Table 2.5 where base was equimolar with respect to the C3H4O2 repeat units 

exhibited the desired racemisation, but also significant amounts of chain scission. With the aim to 

suppress the undesired reactivity, in subsequent experiments the loading of base was reduced to 10% 

with respect to the C3H4O2 repeat units. NMR and GPC results are shown in Table 2.6. 1H NMR was 

used to identify if any racemisation had taken place. The PLLA starting material had Mn 44 300 and Mw 

88 700, and a polydispersity of 2.00. GPC was used to measure the molecular weight of the polymer 

after the reaction to check for chain degradation.  

Racemised PLA  

Oligomeric PLA  
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Table 2.6: Results of catalytic reactions of PLLA with 10mol% DBU or TBD with respect to C3H4O2 repeat units. 
GPC data for short reactions were obtained from polymer samples from NMR tubes which were not quenched. 
Average number of chain scission events per base molecule was calculated from Mn, based on 10mol% loading. 
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Mn Mw PD 

1 DBU THF r.t. Few 

min 

No racemisation or new chain 

end signals visible 

7430 14937 2.01 0.08 

2 DBU THF 60 3 h Minimal racemisation, some 

chain scission (1.3% chain 

end/oligomer signal) 

8645 23349 2.70 0.07 

3 DBU 1,4-

Dioxane 

r.t. Few 

min 

Little racemisation and no new 

chain end signals visible 

9204 24665 2.68 0.06 

4 DBU 1,4-

Dioxane 

60 3 h Chain degradation; little 

racemisation 

Diffusion coefficients: 

PLA (5.19 ppm) 4.18e-10 m2 s-1 

Oligomers/chain ends (5.07 and 

4.78 ppm; 7% of methine signal) 

1.05e-09 m2 s-1 

8717 24036 2.76 0.07 

5 TBD THF r.t. Few 

min 

Racemisation and chain scission 

Diffusion coefficients:  

PLA (5.11 ppm) 7.07e-10 m2 s-1 

Oligomers/chain ends (4.87 and 

4.15 ppm; 19% of methine 

signal) 1.05e-09 m2 s-1 

1238 5739 4.64 0.57 

6 TBD THF 60 3 h Significant racemisation and 

chain scission 

Diffusion coefficients:  

PLA (5.09 ppm) 8.76e-10 m2 s-1 

Oligomers/chain ends (4.94 and 

4.13 ppm; 22% of methine 

signal) 1.13e-9 m2 s-1 

371 934 2.52 1.95 
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7 TBD 1,4-

Dioxane 

r.t. Few 

min 

Significant racemisation and 

chain scission 

24% oligomer/chain end 

methine 

712 1138 1.60 1.01 

8 TBD 1,4-

Dioxane 

60 3 h Significant racemisation and 

chain scission 

28% oligomer/chain end 

methine 

493 861 1.75 1.46 

These results demonstrate that despite their chemical similarity, DBU and TBD do not react in the 

same way with PLA. The less basic DBU gives rise to less degradation of polymer molecular weight 

than the more basic TBD, but it also racemises PLA to a much lesser extent. TBD is much more effective 

in racemising PLLA, but it does so in an uncontrolled manner: racemisation is always accompanied by 

polymer degradation.  

The greatest degree of chain scission, as measured by GPC, is observed with TBD in dioxane which 

reduces Mn to 1% of its initial value in just a few minutes. TBD gives rise to between 1 and 2 chain 

scission events per base molecule, except in the reaction in THF at short reaction times. Racemisation 

occurs at the same time but is of little practical use since the product has such low molecular weight. 

Heating the reaction mixture to 60 °C for 3 h reduces the molecular weight still further to only a 

handful of repeat units. Figure 2.24 shows Mn and Mw after reaction with either base in either solvent 

at 60 ° for 3 h. Products from reactions with TBD have notably lower molecular weight. 
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Figure 2.24: Comparison of Mn and Mw values from GPC for products of reactions of PLLA with DBU or TBD in 
THF or 1,4-dioxane at 60 °C for 3 h.  

Chain degradation occurs the least when PLLA is treated with DBU in dioxane. However, there is also 

little racemisation with this system. In addition, while the final molecular weights are higher than 

under the other conditions, Mn is still reduced to only 13% of its initial value after a few minutes at 

room temperature, meaning the recovered polymer will have significantly different physical 

properties due to the change in molecular weight but not its stereochemistry. 

These results are in line with the trends expected from the previously published data from Meimoun 

et al.11 

2.4.3 Racemisation of PLLA: alkali metal bases 

Reactions were performed to investigate the interactions between PLLA and various alkali metal 

amide and alkoxide bases. PLLA was treated with lithium, sodium, or potassium HMDS or tert-butoxide 

in THF solution at 0 °C, then allowed to warm to room temperature and react for between 25 min and 

4 days. Base loadings were 100, 10 or 1mol% with respect to the C3H4O2 repeat unit. Reactions were 

quenched before analysis by addition of a drop of water (excess with respect to the base). As described 

above, 1H NMR was used to identify if any racemisation had taken place. GPC was used to determine 

the extent of chain scission. The starting polymer had molecular weights Mn 44 300 and Mw 88 700, 

and a polydispersity of 2.00; any decrease in molecular weight signifies degradation of the polymer 
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chains. Reaction conditions and results are shown in Table 2.7. The GPC data shown below are for the 

peak of highest molecular weight in the chromatogram, but in some cases there was one or more 

smaller peak corresponding to lower molecular weight oligomers.  

Table 2.7: Conditions and results for reactions of PLLA with alkali metal amides and alkoxides in THF. Base loading 
is given with respect to the C3H4O2 repeat unit. Reactions were quenched before analysis by addition of a drop 
of water. Average number of chain scission events per base molecule was calculated from Mn, based on 10mol% 
loading. 
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Mn Mw PD 

1 LiHMDS 10 0 °C 

– r.t. 

45 

min 

Some racemisation. 

Chain degradation. 

Diffusion coefficients: PLA 

(5.16 ppm) 1.04e-9 m2 s-1. 

Oligomers/chain ends 

(4.36 ppm; 7% of methine 

signal) 1.15e-09 m2 s-1. 

3162 13444 4.25 0.21 

2 LiHMDS 10 0 °C 

– r.t. 

24 h Racemisation. 

Significant chain 

degradation. 

339 475 1.40 2.14 

3 LiHMDS 10 0 °C 

– r.t. 

72 h Racemisation. 

Significant chain 

degradation. 

650 940 1.45 1.11 

4 LiHMDS 1 0 °C 

– r.t. 

45 

min 

No change in 1H NMR (THF). 

Diffusion coefficient: PLA 

(5.11 ppm) 2.28e-10 m2 s-1. 

15291 41351 2.70 0.31 

5 LiHMDS 1 0 °C 

– r.t. 

46 h Some racemisation. 

Chain degradation. 

    

6 LiHMDS 100 0 °C 

– r.t. 

25 

min 

No racemisation. 

Chain degradation. 

1151 1411 1.23 0.06 

7 NaHMDS 10 0 °C 

– r.t. 

45 

min 

Some racemisation. 

Chain degradation. 

3551 9861 2.78 0.19 
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8 KHMDS 10 0 °C 

– r.t. 

45 

min 

Racemisation. 

Chain degradation.  

Diffusion coefficient (THF): 

PLA (5.12 ppm) 6.18e-10 

m2 s-1. 

2530 10510 4.15 0.27 

9 KHMDS 10 0 °C 

– r.t. 

24 h Racemisation. 

Chain degradation. 

Diffusion coefficients: PLA 

(5.16 ppm) 1.46e-9 m2 s-1. 

Oligomers/chain ends 

(5.03 ppm) 2.05e-09 m2 s-1; 

(4.37 ppm) 1.62e-09 m2 s-1. 

1103 2180 1.98 0.65 

10 KHMDS 10 0 °C 

– r.t. 

72 h Racemisation. 

Chain degradation. 

2194 5069 2.31 0.32 

11 LiOtBu 10 r.t. 94 h Racemisation. 

Significant chain 

degradation. 

636 1774 2.79 1.13 

12 NaOtBu 10 r.t. 94 h No racemisation. 

Chain degradation. 

5043 15523 3.09 0.13 

13 KOtBu 10 r.t. 94 h Some racemisation. 

Chain degradation. 

3630 9287 2.56 0.18 

1H NMR shows racemisation with all bases except for NaOtBu. The lack of racemisation in this case 

may be due to the purity of the tert-butoxide base used in this experiment, although it still brings 

about chain degradation as evidenced by the GPC results. LiOtBu gives rise to racemisation of PLLA 

stereochemistry, as does KOtBu to a lesser extent. The HMDS amides all gave rise to racemisation.  

With LiHMDS or KHMDS at 10mol%, the degree of racemisation increases with increasing reaction 

time, in parallel with the reduction in molecular weight. LiHMDS and KHMDS give rise to similar 

amounts of racemisation. Surprisingly, reaction of PLLA with LiHMDS in an equimolar ratio with the 

C3H4O2 repeat unit for 25 min does not give rise to any racemisation according to 1H NMR, although 

there is evidence of chain scission in the NMR and GPC results. This could indicate that degradation of 

the chain is kinetically favoured and occurs faster than racemisation. If the mechanism goes via an 

enolate on the polymer chain (see Scheme 2.17 (c)), these results suggest the collapse of the enolate 

to a ketene with degradation of the polymer chain is faster than reprotonation on the opposite face 

of the enolate with epimerisation. 
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While racemisation has been shown to occur under many of the conditions shown in Table 2.7, this 

does not fulfil the intended goal unless it occurs with minimal chain scission. The smallest amount of 

chain degradation, as measured by GPC, is observed with LiHMDS at 1mol%, however even in this case 

Mn is reduced to 35% of the initial value in only 45 min, and after 46 h not much racemisation has 

taken place. At higher catalyst loadings, Mn is reduced to below 8% of its initial value after the same 

length of time. When LiHMDS is equimolar with the C3H4O2 repeat unit, Mn reaches 1200 g mol-1 – only 

2.5% of the starting polymer – which corresponds to around 8 lactide units. GPC results are shown in 

Figure 2.25. 

 

Figure 2.25: Reduction in Mn and Mw on treating PLLA with 1, 10 or 100mol% LiHMDS in THF at 0–20 °C for 45 min 
or 25 min for 100mol% (Table 2.7, entries 1, 4 and 6). 

While the degree of polymer degradation may seem high, it generally corresponds to less than one 

chain scission per base molecule.  

The expected Mn after reaction can be calculated from the initial number of moles of polymer and 

base, the sum of which is the final number of moles of polymer molecules if each base reacts once. 

The theoretical value of Mn can then be calculated by dividing the mass of the sample by the number 

of moles. At 1mol% loading, Mn would be expected to reduce from 44 300 g mol-1 to around 

6270 g mol-1. 10mol% would give an Mn of 720, and we would expect to completely degrade the 

polymer to lactic acid derivatives with 100mol% base loading.  

More than one chain snipping event per base molecule is only seen where the base is LiHMDS at 

reaction times of 24 or 72 h, or LiOtBu at 94 h. If each base molecule breaks the PLLA backbone in 

exactly one place, the final number of polymer molecules will be equal to the initial number of polymer 

molecules plus the number of base molecules; each chain scission even creates one new free section 

of polymer chain.  
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If a polymer chain is split once near the middle, the new fragments will be of similar size to one 

another, whereas if the scission event happens near the end of a chain it will make two fragments of 

very different size. Changing the location of the chain scission affects the weight average molecular 

weight, Mw, and the dispersity, PD, of the product but it does not change the value of Mn because the 

total number of molecules in the product remains the same. 

 

Figure 2.26: Decrease in molecular weight of PLLA as a function of time with 10mol% LiHMDS or KHMDS in THF 
(Table 2.7, entries 1–3 and 8–10). Inset shows expanded y-axis. 

Chain scission is rapid with LiHMDS and KHMDS. After only 45 min, Mn is reduced to 7% and 6% of its 

initial value for LiHMDS and KHMDS respectively, as shown in Figure 2.26. Both bases give rise to 

similar degrees of chain degradation at all time points, indicating most of the reaction is finished within 

the first 45 min. Between 24 and 72 h, not much further reduction in molecular weight is seen; indeed, 

the products of some reactions left for 72 h have higher molecular weight than those from 24 h 

reactions. This could be attributed to formation of an equilibrium, or merely that each base reacts 

once relatively quickly, then is inactive.  

These results suggest that while initial chain scission is rapid, for the base to undergo multiple 

turnovers long reaction times of multiple days are required at these temperatures. 

The significant chain scission of PLLA with LiHMDS bears some similarities to the reactivity of the same 

base with lactide, also in THF. Ring-opening of lactide was observed on treating with LiHMDS, which 

could occur via nucleophilic attack on the ester groups (Scheme 2.17(a)) or be facilitated by trace 
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moisture. With PLLA, the reduction in molecular weight could be explained most simply by 

nucleophilic attack on an ester group in the chain, forming an amide end group (reaction (b)). 

However, the HMDS amide is not very nucleophilic so this mechanism is improbable. Another possible 

mechanism involves deprotonation to an enolate followed by collapse to a ketene with scission of the 

chain (Scheme 2.17, reaction (c)). Alternatively, it is possible that there is trace moisture present in 

the polymer, despite thorough drying, since it is harder to completely dry the polymer than the 

monomer. Protic impurities could facilitate nucleophilic attack and ester hydrolysis (reaction (d)). The 

nucleophilic mechanism in Scheme 2.17(b) consumes a molecule of LiHMDS for every chain scission 

event. This is consistent with the observation that, in most of the reactions, each base molecule 

performs less than one chain scission on average. However, mechanism (c) produces a ketene which 

is expected to be very reactive towards nucleophiles including the HMDS amide, so this pathway may 

result in identical products to mechanism (b) with consumption of one equivalent of LiHMDS. Where 

more than one chain snipping reaction occurs per base molecule, it is likely that mechanism (d) is 

occurring as well (or instead), on account of small amounts of moisture.  

 

Scheme 2.17: (a) Ring-opening polymerisation of lactide on treating with LiHMDS. Proposed mechanisms for 
chain scission of PLLA with LiHMDS via (b) direct nucleophilic attack, (c) deprotonation to the enolate followed 
by ketene formation, and (d) basic hydrolysis facilitated by trace water or other protic impurities. 
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Figure 2.27 shows the final molecular weights of PLLA treated with lithium, sodium or potassium tert-

butoxide at 10mol%. For these three bases, chain degradation follows the same pattern as degree of 

racemisation, namely Li > K > Na. This could be due to lithium’s increased ability to stabilise the 

intermediate in both the racemisation and chain scission reactions.  

DOSY results for selected samples are shown in Table 2.7. The diffusion coefficients associated with 

the main PLA peak are consistent with the trend in the GPC peaks, with larger polymers diffusing more 

slowly. Signals for chain ends and oligomers diffuse slightly faster due to the greater degree of 

degradation. 

 

Figure 2.27: Decrease in molecular weight of PLLA on reaction with 10mol% lithium, sodium or potassium tert-
butoxide in THF at room temperature for 94 h (Table 2.7, entries 11–13).  

In summary, while the alkali metal amides and alkoxides used in the experiments above are able to 

bring about racemisation to varying extents, this is always accompanied by undesired chain 

degradation. These unwanted side reactions are likely to be promoted by the presence of trace water, 

in the case of not only the alkali metal bases but also the DBU and TBD described in the previous 

Section. Although the PLLA starting material was thoroughly dried there may still be trace water 

present. For any of these reactions to be applied on a large industrial scale, sensitivity to moisture 

would be a severe challenge since drying the polymer thoroughly on a large scale would be very energy 

intensive.  

2.4.4 Racemisation of PLLA: hydroxides and carbonates  

In these experiments, simple carbonate and hydroxide bases were trialled for racemisation of PLLA.  

Similar systems have been used by Shuklov et al. for effective racemisation of lactide, where NaOH 



Chapter 2: Racemisation of lactide and PLA 

80 
 

and K2CO3 produced 55% and 46% rac-lactide respectively from meso-lactide after 40 h in toluene at 

room temperature. Na2CO3 did not bring about racemisation, but 63% rac-lactide was reportedly 

produced by reaction of meso-lactide with NaOH in tert-butylmethylether for 72 h.1 

However, when applied to our purified polymer samples, heterogeneous, inorganic bases (NaOH, 

KOH, Na2CO3, K2CO3) with PLLA in dry toluene at 90 °C for 23 h left the 1H NMR of the polymer 

unchanged. None of these bases proved able to racemise PLLA under these conditions.  

This observation raises the question of how these heterogeneous systems can be effective in 

racemising lactide. This could be put down to low concentrations of dissolved bases in equilibrium 

with the solid substance, where dissolution may be enhanced by the presence of lactide in solution 

(similar to lactide binding to LiHMDS), an effect which may not occur to as great an extent with the 

polymer.   
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2.5 Conclusions 

Racemisation of L-lactide has been achieved using the FLP-type chemistry of BCF with either lutidine, 

triethylamine or tri-tert-butylphosphine and confirmed by 1H NMR spectroscopy and polarimetry. 

Catalytic racemisation with BCF and lutidine has been demonstrated with sub-stoichiometric loadings 

of 10mol%. Ring-contraction side products were identified by NMR and suppressed by using catalyst 

loadings of 20mol% or lower. The BCF-lutidine system gives rise to reversible racemisation of lactide, 

and this equilibrium was used to determine thermodynamic parameters of lactide epimerisation from 

VT NMR analysis. These results confirm that the methine proton of lactide is moderately acidic and 

susceptible to deprotonation to form the corresponding enolate under appropriate conditions. Since 

meso-lactide is higher in energy compared with rac-lactide, the latter is present in greater quantities 

at equilibrium. The energy difference also means that to convert between D- and L-lactide, the 

molecule must go via the energetically disfavoured meso-lactide. This represents a barrier to dynamic 

kinetic resolution that would not be present in a molecule with only one stereocentre. 

The ring contracted product formed on reaction of lactide with BCF and lutidine may be an interesting 

candidate for ROP to form a new polymer or copolymer with different functionality to PLA, although 

this has not been attempted in this work. 

Unlike the other neutral bases tested, DBU was found to be capable of racemising lactide when used 

alone without a Lewis acid, but polymerisation occurred at the same time. 

LiHMDS and LDA have been shown by NMR – including DOSY – to bring about ring-opening of lactide 

in THF, but no evidence of deprotonation was found. The lack of acid-base chemistry of these strong 

Li amide bases with lactide points to deprotonation being kinetically rather than thermodynamically 

limited.  

Attempts to apply the BCF-lutidine system to PLLA proved unsuccessful. This is likely due to the 

increased steric hindrance preventing approach of the base and acid to the polymer chain as it coils in 

solution. The polymer also lacks the ring strain which may be a driving force for reaction in the cyclic 

monomer. Therefore, alternative racemisation systems were tested on the polymer. Racemisation 

was achieved with TDB (and DBU, to a lesser extent) in 1,4-dioxane or THF, but it was always 

accompanied by significant loss of molecular weight and therefore lacks practical utility.  

Alkali metal amide and alkoxide bases also proved able to racemise PLA. Chain scission took place at 

the same time, with around one chain scission event taking place rapidly per base molecule, and 

further reaction occurring more slowly. This contrasts with the heterogeneous inorganic bases 
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(hydroxides and carbonates) which did not react with PLA, indicating solubility of the base is important 

in allowing it to approach the polymer coils in solution. 

The results of the experiments in this chapter are summarised in Table 2.8.  

Table 2.8: Comparison of results of racemisation reactions of lactide and PLA. 

Reagents Lactide PLA 

BCF + lutidine Catalytic racemisation. 

Ring-contraction side reaction. 

No reaction or coordination. 

Other Lewis acid-

base pairs  

Racemisation with BCF and either 

triethylamine, DABCO or tri-tert-

butylphosphine. Other side 

reactions observed. 

– 

LiHMDS Ring-opening polymerisation.  

No racemisation. 

Racemisation. 

Chain scission: one rapid reaction per 

base molecule, followed by further 

slow degradation. 

NaHMDS, KHMDS, 

LiOtBu, NaOtBu, 

KOtBu 

– Racemisation (except NaOtBu). 

Chain scission. 

LDA Weak coordination of lactide to 

base. 

Enolate formation and chain 

degradation, e.g. Saulnier et al.6 

NaOH, KOH, 

Na2CO3, K2CO3 

Racemisation observed by Shuklov 

et al.1 

No racemisation or degradation. 

DBU Racemisation in chloroform, 

accompanied by polymerisation. 

Some racemisation.  

Chain scission. 

TBD – Significant racemisation.  

Chain scission.  

Differences in acid-base reactivity between PLA and the monomer, lactide, were observed. No 

reactivity was detected between the polymer and the BCF-lutidine system, whereas this system was 

effective in the catalytic racemisation of lactide. Conversely, while LiHMDS brought about ring-

opening of lactide and chain scission of PLA, it only racemised the polymer and not the monomer. 

Controlled racemisation was found to be easier in lactide than PLA. These differences in reactivity shed 

some light on the differences between lactide and PLA which can be attributed to the constrained 

geometry and ring-strain in cyclic lactide compared with the random coils which PLA forms in solution.  
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The results of these racemisation experiments highlight the relatively high degree of reactivity of PLA 

compared with other less oxygenated stereoregular polymers. For example, polypropylene has 

significant chemical resistance, although it has been known to undergo some amount of racemisation 

under moderate to harsh conditions such as when treated with pressurised H2 gas in the presence of 

a Pt-Re catalyst,50 or on exposure to  gamma radiation.51 The fact that PLA can be readily racemised is 

due to the oxygen rich polymer backbone which increases the acidity of the methine protons and 

stabilises the intermediates in epimerisation and chain degradation reactions.  

Although these results add to the existing literature on racemisation of lactide and PLA, 

stereochemical modification of PLA without concomitant transesterification and chain scission 

remains challenging. Where the racemising system is reactive enough to racemise PLA, chain scission 

was always found to occur at the same time. It is not known whether it would be possible to find 

conditions which bring about racemisation without any chain scission. With careful screening of 

reaction conditions, it may be possible to tune the system to be more selective for racemisation. The 

deeper understanding that this work gives us into the reactivity of lactide should prove helpful in 

future attempts to apply this chemistry to the polymer. 
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2.6 Future work 

A better understanding of the coordination chemistry of lactide and PLA with the acids and bases used 

in this chapter could be achieved with VT NMR experiments, DOSY, and calorimetry. It would be 

particularly interesting to investigate the coordination of LiHMDS and LDA to neutral lactide to 

understand why deprotonation is not observed. Using these techniques, the association energies for 

different combinations of species could be obtained, and compared with the differing reactivities 

observed in the experiments above. In addition, it would be informative to look into the energetic 

differences between PLA and its monomer in coordination and reaction with acids and bases.  

Racemisation of PLA with sufficient control of stereochemistry and suppression of chain scission has 

not yet been achieved. It may be informative to try similar reactions on PLA of other tacticity, e.g. 

atactic or heterotactic PLA, as this can affect the conformation in solution which may play an 

important role in the viability of the reaction. The ability to transform low value, amorphous, atactic 

PLA into high value, crystalline isotactic or stereocomplexed PLA would have great practical utility. 

Lower molecular weight polymer may also react differently to the relatively high molecular weight 

PLLA (Mn 44 300) used here.  

Future experiments could look into quantifying the degree of racemisation as well as the degree of 

chain scission under different conditions, and determining if there is a correlation. This would indicate 

which systems favour racemisation over chain scission, and allow for further tuning of selectivity.  

 

Figure 2.28: Illustration of temperature window within which stereocomplexed PLA can crystallise but isotactic 
PLA remains molten.  

If the racemisation of PLA is to be used for the original end goal – post-polymerisation modification to 

the stereocomplexed form, scPLA – the next step would be to use one of the systems that has been 

shown to racemise PLA, for example TBD, and perform the reaction in the melt phase, with little or no 

solvent. Selecting a reaction temperature above the melting temperature of isotactic PLA but below 

that of the stereocomplex allows the stereocomplex to crystallise out of the mixture as it forms (Figure 

2.28).52 This would give a simple, one-pot route to transform PLA of any tacticity including atactic to 

high performance scPLA.   
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2.7 Experimental 

2.7.1 Materials and methods 

L-Lactide (98+%) was purchased from Alfa Aesar and purified by recrystallisation from toluene three 

times followed by sublimation under vacuum and was stored in an argon atmosphere glovebox. PLLA 

beads produced by Natureworks (Ingeo 6202D, Mn 44 300, Mw 88 700, PD 2.00) were dissolved in 

dichloromethane, precipitated with hexane, and dried under high vacuum for >6 h at 50 °C or >24 h 

at room temperature. Tris(pentafluorophenyl)borane obtained from Sigma Aldrich was purified by 

sublimation and stored in an argon atmosphere glovebox. 2,6-Lutidine, 2,6-di-tert-butylpyridine and 

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) were purified by vacuum distillation and stored under 

argon. Triethylamine (Alfa Aesar) was distilled from calcium hydride under argon. DABCO (Alfa Aesar) 

was sublimed under vacuum and stored under argon. Tri-tert-butylphosphine was obtained from 

Sigma and used as received. CHCl3 and CDCl3 were distilled from CaH2 under an argon atmosphere and 

stored under argon over 4Å molecular sieves. Hexane and tetrahydrofuran (THF) were purified by 

distillation from potassium, and toluene from sodium. 

Variable temperature NMR was performed on a a Bruker AVIII 500 MHz spectrometer equipped with 

a Prodigy cryoprobe. Other NMR analysis was performed on a 500 MHz spectrometer with a Bruker 

BBFO probe. Gel permeation chromatography (GPC) analysis was performed on an Agilent 1260 

instrument with THF as the eluent, and samples were measured against polystyrene standards. A 

correction factor of 0.58 was applied to obtained molecular weight values.53 An Anton Paar MCP 100 

Polarimeter was used for optical rotation measurements at a wavelength of 589 nm at 25 °C. 

2.7.2 Experimental details 

Reaction of L-lactide with neutral Lewis bases (Section 2.3.1.1) 

L-lactide and DBU L-lactide (4.0 mg, 0.028 mmol) was dissolved in either CHCl3 or toluene (0.5 mL) in 

a J Youngs NMR tube at room temperature. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 4.2 μL, 

0.028 mmol) was added, the tube was sealed, and 1H NMR analysis was carried out. Conversion of 

lactide to PLA in CHCl3: 80% after 30 min, 88% after 3 h, 88% after 21 h. Conversion in toluene: 48% 

after 30 min, 83% after 3 h, 83% after 21 h.  

Lewis acids and bases: Stoichiometric reactions with lactide (Section 2.3.1.1) 

L-lactide and BCF L-lactide (4.0 mg, 0.028 mmol) and tris(pentafluorophenyl)borane (BCF, 14.2 mg, 

0.028 mmol) were dissolved in CHCl3 (0.6 mL) in a J Youngs NMR tube in an argon glovebox at room 

temperature. NMR analysis was performed as soon as possible after mixing. 1H NMR (500 MHz, CHCl3, 
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298 K) δ 1.70 (d, 6H, CH3, 3JH 6.70 Hz), 5.14 (q, 2H, CH, 3JH 6.70 Hz); c.f. pure sublimed lactide 1H NMR 

(400 MHz, CDCl3, 298 K) δ 1.68 (d, 6H, CH3, 3JH 6.70 Hz), 5.02 (q, 2H, CH, 3JH 6.70 Hz). 19F NMR (471 

MHz, CHCl3, 298 K) δ −131.6 (m, 6Fortho), −149.2 (m, 3Fpara), −161.5 (m, 6Fmeta). 1H DOSY (500 MHz, 

CHCl3, 298 K, d20 0.05, p30 2000) D 1.12 x 10-9 ± 1.79 x 10-12 m2 s-1; c.f. L-lactide 1H DOSY (500 MHz, 

CDCl3, 298 K, d20 0.06, p30 1000) D 2.53 x 10-9 ± 1.04 x 10-10 m2 s-1. 

10:1 lactide:BCF L-lactide (14.1 mg, 0.097 mmol) and BCF (5.0 mg, 0.0097 mmol) were dissolved in 

CHCl3 (0.6 mL) in a J Youngs NMR tube under argon. 11B NMR (160 MHz, CHCl3, 298 K) δ −1.0 (br s, 

lactide-BCF complex). 1H DOSY (500 MHz, CHCl3, 298 K, d20 0.06, p30 1000) D 2.22 x 10-9 ± 

5.32 x 10−12 m2 s-1. 

L-lactide, BCF and pyridine To a solution of lactide (4.0 mg, 0.028 mmol) and 

tris(pentafluorophenyl)borane (14.2 mg, 0.028 mmol) in CHCl3 (0.5 mL) in J Youngs NMR tube was 

added pyridine (2.2 μL, 0.028 mmol) under argon. The mixture was analysed by 1H, 11B and 19F NMR.  

1H NMR (500 MHz, CHCl3, 298 K) δ 1.68 (d, 6H, lactide CH3), 5.03 (q, 2H, LA CH), 7.53 (br m, 1H, free 

pyridine para C-H), 7.71 (t, 2H, free pyridine meta C-H), 7.96 (br m, 1H, B(C6F5)3-pyridine para C-H), 

8.19 (t, 2H, B(C6F5)3-pyridine meta C-H), 8.63 (d, 2H, free pyridine ortho C-H), 8.81 (d, 2H, B(C6F5)3-

pyridine ortho C-H). 19F NMR (471 MHz, CHCl3, 298 K) δ −131.8 (d, B(C6F5)3-py, 6Fortho, 3JF 18.39 Hz), 

−156.5 (t, B(C6F5)3-py, 3Fpara, 3JF 20.41 Hz), −163.2 (m, B(C6F5)3-py, 6Fmeta). 11B NMR (160 MHz, CHCl3, 

298 K) δ −3.75 (s). 

L-lactide, BCF and lutidine or di-tBu-pyridine To a J Youngs NMR tube was added lactide (4.0 mg, 

0.028 mmol) and tris(pentafluorophenyl)borane (14.2 mg, 0.028 mmol) in an argon atmosphere 

glovebox. The solids were dissolved in distilled CHCl3 (0.6 mL), before addition of either 2,6-lutidine 

(3.2 μL, 0.028 mmol) or 2,6-di-tert-butylpyridine (6.0 μL, 0.028 mmol). The solution was mixed by 

inverting the NMR tube, and analysed by 1H, 11B and 19F NMR.  

L-lactide, BCF and lutidine (diastereomeric ratio of the one ring contracted product 5.5:1) 1H NMR (500 

MHz, CDCl3, 298 K) δ 1.4-1.5 (m, 6H, OCHMe(C=O), (C=O)CMe(OB)(C=O)), 1.68 (d, 6H, rac-LA CH3), 1.72 

(d, 6H, meso-LA CH3), 2.68 (s, 6H, lutidine CH3), 4.45 (q, 1H, OCHMe(C=O) minor diastereomer), 4.83 

(q, 1H, OCHMe(C=O) major diastereomer), 5.04 (q, 2H, rac-LA CH), 5.08 (q, 2H, meso-LA CH), 7.33 (d, 

2H, aromatic CH), 7.98 (t, 1H, aromatic CH), 14.81 (s, 1H, NH+). 11B NMR (160 MHz, CDCl3, 298 K) δ −3.8 

(s). 19F NMR (471 MHz, CDCl3, 298 K) δ −132.7 (d, 6Fortho minor, 3JF 20.49 Hz), −133.2 (d, 6Fortho major, 

3JF 18.14 Hz), −161.2 (t, 3Fpara minor, 3JF 20.36 Hz), −161.5 (t, 3Fpara major, 3JF 20.30 Hz), −165.8 (m, 

6Fmeta minor), −166.1 (m, 6Fmeta major). 

L-lactide, BCF and 2,6-di-tert-butylpyridine 1H NMR (500 MHz, CHCl3, 298 K) δ 1.34 (s, 9H, free base 

tBu), 1.56 (s, 9H, protonated base tBu), 1.68 (d, 6H, L-lactide CH3), 5.08 (q, 2H, L-lactide CH), 6.61 (br s, 
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1H, Ar3B-OH), 7.08 (d, 2H, free base aromatic C-H, 3JH 7.80), 7.50 (t, 1H, free base aromatic C-H, 3JH 

7.80 Hz), 7.86 (dd, 2H, protonated aromatic C-H, 3JH 8.15 Hz), 8.46 (t, 1H, protonated aromatic C-H, 3JH 

8.15 Hz), 10.00 (br s, 1H, protonated base N-H). 19F NMR (471 MHz, CHCl3, 298 K) δ −133.1 (br m, 6Fortho 

minor), −133.5 (m, 6Fortho major), −153.0 (br m, 3Fpara minor), −159.1 (t, 3Fpara major), −162.8 (br m, 

6Fmeta minor), −165.1 (m, 6Fmeta major). 11B (500 MHz, CHCl3, 298 K) δ −4.5 (s), 2.3 (s). 

Analogous samples containing only two of the three reagents in a 1:1 ratio were also prepared and 

analysed. BCF and lutidine 1H NMR (500 MHz, CHCl3, 298 K) δ 2.64 (s, 6H, CH3), 7.46 (d, 2H, aromatic 

CH), 8.07 (t, 1H, aromatic CH). 19F NMR (471 MHz, CHCl3, 298 K) δ −127.8 (m, 6Fortho major), −133.1 (br 

m, 6Fortho minor), −142.6 (m, 3Fpara major), −159.0 (t, 3Fpara minor, 3JF 20.23 Hz), −159.9 (m, 6Fmeta 

major), −165.0 (m, 6Fmeta minor). 11B NMR (160 MHz, CHCl3, 298 K) δ 59.0 (free BCF), −3.7. BCF and 

2,6-di-tert-butylpyridine 1H NMR (500 MHz, CHCl3, 298 K) δ 1.33 (s, 9H, free base tBu), 1.56 (s, 9H, 

protonated base tBu), 6.60 (br s, 1H, Ar3B-OH), 7.07 (d, 2H, free base aromatic C-H, 3JH 7.80), 7.49 (t, 

1H, free base aromatic C-H, 3JH 7.80), 7.86 (dd, 2H, protonated aromatic C-H, 3JH 8.15 Hz), 8.44 (t, 1H, 

protonated aromatic C-H, 3JH 8.15 Hz), 10.98 (br s, 1H, protonated base N-H).  19F NMR (471 MHz, 

CHCl3, 298 K) δ −127.8 (m, 6Fortho major), −133.0 (br m, 6Fortho minor), −142.5 (m, 3Fpara major), −159.0 

(t, 3Fpara minor, 3JF 20.19 Hz), −160.0 (m, 6Fmeta major), −165.0 (m, 6Fmeta minor).  11B NMR (160 MHz, 

CHCl3, 298 K) δ −1.0, 2.3. 

L-Lactide, BCF and triethylamine L-lactide (4.0 mg, 0.028 mmol), BCF (14.2 mg, 0.028 mmol) were 

dissolved in CDCl3 (0.6 mL) in an argon glovebox before adding triethylamine (3.9 µL, 0.028 mmol). A 

yellow colour was observed on mixing which rapidly faded. 1H NMR (500 MHz, CDCl3, 298 K) 

zwitterionic iminium adduct δ 1.24 (t, overlapping with protonated Et3N, 6H, CH2CH3), 3.14 (br m, 2H, 

B-CH2), 3.44 (q, 2H, CH2 anti wrt CH, 3JH 7.31 Hz), 3.62 (q, 2H, CH2 syn wrt CH, 3JH 7.29 Hz), 8.04 (t, 1H, 

N=CH, 3JH 8.14 Hz). rac-lactide δ 1.67 (d, 6H, CH3), 5.04 (q, 2H, CH). meso-lactide δ 1.71 (d, 6H, CH3), 

5.07 (q, 2H, CH). HNEt3
+ δ 1.24 (t, 9H, CH2CH3), 3.08 (q, 6H, CH2). H-BAr3

− δ 3.30 (br s, 1H, B-H). 19F NMR 

(471 MHz, CDCl3, 298 K) zwitterionic iminium adduct δ −132.5 (m, 6Fortho), −159.5 (m, 3Fpara), −164.3 

(m, 6Fmeta). HB(C6F5)3
− δ −134.8 (m, 6Fortho), −161.3 (m, 3Fpara), −165.4 (m, 6Fmeta). The analogous 

reaction without lactide present produced the same products from BCF and triethylamine. 

L-Lactide, BCF and tri-tert-butylphosphine L-lactide (4.0 mg, 0.028 mmol), BCF (14.2 mg, 0.028 mmol) 

and tri-tert-butylphosphine were dissolved in CDCl3 (0.6 mL) under an argon atmosphere. The solution 

turned yellow immediately on mixing, and the colour faded over approx. 30 min. 1H NMR (500 MHz, 

CDCl3, 298 K) δ 1.31 (d, 27H, 3JH-P 9.25 Hz, tBu3P, 8% of total P), 1.62 (d, 27H, 3JH-P 15.56 Hz, tBu3P-H+), 

1.67 (d, 6H, rac-lactide), 1.72 (d, 6H, meso-lactide), 5.04 (q, 2H, rac-lactide), 5.07 (q, 2H, meso-lactide), 

5.37 (d, 1H, P-H, 1JH-P 441 Hz, tBu3P-H+). 19F NMR (471 MHz, CDCl3, 298 K) δ −131.5 (m), −132.0 (m, 
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6Fortho), −133.5 (m), −161.9 (t), −162.3 (m, 3Fpara), −166.0 (m), −166.4 (m, 6Fmeta). 31P{1H} NMR (202 

MHz, CDCl3, 298 K) δ 57.41 (s, tBu3P-H+), 62.27 (s, free phosphine). 

BCF and tri-tert-butylphosphine 1H NMR (500 MHz, CDCl3, 298 K) δ 1.31 (d, 27H, 3JH-P 10.05 Hz, tBu3P), 

5.43 (d, 1H, P-H, 1JH-P 441 Hz, tBu3P-H+, 10%). 19F NMR (471 MHz, CDCl3, 298 K) δ −127.7 (m, 6Fortho), 

−131.7 (m), −142.5 (m, 3Fpara), −144.7 (m), −159.9 (m, 6Fmeta). 31P{1H} NMR (202 MHz, CDCl3, 298 K) δ 

62.24 (s, free phosphine). 

L-lactide and tri-tert-butylphosphine 1H NMR (500 MHz, CDCl3, 298 K) δ 1.32 (d, 27H, 3JH-P 10.05 Hz, 

tBu3P), 1.68 (d, 6H, L-lactide CH3), 5.03 (q, 2H, L-lactide CH). 31P{1H} NMR (202 MHz, CDCl3, 298 K) δ 

62.01 (s, free phosphine). 

L-Lactide, BCF and DABCO A solution of rac-lactide (4.0 mg, 0.028 mmol), BCF (14.2 mg, 0.028 mmol) 

and 1,4-Diazabicyclo[2.2.2]octane (DABCO, 3.1 mg, 0.028 mmol)  in CHCl3 (0.5 mL) was prepared in a 

J Youngs NMR tube and analysed by 1H, 11B  and 19F NMR. 1H NMR (500 MHz, CHCl3, 298 K) δ 1.68 (d, 

6H, rac-lactide), 1.71 (d, 6H, meso-lactide), 2.86 (s, 12H, DABCO CH2), 5.03 (q, 2H, rac-lactide), 5.07 (q, 

2H, meso-lactide). 19F NMR (471 MHz, CHCl3, 298 K) δ multiple species present. 11B NMR (160 MHz, 

CHCl3, 298 K) δ −4.26 (br m), 3.71 (br m). 

L-Lactide, BF3·OEt2 and lutidine To a solution of BF3·OEt2 (6.8 μL, 0.056 mmol) and L-lactide (0.008 g, 

0.056 mmol) in CDCl3 (0.6 mL) in a J Youngs NMR tube was added 2,6-lutidine (6.4 μL, 0.056 mmol). 

Note: a small amount of Et2O was present in the CDCl3 used for this experiment, in addition to the 

Et2O in the BF3 complex. 1H NMR (500 MHz, CDCl3, 298 K) δ 1.21 (t, 4H, (CH3CH2)2O), 1.65 (d, 6H, lactide 

CH3), 2.85 (s, 6H, lutidine CH3), 4.48 (br m, 4H, (CH3CH2)2O), 5.05 (q, 2H, lactide CH), 5.15 (m, PLA CH), 

7.30 (d, 2H, lutidine aromatic CH), 7.82 (t, 1H, lutidine aromatic CH), 13.75 (s, 1H, lutidine N-H+ 10% of 

total base). 19F NMR (471 MHz, CDCl3, 298 K) δ −153.0 (s, BF3), −149.3 (s), −136.6 (m, lutidine-BF3). 11B 

NMR (160 MHz, CHCl3, 298 K) δ −0.3 (s, BF3), 1.17 (q, 1JB-F 13.5 Hz, lutidine-BF3).  

BF3·OEt2 and lutidine To a solution of BF3·OEt2 (6.8 μL, 0.056 mmol) in CDCl3 (0.6 mL) was added 2,6-

lutidine (6.4 μL, 0.056 mmol). 1H NMR (500 MHz, CDCl3, 298 K) δ 1.26 (t, 4H, (CH3CH2)2O), 2.86 (s, 6H, 

lutidine CH3), 3.67 (br m, 4H, (CH3CH2)2O), 7.31 (d, 2H, lutidine aromatic CH), 7.82 (t, 1H, lutidine 

aromatic CH), 13.68 (s, 1H, lutidine N-H+ 4% of total base). 19F NMR (471 MHz, CDCl3, 298 K) δ −153.0 

(s, BF3), −136.7 (m, lutidine-BF3). 11B NMR (160 MHz, CHCl3, 298 K) δ 0.14 (s, BF3), 1.19 (q, 1JB-F 13.3 Hz, 

lutidine-BF3). 

Polarimeter racemisation tests (Section 2.3.1.1) 

1:1:1 L-lactide, BCF and either lutidine, triethylamine or tri-tert-butylphosphine To a solution of L-

lactide (0.033 g, 0.23 mmol) and BCF (0.118 g, 0.23 mmol) in CDCl3 (5.0 mL) was added lutidine (27 μL, 
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0.23 mmol) or triethylamine (32 μL, 0.23 mmol) in an argon atmosphere glovebox. The solution was 

mixed and immediately transferred to the polarimeter cell, sealed, removed from the glovebox, and 

placed in the polarimeter for measurement. Samples of the solutions for 1H NMR were taken both 

from the mixture in the glovebox at the start, and after the reaction from the polarimeter cell. Final 

product distributions: triethylamine and BCF rac-lactide 78%, meso-lactide 22%; lutidine and BCF rac-

lactide 80%, meso-lactide 20%.  

The analogous reaction with tri-tert-butylphosphine as the base was set up by mixing a solution of L-

lactide (0.033 g, 0.23 mmol) and BCF (0.118 g, 0.23 mmol) in CDCl3 (2.5 mL) with a solution of tri-tert-

butylphosphine (0.047 g, 0.23 mmol) in CDCl3 (2.5 mL) and analysing by polarimetry and NMR as 

above. Final product distribution: rac-lactide 81%, meso-lactide 19%. 

10:1:1 L-lactide, BCF and lutidine To a solution of L-lactide (0.033 g, 0.23 mmol) and BCF (0.012 g, 

0.023 mmol) in CDCl3 (5.0 mL) was added lutidine (2.7 μL, 0.023 mmol). The solution was mixed and 

transferred to the polarimeter cell as above for monitoring of optical rotation, and samples were taken 

for 1H NMR at the start and end of the reaction. Final product distribution: rac-lactide 82%, meso-

lactide 18%. 

Thermodynamics of epimerisation (Section 2.3.1.4) 

VT NMR studies Samples containing L-lactide (4.0 mg, 0.028 mmol) with BCF and lutidine each at 100, 

50 and 20mol% were prepared in CDCl3 (0.6 mL) in a J Youngs NMR tube. 1H and 19F NMR spectra were 

acquired at 10 K temperature intervals between 263 and 303 K, leaving the sample to equilibrate for 

≥ 10 min at each temperature before acquisition. Optical rotation was measured at the end of the 

experiment by making the sample up to exactly 5.0 mL with CHCl3: ee 2.5% for 100 and 50mol%. 

Racemisation of L-lactide: alkali metal bases (Section 2.3.2) 

Lactide and LiHMDS in THF rac-lactide (6.0 mg, 0.42 mmol) and LiHMDS (6.9 mg, 0.42 mmol) were 

dissolved in two separate portions of THF (each 0.35 mL) in vials in an argon atmosphere glovebox. 

These two solutions were added dropwise simultaneously to a third vial with stirring under argon. A 

0.6 mL portion of the resulting solution was transferred to an NMR tube for analysis. 1H NMR (500 

MHz, THF-h8, 298 K) δ 5.13 (q, 2H, free lactide CH, 3JH 6.65 Hz, D 1.71 x 10-9 ± 8.35 x 10-11 m2 s-1), 5.09 

(q, 2H, LiHMDS coordinated lactide CH, 3JH 7.11 Hz, D 4.96 x 10-10 ± 1.92 x 10-10 m2 s-1), 1.55 (d, 6H, 

LiHMDS coordinated lactide CH3, 3JH 7.11 Hz), 1.46 (d, 6H, free lactide CH3, 3JH 6.65 Hz), 0.06 (s, LiHMDS 

coordinated to lactide, CH3, D 3.84 x 10-10 ± 4.63 x 10−11 m2 s−1), −0.01 (s, LiHMDS, CH3, D 1.71 x 10-9 ± 

7.88 x 10-12 m2 s-1). 7Li NMR (194 MHz, THF-h8, 298 K) δ −0.2−1.9 (br m). 
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Lactide and LDA in THF To a solution of diisopropylamine (108 μL, 0.76 mmol) in THF (2.0 mL) was 

added n-butyllithium (0.43 mL, 1.6 M in THF, 0.69 mmol) at −78°. The resulting solution was added to 

a solution of L-lactide (100 mg, 0.69 mmol) in THF (2.0 mL) and stirred at −78 °C for 10 min before 

allowing to warm to room temperature. After a further 25 min a sample was taken for NMR under 

argon. 1H NMR (500 MHz, THF-h8, 298 K) δ 5.18 (q, 2H, free lactide CH, 3JH 6.62 Hz), 5.14 (q, 2H, LDA 

coordinated lactide CH, 3JH 7.14 Hz), 2.86 (sept, 1H, CH(CH3)2), 0.97 (d, 6H, CH(CH3)2). 

Racemisation of PLLA: lutidine and BCF (Section 2.4.1) 

PLLA racemisation attempt with BCF and lutidine, followed by lactide racemisation A solution of PLLA 

(8.4 mg, 0.058 mmol lactide repeat units) and BCF (15.0 mg, 0.029 mmol, 50mol% wrt lactide repeat 

units) in CHCl3 (0.6 mL) was prepared in a J Youngs NMR tube under argon and 2,6-lutidine was added 

(3.5 μL, 0.029 mmol, 50mol% wrt lactide repeat units). 1H, 19F and 11B NMR spectra were obtained 

after 20 min and 19 h and showed no change relative to the starting materials. The sample was then 

heated to 50 °C and NMR spectra were taken after 7 h and 24 h of heating, which again showed no 

change. At room temperature, L-lactide (6 mg) was added and the NMR spectra acquired once again. 

Lactide racemisation observed by meso-lactide peaks in 1H NMR. 1H NMR (500 MHz, CHCl3, 298 K) δ 

1.4-1.5 (m, 6H, OCHMe(C=O), (C=O)CMe(OB)(C=O)), 1.58 (d, 3H, PLA CH3, 3JH 7.10 Hz),  1.67 (d, 6H, rac-

LA CH3, 3JH 6.66 Hz), 1.71 (d, 6H, meso-LA CH3, 3JH 7.15 Hz), 2.71 (s, 6H, lutidine CH3), 4.42 (q, 1H, 

OCHMe(C=O) minor diastereomer, 3JH 7.15 Hz), 4.83 (q, 1H, OCHMe(C=O) major diastereomer, 3JH 

6.85 Hz), 5.04 (q, 2H, rac-LA CH, 3JH 6.67 Hz), 5.07 (q, 2H, meso-LA CH, 3JH 7.14 Hz), 5.16 (q, 1H, PLA CH, 

3JH 7.10 Hz), 7.41 (d, 2H, aromatic CH), 8.09 (t, 1H, aromatic CH), 14.50 (s, 1H, NH+). 

Racemisation of PLLA: alkali metal bases (Section 2.4.3) 

PLLA and LiHMDS in THF To a solution of PLLA (0.10 g, 1.39 mmol C3H4O2 repeat unit) in distilled THF 

(10.0 mL) was added dropwise a solution of LiHMDS (0.0232 g, 0.139 mmol, 10mol%) in THF (1.0 mL) 

at 0 °C under argon. The mixture was stirred for 30 min at 0 °C before removing from the ice bath and 

stirring for a further 15 min. The reaction was quenched by addition of water (1 drop, > 1 mmol) and 

the solvent was removed under vacuum. The residue was analysed by NMR (THF) and GPC. 

Analogous reactions were performed as above but with: (a) stirring 30 min at 0 °C and 23.5 h at r.t. 

(total reaction time 24 h, IAT192); (b) total reaction time 72 h (IAT195); (c) 0.0023 g LiHMDS (1mol%, 

IAT181); (d) 0.0023 g LiHMDS and total reaction time 46 h (IAT197); (e) 0.2320 g LiHMDS (100mol%) 

and stirring 10 min at 0 °C and 15 min after removing from ice bath (IAT198). 
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Reactions of PLA with hydroxides and carbonates (Section 2.4.4)  

Poly-L-lactide (40 mg) was dissolved in toluene (2.5 mL) at 90 °C. NaOH or KOH (1 pellet) or Na2CO3 

(30 mg) or K2CO3 (40 mg) was added and the mixture was stirred at 90 °C for 23 h. The liquid phase 

was removed by filtration and analysed by 1H NMR. No change to the 1H NMR spectra was observed. 

Reactions of PLA with DBU or TBD (Section 2.4.2) 

Stoichiometric test (toluene) Poly-L-lactide (1 bead, 40 mg) was dissolved in toluene (3.0 mL) at 90 °C 

then cooled to 70 °C before adding DBU (43 µL, 0.29 mmol), and stirring at 70 °C. Samples for NMR 

were taken after 30 min and 1 h 45 min.  

Stoichiometric test (CHCl3) Poly-L-lactide (1 bead, 40 mg) was dissolved in CHCl3 at room temperature 

and DBU was added (43 µL, 0.29 mmol). NMR samples were taken after 1 h and 2 h.  

Catalytic tests with DBU and TBD in THF and 1,4-dioxane Poly-L-lactide was precipitated from CH2Cl2 

by addition of hexane and dried under vacuum for more than 24 h. Stock solutions containing PLLA 

(0.10 g) in distilled THF or dry 1,4-dioxane (10.0 mL) were prepared for use in the following reactions, 

and stored under argon. 

Initial reactions, equimolar to C3H4O2 repeat units: To a solution of PLLA in THF or dioxane (2.5 mL, 

10.0 g L-1) in a vial in an argon atmosphere glovebox was added TBD (0.0483 g, 0.35 mmol) or DBU 

(0.054 mL, 3.5 mmol) and stirred under argon. A sample was taken immediately for NMR, and a further 

sample was taken after 24 h. After 24 h, all solutions were pale yellow except for the reaction with 

DBU in dioxane which was colourless.  

Room temperature reactions: To a solution of PLLA in THF or dioxane (2.0 mL, 10.0 g L-1) in a vial was 

added a solution of either DBU or TBD (20 μL, 0.27 mmol) in the same solvent in an argon atmosphere 

glovebox. Samples for NMR analysis were taken immediately after mixing. GPC samples were 

prepared from the same samples after NMR analysis. 

60 °C reactions: Reactions were set up in the same way as for the room temperature reactions, before 

removing the sealed vials from the glovebox and heating to 60 °C for 3 h. The vials were opened, 

samples were taken for NMR analysis, and the solvent was removed.  
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 Chapter 3: FlowDOSY method 

development 

3.1 Introduction 

3.1.1 The DOSY experiment 

The DOSY experiment, described in detail in Chapter 1, is an NMR technique which separates signals 

from different species by their diffusion coefficients, and provides a quantitative measure of the 

diffusion properties of molecules in solution. DOSY can be acquired using not only 1H signals but also 

heteronuclei including 19F DOSY and 13C DOSY.1  

3.1.2 Convection compensation 

Since DOSY measures the motion of molecules along the z axis in the active volume, effects such as 

thermal convection within the NMR tube cause problems with reliability of the results. This is because, 

in addition to molecular motion due to diffusion, the convection currents bring about additional 

movement of the molecules through space. Convection can be brought about by the flow of air that 

is used to heat or cool the sample in the probe, and even by the small amount of heating (or cooling) 

usually required to run a “room temperature” experiment at 298 K.2 This extra movement of 

molecules gives rise to extra signal decay which can be misinterpreted as faster diffusion. Therefore, 

measured diffusion coefficients can differ significantly from the true value. This effect is especially 

notable when measurements are performed at low temperatures or elevated temperatures, 

particularly when approaching the boiling point of the solvent. The greater the temperature difference 

between the sample and the environment, the greater the danger of temperature gradients across 

the sample, and hence the effect of convection will be greater.  

Multiple practical techniques can be used to help combat this problem, such as sample rotation and 

use of NMR tubes which are narrower (3 mm), thicker-walled, or made from special materials such as 

sapphire.2 Performance can also be improved by modification of the pulse sequence itself. A 

convection compensated DOSY experiment has been developed by Jerschow and Müller using a 

double-stimulated-echo (DSTE), and is the pulse sequence used in this work (dstebpgp3s).3 This 

eliminates the effects of convection on the stimulated-echo (STE) diffusion measurement, provided 

the molecular movement due to convection is laminar; it refocuses the effects of constant linear 
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motion during the diffusion delay.† This method cannot, however, correct for random movements or 

turbulent flow.  

It is advisable to use a convection compensated pulse programme whenever convection is likely to be 

occurring in the sample – high or low temperature acquisition, and low-boiling solvents. Convection 

compensation should always be used when acquiring DOSY with a cryoprobe due to the extra 

temperature regulation that is used. It is also particularly important for macromolecules because 

these have very small diffusion coefficients, the measurement of which suffers more from convection.  

3.1.3 DOSY for polymer characterisation 

As is covered in more detail in Chapter 4, DOSY is a useful NMR experiment for analysing polymers. 

Provided suitable pulse sequences, acquisition parameters, solvents and concentrations are used, in 

conjunction with an appropriate calibration curve, it is a valid analytical technique for characterisation 

of polymer molecular weight.4 It can be used to provide similar information to gel permeation 

chromatography (GPC) with very good agreement if a suitable calibration curve is used.5,6 See Chapter 

5 for a discussion of FlowDOSY as applied to monitoring growth of polymer chains in real time.  

3.1.4  Applicability of DOSY for reaction monitoring: some examples 

DOSY is a useful tool for monitoring solution phase reactions which are expected to occur with a 

change in hydrodynamic radius of one or more reagents. This could be a dimerization or 

polymerisation, a coupling reaction, or a change in aggregation or coordination state of a reaction 

intermediate. DOSY can give information about which molecules coordinate together during the 

reaction, for example during catalyst activation. DOSY has been used for characterisation of reactive 

intermediates and to identify their aggregation and solvation states from their rates of diffusion.1,7  

Successful application of the technique includes monitoring of polymerisation reactions, where it can 

provide mechanistic information inaccessible by other techniques. DOSY provided access to new 

insight into the mechanism of ROP of rac-lactide by dimeric lanthanide alkoxide complexes.8 

Coordination of lactide to the catalysts was observed, and the catalysts remained dimeric during 

turnover, retaining their ligand and alkoxide species. Growth of the polymer chain was observed via 

its diffusion coefficient and found to be consistent with molecular weights obtained from GPC. DOSY 

was also used to detect the increase in diffusion coefficient of the polymer upon cleavage of the 

polymer-catalyst bond when the reaction was terminated.  

 
† The first moment (mean) of the effective gradient over the course of the pulse sequence is zero. This means 
the flow-dependent phase factor in the dependence of signal amplitude on gradient is zero, so molecular 
movement due to convection or flow has no effect on signal.3 
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DOSY has been used for offline monitoring of many other polymerisation reactions, including atom 

transfer radical polymerisation (ATRP) and reversible addition-fragmentation chain transfer (RAFT) of 

styrene.5 DOSY results for aliquots of the reaction mixture were compared with a calibration curve for 

polystyrene linking the diffusion coefficient from DOSY and Mw from GPC. Overlaying the DOSY plots 

gave a quick visual identification of the diminishing diffusion coefficient as the reaction progressed. 

Ring-opening metathesis polymerisation (ROMP) of cyclooctene and 1,5-cyclooctadiene has been 

monitored in the same way.6 DOSY has also been used to differentiate between a living polymerisation 

of methyl methacrylate and one in which non-reversible termination side reactions were taking place 

by monitoring the changes in molecular weight over time. This gave insight into the polymerisation 

mechanism and side reactions.  

Aside from polymerisation reactions, DOSY has been used in monitoring many other chemical 

processes. These include the production of biodiesel by transesterification of vegetable oil. DOSY was 

used to identify when the reaction was complete, thus avoiding the need to wash the biodiesel to 

remove methanol and glycerol.9  In another study, aggregates of citrate with Au(0) or Au(I) have been 

observed by DOSY during formation of gold nanoparticles, giving potential new insight into the 

mechanism by which the nanoparticles form.10 Finally, the self-aggregation of organocatalysts has 

been monitored by 19F DOSY NMR. At higher concentrations of the organocatalysts the degree of self-

aggregation was higher, with an associated decrease in stereoselectivity of the catalysed reaction. 

DOSY data helped to determine the range of concentrations at which the catalysts were monomeric 

and displayed the desired stereoselectivity.11 

As well as performing diffusion measurements with 1D proton or heteronuclear NMR, a diffusion 

dimension can be combined with many 2D NMR experiments to achieve what is known as 3D DOSY. 

This type of spectrum consists of two chemical shift axes, as with COSY or HSQC, and an additional 

diffusion axis.12–14 Taking “slices” along the diffusion axis gives access to 2D spectra of the separate 

components of a mixture. 

3.1.5 Limitations and challenges 

Despite its wide applicability, problems can arise with DOSY data when signals of interest are too close 

together. When signals overlap, it is challenging to extract accurate diffusion coefficients. Strategies 

to avoid this problem include pure shift 1H DOSY where homonuclear decoupling collapses all signals 

to singlets, and heteronuclear DOSY such as 13C which has a wider chemical shift range and therefore 

the signals may be more spread out.15,16 However, both these approaches come at the cost of reduced 

sensitivity. 3D DOSY, described above, can also help with spectral overlap by separating the signals in 

mixtures or complex molecules, although acquisition times may be long.12,17 In addition, with 
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deconvolution techniques such as parallel factor analysis, DOSY can provide access to NMR 

information even on complex mixtures with overlapping signals.18 These techniques allow diffusion 

coefficients and kinetic data to be obtained even in complex mixtures and where signals of interest 

overlap.  

As with other NMR experiments, DOSY suffers from comparatively poor sensitivity. To obtain 

adequate signal-to-noise with low concentration solutions the number of scans must be increased 

significantly which leads to long acquisition times. More specialist techniques such as 

hyperpolarisation can also be used where available to analyse solutions at micromolar 

concentrations.19  

3.1.6 Online monitoring: can we acquire DOSY on a flowing sample? 

Though DOSY has proved useful for reaction monitoring in the past, acquisition has always been via 

offline sampling or in-situ. To the best of our knowledge, DOSY has not previously been used for online 

monitoring with FlowNMR or similar setups.  

The FlowNMR technique, which has been described in some detail in Chapter 1, allows us to obtain 

NMR with high data density on a reaction mixture in continuous flow throughout a reaction. Most 

common NMR experiments can be adapted for use in flow, and many, such as conventional and 

solvent suppressed 1H, 19F, 31P, and some 2D experiments, have already been used for online 

monitoring.20–22 Acquisition parameters are often modified to reduce the experiment times so as to 

obtain more data points for kinetic experiments. Integral calibration factors are required to obtain 

quantitative concentration data under conditions where in-flow effects due to incomplete 

premagnetisation become apparent.23 

However, NMR experiments with long acquisition times or non-uniform excitation profiles present 

greater challenges for adaption into FlowNMR techniques, and one such experiment is DOSY. In a 2007 

review on FlowNMR techniques, Keifer writes “it would be particularly exciting if diffusion-ordered 

spectroscopy (DOSY) were ever combined with LC-NMR, but this has not yet been reported.”24 Work 

described in Chapter 4 involved flowing a polymerisation reaction mixture through an NMR flow tube, 

then pausing the flow to acquire DOSY spectra on the static aliquot.25 To date, however, there is no 

published work using DOSY on a sample that is moving during the acquisition, presumably because of 

the complicating effects of sample flow on the accurate measurement of diffusion coefficients. 

In a similar manner to convection, it might be expected that in an NMR flow tube the movement of 

the solution in continuous flow will greatly interfere with any diffusion measurement using a pulsed 

field gradient. Commonly used flow rates of around 4 mL min-1 give a linear velocity of approximately 

5 mm s-1, whereas the root mean squared displacement of a typical diffusing molecule after 1 s is over 
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an order of magnitude smaller at around 0.1 mm. As a result of the large impact of flow, a diffusion 

coefficient obtained using a standard DOSY experiment on a flowing sample will be far removed from 

the actual value, or indeed unmeasurable. 

However, with the use of a convection compensated pulse sequence along with appropriate 

acquisition parameters and hardware considerations, we demonstrate it is possible to obtain accurate 

and precise DOSY data in flow. In this work, we present a strategy for combining existing experimental 

techniques to develop a new methodology for acquisition of good quality diffusion data on flowing 

mixtures. 

3.2 Approach 

While it is possible to pause the flow for a few minutes and obtain a static DOSY spectrum periodically 

during an online reaction, this can interfere with reaction conditions such as temperature regulation 

and homogeneity of the mixture, as well as making it more difficult to automate data collection and 

integrate the analysis into continuous flow processes. Instead, we investigated adapting the DOSY 

experiment to enable acquisition of DOSY spectra directly on a continuously flowing sample.  

We have repurposed the existing convection compensated DOSY experiment described in Section 

3.1.2 to solve this problem. The dstebpgp3s pulse sequence is designed to cancel out the effects of 

constant-velocity laminar flow typically brought about in a sample by convection.3 A convecting 

sample contains equal portions of molecules moving both up and down the axis of the pulsed field 

gradient, since the sample remains in the NMR tube and its volume does not change. In the flow tube, 

the solution is constantly being replaced with new solution, but equal amounts of solution flow into 

and out of the active volume in the flow tip over time (steady state). Due to the much narrower 

diameter of the inlet capillary (Figure 3.1), most of the sample volume flowing through the tip 

experiences movement in one linear direction: up. Regardless, the dstebpgp3s pulse sequence is 

equipped to deal with constant velocity flow, and in this work we investigate whether it is able to 

mitigate the effects of linear motion due to the circulation of reaction mixture.  

The FlowNMR setup in the DReaM facility operates within a laminar flow regime; calculated Reynolds 

numbers  for a range of liquids in different sections of the flow path are all below 2000 at typical flow 

rates of up to 4 mL min-1,26 which is beneath the threshold for onset of turbulent flow around Re = 

3000. Nevertheless, there is some degree of deviation from ideal laminar plug flow, as seen in the 

tailing in the residence time distribution of the flow set-up.23  Non-laminar flow is expected in 

particular at the exit of the small ID injection capillary (labelled (1) in Figure 3.1, left hand side) where 

the sample enters the active volume of the flow tip from the bottom, and the outlet (3) from the flow 

tip at the top. In both of these places the flow path widens or narrows abruptly. The non-ideality of 
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the flow can also be seen in the photographs from Hall et al shown in Figure 3.2. In addition, as the 

reaction solution flows through the flow tip it passes next to the PEEK inlet tubing (2) which often is 

non-uniform in shape.  An alternative flow tube setup is also available which uses a rigid fused silica 

capillary in place of the PEEK inlet tubing. The capillary is coaxial with the outer glass tube (Figure 3.1, 

right hand side), and more uniform in shape than the original setup, and therefore disturbs the 

magnetic field homogeneity to a lesser extent. Better quality shims and significantly reduced peak 

widths can be achieved.26 It is conceivable that the flow profile through this flow tip will also be more 

uniform. 

     

Figure 3.1: Cartoon representation of the flow of solution through the flow tube tip, for the PEEK (left) and silica 
flow tubes. Other polymer capillaries such as Teflon behave much like the PEEK flow tube (left). 

(1)

(2)

(3)

ID 4.2 mm

ID 0.500 mm

ID 4.2 mm

ID 0.534 mm
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Figure 3.2: Addition (top) and removal (bottom) of a tracer dye solution to the flow tube shows non-ideal plug 
flow in the flow tip, with visible sample hold-up. Reproduced from Hall et al. (published by The Royal Society of 
Chemistry under a CC-BY licence).23 

Another factor which affects the nature of the flow through the active volume, and therefore may 

affect the quality of DOSY data, is the choice of pump. Several pumps have been tested for FlowNMR 

by Saib et al., and significant differences in the extent of pump pulsation were found between different 

pump designs.26 Pulsation is observed as temporal non-uniformity of flow, and was measured with a 

Coriolis mass flow meter. A comparison of results for different pumps is shown in Figure 3.3. The much 

wider distribution of flow rates observed with, for example, the peristaltic pump (e) means that the 

flow effects on NMR signal intensity also fluctuate greatly as a function of time and this affects signal 

quantification. Fluctuations in flow rate can also be expected to have an effect on diffusion 

measurements, and this is investigated in this work. 

https://pubs.rsc.org/en/content/articlelanding/2016/CY/C6CY01754A
https://pubs.rsc.org/en/content/articlelanding/2016/CY/C6CY01754A
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Figure 3.3: Different pump designs give rise to significantly different degrees of pulsation of flow rate. 
Reproduced from Saib et al. (published by The Royal Society of Chemistry under a CC-BY licence).26 

3.2.1 DOSY parameters 

Two parameters are vital for setting up a DOSY experiment to obtain good quality data for a particular 

sample: the diffusion time and the gradient pulse length. The diffusion time is known as ‘big delta’ (Δ) 

and is set by d20 in the Bruker software, TopSpin. This is the time interval during which the diffusion 

of the sample is monitored, and is typically of the order of 0.1 s. The gradient pulse length, ‘little delta,’ 

δ, is defined by p30 in TopSpin and is the length in μs of the pulsed field gradient,‡ with typical values 

between 1000 and 2500. To minimise confusion, the Bruker parameters d20 and p30 will be used in 

this chapter, rather than Δ and δ. 

The larger the value of p30, the stronger the gradient pulse and the greater the difference in pulsed 

field strength experienced by molecules at different positions in the sample, making the experiment 

more sensitive to slower diffusion. When d20 is larger, the experiment is measuring the extent of 

diffusion over a longer timeframe, and again is more sensitive to slower diffusion. Thus, increasing 

d20 or p30 leads to greater attenuation of the signal. For a standard DOSY experiment, the values of 

 
‡ Note: for pulse sequences using bipolar gradients, as used for the work described in this thesis, p30 = δ/2. 

https://pubs.rsc.org/en/content/articlelanding/2021/RE/D1RE00217A
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d20 and p30 should ideally be chosen such that the signal at the highest gradient strength used is 

attenuated to around 5% of its initial value at the lowest gradient strength used.27 This allows a good 

curve fit and more accurate numerical diffusion coefficients. For fast-diffusing molecules, smaller 

values of either or both parameter are appropriate, and for slow-diffusing molecules larger values are 

necessary to accurately measure smaller diffusion coefficients. For the safety of the probe, p30 

shouldn’t be set to more than 2500 μs for STE experiments and 1250 μs for DSTE experiments 

including the convection compensated pulse sequence used here.  

For DOSY acquisition in flow, d20 is particularly important. If d20 is longer, molecules have time to 

diffuse further through the solution. But if the solution is flowing continuously a longer d20 will mean 

more movement of the solution due to flow while the measurement is being made. This magnifies the 

effects of flow on the measured diffusion coefficient. Therefore, it is essential to tune the chosen 

values of d20 and p30 to suit not just the diffusion coefficients of the molecules being studied, but 

also the flow rate of the solution. 

3.2.2 Aims 

The aim of these experiments was to investigate the effect of the following factors on quality of DOSY 

data acquired on a flowing sample: convection compensation, d20, p30, flow rate, relaxation delay, 

acquisition time, flow tip geometry, temperature regulation, and pump pulsation. Using these results, 

a set of recommendations for FlowDOSY acquisition was put together. 

3.3 Initial flow tests: PLLA, lactide and ethanol 

The purpose of these initial tests was to identify if it is possible to acquire a useable DOSY spectrum 

of a flowing sample. Since the benefit of DOSY lies in distinguishing between molecules with different 

diffusion coefficients, initial tests were carried out on samples of both small and large molecules, 

namely PLLA (Natureworks, Mn 44 000 g mol-1), L-lactide (144 g mol-1) and ethanol (46 g mol-1).  

A solution of PLLA in chloroform was circulated around the flow system, including the PEEK flow tube, 

using a peristaltic pump. The diffusion delay and diffusion gradient pulse length were adjusted for the 

sample while the pump was paused, to find appropriate parameters for the polymer under static 

conditions. Then the pump was resumed and DOSY spectra were acquired at selected flow rates up to 

4.0 mL min-1. Measurements were performed at 298 K and heat exchangers were used to keep the 

flow path at the same temperature to minimise potential convection and viscosity effects from cold 

solution entering the flow tip in the NMR probe which was held at 298 K. 

A convection compensated DOSY pulse programme was expected to be necessary, for the reasons of 

flow described above and because the spectrometer is fitted with a cryoprobe. Unsurprisingly, when 
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a standard DOSY experiment (pulse programme ledbpgp2s)28 was used on a flowing sample the quality 

of the data quickly deteriorated as flow rate was increased from zero. At flow rates above 1.0 mL min−1 

it was impossible to obtain numerical values of D by curve fitting in Dynamics Center processing 

software. Even below this flow rate it was not possible to draw a meaningful correlation between flow 

rate and observed diffusion coefficient; values were very scattered and errors were large and erratic 

as can be seen in Figure 3.4 (a).    

(a) (b) 

 

 

  

Figure 3.4: Apparent diffusion coefficients of PLLA from FlowDOSY (a) without convection compensation (p30 
2000, d20 0.1) and (b) with convection compensation (p30 2000, d20 0.1)§ at flow rates of up to 4 mL/min. Note 
different x- and y-axes. 

By comparison, when DOSY spectra were acquired on the same sample using the convection 

compensated pulse sequence, interpretable data are obtained all the way up to 4.0 mL min-1 (Figure 

3.4 (b)). The curve fit at 4.0 mL min-1 is shown in Figure 3.5. Measured diffusion coefficient increased 

with increasing flow rate. This is a not-unexpected result of the faster motion of the molecules due to 

flow, however it does suggest the pulse sequence is not fully able to cancel the effects of flow.  

 
§ Note: these data were acquired before we became aware of the power limits for DSTE experiments. For future 
experiments, the value of p30 must be kept below 1250 μs for the convection compensated experiment. 
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Figure 3.5: DOSY curve fit for PLLA quartet acquired at 4.0 mL min-1 using convection compensation. 

Next, convection compensated FlowDOSY test spectra were acquired for small molecules. A solution 

of lactide and ethanol in chloroform was circulated through the flow tube, and the dependence of 

observed diffusion coefficient on flow rate is shown in Figure 3.6, along with the convection 

compensated results for PLLA.  
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Figure 3.6: Diffusion coefficients as a function of flow rate for lactide and ethanol (p30 1000, d20 0.05) and PLLA 
(p30 2000, d20 0.1). 

As with the convection compensated data for PLLA, the curve fit in Dynamics Center is adequate even 

at 4.0 mL min-1 (Figure 3.7). With these acquisition parameters, measured diffusion coefficients for all 

three molecules follow a linear trend as flow rate is increased. Correction for the flow effect is 

discussed in Section 3.5. The error associated with the diffusion measurement is also seen to increase 

with increasing flowrate.  
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Figure 3.7: DOSY curve fits for lactide (left) and ethanol (right) acquired at 4.0 mL min-1 using convection 
compensation. 

The relative effect of flowing the sample is less significant for the small molecules than for PLLA since 

they have larger diffusion coefficients than the polymer molecules. The additional motion due to 

nonlinear flow contributes a smaller part of the total motion of the molecules. Due to the small 

magnitude of the diffusion coefficient of the polymer, the increase in observed D due to flow is more 

than a factor of 4. However, the values for PLLA, lactide and ethanol should not be directly compared 

because of the different acquisition parameters used.  

These results indicate it is indeed possible to obtain DOSY data on a flowing sample, provided the 

convection compensated pulse sequence is used. In the next Section, the acquisition parameters are 

optimised in order to improve the method further and obtain more accurate results.  

3.4 Further investigation: mapping the effect of acquisition 

parameters 

3.4.1 DOSY test solution 

To obtain data simultaneously on molecules with diverse diffusion coefficients, subsequent 

experiments used a single solution containing five different, non-interacting chemical species. 

Molecules were chosen to cover a range of molecular sizes, with diffusion coefficients at 298 K in the 

range of 1.0 x 10-9–2.0 x 10-9 m2 s-1. Additionally, it was necessary to choose molecules whose 1H NMR 

spectra do not overlap, so each signal may be integrated separately. Finally, molecules with simple 1H 

NMR spectra were chosen, each molecule having no more than 3 proton environments in the ppm 

range of study, and most giving rise to just one singlet. Chloroform (non-deuterated) was used as the 

solvent, and the concentrations of the solutes were kept low at 0.02 M to minimise viscosity effects. 

The 1H spectrum of the mixture is shown in Figure 3.8. 



Chapter 3: FlowDOSY method development 

110 
 

 

   

 

 

 

 

Mesitylene 18-crown-6 Adamantanecarboxylic acid Cyclohexane Hexamethyldisiloxane 

 

Figure 3.8: Molecular structures of components and 1H NMR spectrum of DOSY test solution. All species have 
simple, non-overlapping spectra, each molecule having ≤ 3 signals in the ppm range used. 

3.4.2 Acquisition parameters d20 and p30 

For the following experiments, the parameters d20 and p30 were varied in order to better understand 

the effect of continuous flow on DOSY data acquisition, and to find suitable parameters for studying 

small molecules by flow DOSY. The Stejskal-Tanner equation (Equation 3.1, below) shows that signal 

attenuation should remain approximately the same if d20 is doubled and p30 is reduced by a factor 

of √2. To aid comparison of results, several pairs of d20-p30 combinations were chosen which should 

result in similar signal attenuations and similar measured values of D. The chosen parameters are 

shown in Table 3.1, and were used to map out the effect of these parameters on data quality, while 

remaining within the power constraints of the probe. 

Equation 3.1: Stejskal-Tanner 

𝐼𝐺 =  𝐼𝐺=0 𝑒−(𝛾𝛿𝐺)2(Δ−
𝛿
3)𝐷 
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Table 3.1: DOSY acquisition parameters chosen to map out the effects of flow on diffusion data. Right: the 2-
dimensional space explored in experiments A – J. 

Experiment d20 / s p30 / μs  

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

400

600

800

1000

1200

JH

G

F

B

A

E

D

p
3
0

 /
 

s

d20 / s

C

max p30

 

A 0.05 1000 

B 0.10 707 

C 0.025 1000 

D 0.05 707 

E 0.10 500 

F 0.064 1250 

G 0.128 884 

H 0.010 1250 

J 0.015 1250 

 

As before, the flow system was filled with the test solution which was then continuously circulated at 

different flow rates. For each set of acquisition parameters A – J, DOSY spectra of the test solution 

were acquired using the convection compensated pulse sequence at selected flow rates up to 

4.0 mL min−1, and the obtained diffusion coefficients are plotted in Figure 3.9 to Figure 3.12. All other 

acquisition parameters remained unchanged. Each spectrum took 10 min 40 s to acquire. Heat 

exchangers were used to keep the flow path at 298 K, and the NMR probe was also maintained at this 

temperature. 

Two factors can be used to assess the flow effect on the measurement, and to determine the practical 

usefulness of the acquisition conditions for reaction monitoring:  

• Flow effect on measured diffusion coefficient (accuracy), which is seen in the increase in D at 

higher flowrate, and the slope of the graph. 

• Flow effect on measurement error (precision), which can be seen from the error bars on the 

plots of D against flow rate. 
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Figure 3.9: Flow diffusion coefficients obtained in experiments A and B. 
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Figure 3.10: Flow diffusion coefficients obtained in experiments C, D and E. 
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Figure 3.11: Flow diffusion coefficients obtained in experiments F and G. 
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Figure 3.12: Flow diffusion coefficients obtained in experiments H and J. 

In all cases, the measured values of D increase with increasing flow rate, albeit to differing extents. 

This indicates the experiment is not completely efficient in eliminating flow effects under the 

conditions applied. We attribute the increase in measured D to the small but significant amount of 

turbulent or non-linear flow effects present in the active volume. It is interesting to note that for 
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certain conditions such as experiment A the flow effects are very small, indicating the convection 

compensated pulse sequence can be very effective at cancelling not only convective motion but also 

the motion of the flowing sample. 

For conditions A, C and D where d20 ≤ 0.05 s, the increase in observed D with flow rate is 

comparatively small and approximately linear for all molecules. For B and E which each have 

d20 = 0.10 s, the trend is not so clearly linear, and the increase in observed diffusion coefficients gets 

larger at higher flow rates. These more significant flow effects are to be expected: a longer diffusion 

delay allows more time for non-linear, non-laminar flow to play a part in the measurement. Further 

increasing d20 to 0.128 (G) makes the results even more erratic, with larger errors. 

Much smaller values of d20 were trialled in experiments H and J to see if this would further improve 

the quality of the data. A high value of p30 was used to counteract the effect of such small d20 values. 

However, there was no significant improvement over the other parameter combinations. 

To illustrate the differences in slope, Figure 3.13 shows the observed diffusion coefficients for one 

molecule, hexamethyldisiloxane, using all acquisition parameters tested. Conditions which give rise to 

the smallest increase in measured diffusion coefficient and the smallest errors are the most 

experimentally useful: A and C are good examples. 
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Figure 3.13: Observed diffusion coefficients for hexamethyldisiloxane as measured with DOSY parameters A – J.  

However, it is not immediately obvious which parameters give the optimum results. To compare them, 

we need to quantify the increase in observed diffusion coefficient and the increase in measurement 

error as flow rate is increased. 

Gradients of the plots of D against flow rate for each molecule under each set of conditions can be 

calculated using the LINEST function in Excel. The numerical value gives an approximation of the 

magnitude of the flow effect on measured D. The average of these values across all five molecules for 

each set of acquisition parameters is shown in Figure 3.14. On the same axes are plotted the values of 

the error, calculated in Dynamics Centre on processing the DOSY data, for the data acquired at 

4.0 mL min−1. This gives an indication of the flow effect on measurement error. Again, each point is 

the average of the five molecules studied. 

 



Chapter 3: FlowDOSY method development 

117 
 

 

 

Figure 3.14: Graph showing average slope (m2 s−1 mL−1 min) of plots of D against flow rate (0.0 – 4.0 mL min-1), 
and average error (m2 s−1) at 4.0 mL min-1, acquired with different d20 and p30 values.  
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Figure 3.15: Projections of Figure 3.14 onto XZ and YZ planes. 

Trends are perhaps easier to see in the projections shown in Figure 3.15. The average slope is small 

and similar for all experiments where d20 ≤ 0.064 s. For d20 ≥ 0.10, the flow effects on measured 

diffusion coefficient are significant, giving rise to steeper slopes and making quantification of D 

impractical in flow. Average errors can also be seen to increase across the whole range of d20 values 

tested, and are much larger once d20 exceeds 0.05 s. The trend for errors is more erratic than for the 

slopes, perhaps because the determination of these small error values is itself subject to significant 

error. 

When average error and slope are plotted against p30, trends are less obvious. P30 has much less 

effect than d20 on the observed diffusion coefficient, and on the error associated with it. The highest 

values seen in the middle of the graph correspond to experiments with very large d20, and apart from 

these the slopes and errors remain approximately constant or decrease with increasing p30. 

  

Figure 3.16: Left: comparison of errors associated with diffusion coefficients measured on static and flowing 
(4.0 mL min-1) samples, as a function of d20. Errors are averaged across all five molecules. Right: errors at 
4.0 mL min-1 are plotted against errors associated with static measurements under otherwise identical 
conditions. The errors are around five times larger for the flowing sample. y = 5.17 x – 5.34 x 10-11 
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It is interesting to compare the errors in the FlowDOSY diffusion coefficients with those measured 

under identical conditions except for pausing the flow.  The errors remain small and consistent across 

all acquisition parameters (Figure 3.16). For the measurement performed at 4.0 mL min-1, the errors 

are around five times larger than for the static measurements.  

Which conditions (d20, p30) are the best? 

For reaction monitoring applications, the parameters d20 and p30 should be selected to be suitable 

for the diffusion speeds of the molecules concerned (starting materials, intermediates, products etc.). 

However, as shown above it is advisable to use smaller values of d20 (around 0.05 s or below) and to 

increase p30 to a value up to and including the limit of 1250 µs, particularly if necessary due to slower-

diffusing molecules. This will minimise the flow effects on both the measured values of D and the 

associated errors. 

It is also worth noting that if flow rates are kept below 1-2 mL min−1 and d20 is below around 0.05 s, 

the absolute values obtained for D are within experimental error of the static flow rates. The values 

are higher than the static values by up to 11% at 2 mL min−1, but often the discrepancy is less, for 

example with parameter combinations A and C. This means that accurate diffusion coefficients can be 

obtained in flow, even without the need for correction. Nevertheless, correction of flow diffusion 

coefficients is discussed in Section 3.5. 

3.4.3 High flow rates 

Since we have seen that it is possible to obtain useful diffusion data on samples flowing up to 

4.0 mL min-1, it is interesting to see how much further we can increase the flow rate. DOSY data were 

obtained with the test solution flowing at up to 10.0 mL min-1, using acquisition parameters D from 

Table 3.1 (d20 0.05, p30 707). 

As flow rate increases above 4.0 mL min-1 the deviation of D from the static value becomes much more 

pronounced and the measurement errors become much larger, as can be seen in Figure 3.17. This is 

consistent with an increased contribution from turbulent, non-laminar flow. Measurement of D at 

flow rates much above 4.0 mL min-1 is not practicable, at least under these specific conditions of pump, 

flow tube and acquisition parameters. With a smaller value of d20 it is possible to acquire good quality 

data at slightly higher flow rates (see, for example, Figure 3.19).  

Nevertheless, this limit to flow rate is of little practical concern because for most FlowNMR reaction 

monitoring in the DReaM facility and elsewhere, flow rates no higher than 4.0 mL min-1 are used.29 
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Figure 3.17: Further increase in flow rate leads to rapid increase in magnitude of both the observed diffusion 
coefficient and the measurement error. Data are fit to fourth order polynomials to illustrate the trends. 

3.4.4 Optimising acquisition: relaxation delay, acquisition time and flip angle 

For reaction monitoring applications, it is preferable for data collection to be as fast as possible to 

maximise data density as a function of time. The DOSY experiments used above took around 10 min 

40 s each to run, but they can be made shorter by modifying some of the acquisition parameters.  

The number of gradient steps and the number of scans for each gradient step, both set at 16 in the 

above experiments, can be reduced. But this comes at the cost of a loss of data quality. Reducing the 

number of scans leads to less signal intensity and this may make it difficult to observe species of 

interest if the reaction mixture is dilute. Reducing the number of gradient steps means there are fewer 

data points to fit when processing the DOSY, and therefore the calculated diffusion coefficients may 

be less accurate. Nevertheless, these measures may be appropriate for acquiring faster DOSY 

experiments on more concentrated samples.  

DOSY acquisition can also be sped up by reducing the relaxation delay, d1, and the acquisition time, 

AQ. The relaxation delay is a delay after each acquisition before the next scan begins, to allow spins 

to relax and return to equilibrium before they experience the repeat pulses and delays in the 

experiment. The acquisition time is the time during which the signal is detected. The sum of all delays 

in one scan, d1 + AQ + d20, is the repetition time. For the spins in a sample to recover 99% of their 

magnetisation in the z-axis between scans, the repetition time must be at least 4.6 x T1. This is 

important for quantitative NMR where the full intensity of signal integrals is required. However, 

previous work by Shiko has shown that the repetition time in a BBP-LED pulse sequence can be 
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reduced to around 2 x T1 with only a 5% error in measured diffusion coefficient.30 This may be because 

the DOSY experiment measures the relative intensity of signals as the PFG strength changes, and does 

not depend on absolute integrals being accurate.  

In the work described earlier in this chapter, d1 and AQ were set to 1 s and 1.363 s respectively. To 

test how far d1 can be decreased, the value was reduced from 1 s to 0.5 s or 0.0000005 s (i.e. a very 

small but non-zero delay) at an unchanged acquisition time of 1.363 s. Using these delay times, DOSY 

experiments were performed on a static sample of the DOSY test solution in a conventional NMR tube, 

and the data were processed to extract diffusion coefficients. Total experiment time reduced from 

10 min 41 s to 8 min 28 s (79% of the initial time) and 6 min 15 s (59% of original time) for the two 

lower d1 values respectively. The values of diffusion coefficient were found to remain the same, within 

error, for all molecules in the test solution at all three d1 values. This confirms the 1 second relaxation 

delay is not necessary for obtaining accurate diffusion data with this experiment, and shortening the 

delay is acceptable if a fast DOSY is required.  

To further reduce the experiment time, AQ was next reduced from its initial value of 1.363 s to 1.0 s. 

It is important not to decrease the length of the total recycle time below 1 s when using a cryoprobe 

because if the time interval between pulses at maximum gradient strength is any smaller it risks 

damaging the probe. In addition, too short an acquisition time can cause spectral distortion if the 

whole FID is not acquired. With AQ set to 1 s, the total experiment time is only 4 min 39 s. Processing 

the data reveals the reduction in AQ also has little or no effect on the observed diffusion coefficients 

(see appendix), so it is acceptable to use these acquisition parameters. In this way, a 16 scan DOSY 

with 16 gradient steps can be obtained in only 44% of the time taken with the parameters initially 

used. Even shorter repetition times could be used with a room temperature probe instead of a 

cryoprobe since the same constraint does not apply.  
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Figure 3.18: Comparison of time taken to run 16 scan, 16 gradient step DOSY experiments with different 
acquisition parameters d1 and AQ. 8 dummy scans were used. “Small” refers to the near-zero value of 
0.0000005 s. Percentages are relative to the initial acquisition parameters used. 

Having reduced the recycle time to only fractionally more than 1 second, and establishing that this did 

not affect the measured diffusion coefficient, it was necessary to determine whether the spins still 

have sufficient time to relax between scans, and, if not, whether there is any significant negative effect 

on the signal:noise of the DOSY experiment. A reduction in signal:noise may potentially lead to greater 

error in the measurement of the diffusion coefficient, and become a practical limitation for the 

analysis of low intensity signals. If so, the DOSY experiments may be improved by using a smaller flip 

angle than the 90° used thus far. By changing the flip angle and determining the effect on signal-to-

noise ratio, the extent of relaxation can be determined. If the sample fully relaxes, signal-to-noise 

should increase to a maximum at 90°. If, however, relaxation is incomplete, the maximum may be 

found at a different flip angle. 

Using the smallest values of d1 and AQ determined above, DOSY spectra were acquired with four 

different flip angles from 60° to 90°. Processing these data, the same values of diffusion coefficient as 

in the original DOSY experiment were obtained, for all molecules. Signal-to-noise was calculated in 

TopSpin using the sinocal command for a representative peak for each molecule. Signal to noise was 

found to be almost flat with respect to flip angle, with a slight peak around 80° (see Appendix). The 

change is only small; it is largest for 18-crown-6 which has 6% greater signal-to-noise at 80° flip angle 

compared with 90°. This effect is dependent on T1, so is expected to be different for each molecule. 

Since the diffusion coefficient is not affected, however, this is not deemed to be important, and fast 

DOSY data can be reliably obtained under these conditions, making this technique very applicable in 

monitoring reactions on a timescale of minutes or hours.  
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In addition, the out-flow effects that come into play when the sample is flowing help to restore the z-

magnetisation more quickly as polarised nuclei leave the active volume.23 This means that smaller 

repetition times may be used without the associated problems. 

FlowDOSY could be used for monitoring even faster reactions by repeating the reaction with different 

time intervals before the first spectrum is acquired. Interleaving the datasets from multiple runs would 

provide increased temporal resolution for fast reactions. This technique has previously been used for 

stopped-flow NMR monitoring of very fast reactions.31,32  

3.4.5 Reproducibility 

For flow DOSY to be a valid and reliable technique, diffusion data obtained from this method must be 

reproducible. Data shown in Figure 3.19 were obtained on equivalent DOSY test solutions using the 

same InsightMR flow tube, peristaltic pump and spectrometer but separated by 14 months and using 

two different NMR probes: originally a Bruker Prodigy CryoProbe and later a Bruker BBO probe. The 

obtained diffusion coefficients are the same for each experiment, to within 3% and generally well 

within error. Differences between measured values could be explained by small differences in NMR 

gradient calibration, pump flow rate calibration, or solution concentration and viscosity. 
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Figure 3.19: Data acquired on different occasions shows good reproducibility. 

3.5 Correcting for flow effects: calculating static D 

The practical utility of FlowDOSY would be limited if it were not possible to derive the true, static 

diffusion coefficient from flow data. While performing FlowDOSY with low flow rates (below 1-

2 mL min-1) and d20 below around 0.05 s gives values that are within error of the static diffusion 

coefficient, in many cases higher flow rates may be desired.  Here we propose a simple, empirical 

method to obtain valid static diffusion coefficients from FlowDOSY data. 

Plotting the observed diffusion coefficient measured on a flowing sample, Dflow, against the value 

obtained with no flow, Dstatic, gives a straight line with a gradient around 1 and a vertical intercept 

slightly above zero. The faster the flow, the greater the flow effect, and the higher the vertical 

intercept (see Appendix). The fact that the gradients of the calibration curves remain similar as flow 

rate increases (ranging from 0.94 to 1.08), while the intercept increases by a factor of three indicates 

that the effect of flow on the diffusion coefficient is generally additive. Molecular motion due to flow 
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is superimposed on the molecular motion due to diffusion to generate the observed mobility of the 

molecule. 

 

Figure 3.20: Correlation of flow diffusion coefficient with static diffusion coefficient for nine non-zero flow rates. 
Diffusion coefficients obtained using acquisition parameters C from Table 3.1: d20 0.025, p30 1000. 

To determine static diffusion coefficients from FlowDOSY reaction monitoring data, it is necessary to 

acquire a DOSY spectrum of the reaction mixture with the flow stopped, before, during or after the 

reaction. From this spectrum, the static diffusion coefficients of at least two molecules whose diffusion 

coefficient remains unchanged during the reaction can be measured. These could be internal 

reference molecules included for this purpose, or reagents which are present throughout most of the 

reaction (such as solvent). It is preferable if the chosen molecules represent a range of diffusion 

coefficients that encompasses the diffusion coefficients of all molecules of interest in the reaction. 

Flow diffusion coefficients of these reference molecules can then be plotted against their static values 

to create a calibration curve. Now, flow diffusion coefficients of unknown molecules can be compared 

with the calibration curve and their static diffusion coefficients can be determined indirectly. 
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The equation of the calibration curve depends on the flow rate, the solution properties (e.g. viscosity), 

flow tube and pump used, and the acquisition parameters applied (particularly d20 and p30). A new 

calibration curve should generally be made for each FlowDOSY reaction. 

This method of correction does not depend on any correlation between diffusion coefficient and 

either molecular weight or hydrodynamic radius; it does not rely on any molecular property other 

than diffusion coefficient. It can therefore be used for any molecules, regardless of shape. 

Once accurate static diffusion coefficients have been determined from the flow data, previously 

published methods can be used if estimation of molecular weight or other information from the 

diffusion coefficient is required.33,34  

3.6 Characterising the system: flow velocity imaging 

DOSY depends upon the ability to detect movement of molecules due to diffusion rather than other 

phenomena such as convection or flow. FlowNMR requires that the sample be flowing continuously 

through the probe during detection. Therefore, it is informative to gain a better understanding of the 

nature of the flow in the active volume in order to understand the impacts it may have on measured 

diffusion coefficients.  

In this experiment, the effect of pump flow rate on the maximum velocity of solution flowing through 

the tip of the flow tube is quantified. 

Measurement of the maximum flow velocity in a sample can be achieved by varying the convection 

compensation imbalance delay, ΔΔ, which gives access to the variation in signal resulting from flow 

within the sample.2 Specifically, the flow in the direction of the field gradient (the z-direction) is 

measured. This experiment uses a pulse sequence similar to that used for convection compensated 

DOSY; when ΔΔ is zero, the pulse sequence is equivalent to the convection compensated pulse 

sequence. Using non-zero ΔΔ values gives the signals of a species a phase shift proportional to 

−𝛾𝛿𝐺𝑣∆∆ where 𝛾 is the gyromagnetic ratio and 𝑣 is the constant velocity of the species in the z-

direction. 

The pulse sequence, shown in Figure 3.21, works in a similar way to a convection compensated DOSY 

but with a key difference. Convection compensation experiments tend to refocus the effect of 

constant velocity motion by having two portions of the pulse sequence which generate equal and 

opposite flow effects that cancel each other out. For velocity imaging, instead of using equal diffusion 

delays with a pulsed field gradient of variable magnitude, we use a diffusion delay imbalance. Varying 

the imbalance allows us to probe the velocity with which molecules travel (by convection or flow) in 

the z direction through the active volume. Signals from species moving with a z velocity v acquire a 
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phase shift of −𝛾𝛿𝐺𝑣𝛥𝛥. The resulting change in signal intensity can be used to determine the 

maximum velocity within the active volume. 

 

Figure 3.21: Reproduced from Swan et al.2 (published by The Royal Society of Chemistry under a CC-BY licence). 
When the diffusion delay imbalance ΔΔ = 0, the pulse sequence is equivalent to a convection compensated 
DOSY. 

A solution of a paramagnetic relaxation agent, chromium(III) 2,4-pentanedionate, in a 19:1 mixture of 

CDCl3 and CHCl3 was circulated through the flow system with a peristaltic pump. At seven flowrates 

between 0.0 and 4.0 mL min-1 a velocity imaging experiment was carried out. These each consisted of 

29 1-D spectra obtained with different values of the diffusion delay imbalance, ΔΔ, between −0.07 and 

+0.07 s. Spectra obtained at each diffusion delay imbalance were processed and the CHCl3 peak 

integrals were exported and fitted to the equation 

Equation 3.2 

𝐹(𝛥𝛥) =
𝑆0 sin(𝛾𝛿𝐺𝐴G𝑣max 𝛥𝛥)

𝛾𝛿𝐺𝐴G𝑣max𝛥𝛥
 

using a nonlinear least squares fit in MS Excel. AG is the gradient pulse shape factor, S0 is the maximum 

signal amplitude, and γ is the gyromagnetic ratio. The result of the curve fit gives vmax. An example 

curve fit for 1.0 mL min-1 is shown in Figure 3.22. This process was repeated for each flowrate.  

https://www.sciencedirect.com/science/article/pii/S1090780714003528?via%3Dihub
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Figure 3.22: Signal intensity as a function of ΔΔ for a flowrate of 1.0 mL min-1, along with curve fit to sinc function. 
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Figure 3.23: Experimental integrals and curve fits for all other flow rates. 

Calculated values of vmax are plotted against pump flow rate in Figure 3.24. The linear relationship 

indicates a linear response on increasing pump flow rate over these flowrates. This means that if the 

pump is correctly calibrated at a particular flowrate, the calibration can also be assumed to be correct 

at any other given flowrate within the range. 
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This method only gives information on the velocity on the z-direction and cannot tell us about flow 

velocities in the x-y plane. Nor does it give us information about turbulent flow within the active 

volume. 

Velocities obtained from this method correspond to the maximum velocity within the active volume, 

and not the average velocity. Calculating the expected average linear velocity through the flow tip 

from the volumetric flow rate gives a value around 5 mm s−1 at 4.0 mL min−1; this is half of the 

measured maximum velocity of almost 10 mm s−1. This is perhaps not surprising, considering the flow 

is not perfectly smooth, and there will always be a distribution of velocities due to both the pulsation 

of the peristaltic pump and the resulting turbulent flow. 

It must also be remembered that in the flow tip there are aliquots of solution flowing down through 

the polymer capillary as well as up through the glass tip. Solution flowing through the capillary has a 

must faster linear velocity than solution in the main body of the flow tip because the inner diameter 

of the capillary is only 0.5 mm. However, this also means its volume is significantly smaller and it 

therefore contributes only a fraction (<2%) of the spins detectable by NMR. Nevertheless, this small 

amount of fast flowing liquid could have a significant effect on the measured maximum velocity. 

 

Figure 3.24: Linear correlation between vmax from ΔΔ fitting and the volumetric flow rate supplied by the pump. 
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3.7  Refining the FlowDOSY method 

Having arrived at a range of parameters that produce good quality flow DOSY data with an acceptable 

degree of reproducibility, a set of better-performing conditions were chosen for further fine-tuning of 

the method: p30 = 1000 μs and d20 = 0.025 s (acquisition parameters C in Table 3.1 above), again with 

16 scans for each of 16 gradient intervals. DOSY spectra were acquired on a test solution of mesitylene, 

18-crown-6, cyclohexane and hexamethyldisiloxane each at 0.02 M in chloroform. The mixture was 

circulated through the flow system at selected flow rates up to 4.5 mL min-1. The importance of flow 

tip geometry, temperature regulation, and pump choice was investigated. 

3.7.1 Flow tip geometry – using silica capillary flow tube 

As mentioned in Section 3.2, the PEEK inlet tubing typically used within the flow tip has some 

limitations when it comes to magnetic field homogeneity. The flow tip is the part of the flow tube 

which fits directly inside the NMR probe, so the materials and construction have a significant impact 

on the data which are obtained. The flexible polymer tubing is non-uniform in shape, so flow of 

solution around it must also be non-uniform. Additionally, flow of solvent can cause the flexible 

polymer capillary to move within the flow tip. Finally, certain solvents such as chloroform have been 

observed to give rise to swelling and curling of the PEEK capillary. All these factors contribute to a lack 

of control of the nature of the flow.26 

Bruker have developed an upgraded version of the InsightMR flow tube which uses a fused silica 

capillary inside the flow tip in place of a flexible polymer tube. The silica flow tip is designed to improve 

spectral quality by reducing the turbulence of the flow, and improving magnetic field homogeneity. 

This is especially useful for mixtures which already suffer from poor shim resulting from other factors 

such as bubbles or multiple phases of solutions in the flow tip. However, it is worth noting that the 

silica capillary is very fragile and much more prone to breaking than any flexible polymer such as PEEK 

or Teflon. Extra care must be taken when removing the glass tip from the flow tube e.g. for cleaning. 

Reduction in turbulence would be expected to improve data quality for flow DOSY: the convection 

compensated experiment is effective in cancelling the effects of specifically linear flow and is not 

designed to account for any more complicated flow dynamics. 

Flow DOSY data were acquired on the test solution at flowrates between 0.0 and 4.5 mL/min, using 

both the PEEK flow tube and the silica-tipped flow tube. Perhaps surprisingly, the diffusion coefficients 

extracted from the data acquired with the silica flow tube were not significantly different to those 

acquired with the PEEK flow tube, and are generally within error of one another (Figure 3.25).  
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It is also informative to look at the sizes of the errors associated with each diffusion coefficient as 

calculated in Dynamics Center. These give an indication of the reliability of the diffusion data. Error 

values were averaged across the four molecules and are shown in Figure 3.26. The errors were not 

much smaller when acquired with the silica tip compared with the PEEK tip. These results suggest 

there is little to be gained from using this more delicate setup, and factors other than flow tip 

geometry are more important in dictating the quality of the diffusion data.   
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Figure 3.25: Measured diffusion coefficients as a function of flow rate show no significant difference when 
acquired with silica of PEEK capillary in flow tip (p30 = 1000 μs; d20 = 0.025 s). Data for PEEK capillary are 
represented by squares and silica capillary by circles. Diffusion coefficients for mesitylene are the average of 
both 1H signals. 
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Figure 3.26: Errors associated with diffusion measurements using silica-tipped flow tube are no smaller than 
with PEEK. 

3.7.2 Temperature regulation 

As has previously been discussed, DOSY is adversely affected by convection currents, and convection 

is stronger where larger temperature gradients are present in the sample.2 

For FlowNMR, unless the temperature of the flow path is carefully regulated the solution flowing 

through the spectrometer may be a different temperature to the NMR probe, giving rise to convection 

effects in the flow tip. As well as ensuring the reaction monitored in flow is representative of the 

offline reaction, good temperature regulation and homogeneity can improve the quality of the shim 

and resulting spectra.26 Likewise, lack of temperature regulation is expected to be detrimental to the 

quality of flow DOSY data.  

Temperature regulation is achieved by means of ethylene glycol-based heat exchanger fluid circulated 

alongside the tubing of the NMR flow path using a Julabo CORIO CD-300F heat exchanger. In the flow 

tube itself, the heat exchanger fluid entirely surrounds the tubing containing the reaction mixture, and 

in the rest of the flow path it runs parallel to it. In both cases, the tubes for heat exchanger fluid and 

reaction mixture are together enclosed in foam insulation. 

The importance of temperature regulation on room temperature (298 K) flow DOSY was investigated. 

DOSY spectra were acquired at flowrates from 0.0 to 4.0 mL/min with and without the flow tube heat 

exchanger set to 298 K. Experiments were performed using silica as well as PEEK tipped flow tubes. In 

all cases, the NMR probe was held at 298 K by means of air flow, as is standard procedure for room 
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temperature acquisition. Ambient temperature was around 20 °C. Measured diffusion coefficients are 

shown in Figure 3.27. 
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Figure 3.27: Observed diffusion coefficients acquired using silica and PEEK tipped flow tubes with and without 
active temperature regulation. (p30 = 1000 μs; d20 = 0.025 s) 

There is no consistent difference between the diffusion coefficients measured with and without the 

heat exchanger set to 298 K. For 18-crown-6 and cyclohexane, diffusion coefficients measured without 

temperature regulation are slightly higher, perhaps due to increased convection, but the differences 

are generally within error. 

As before there is a lot of variability in the error values, so the averages over all four molecules are 

shown in Figure 3.28. It is notable that the errors are generally greater for measurements that did not 

use thermal regulation. The errors also increase more quickly with increasing flow rate when no 

temperature regulation is used; this is the case for both the silica and PEEK flow tubes. 
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Figure 3.28 (p30 = 1000 μs; d20 = 0.025 s) 

It is therefore advisable to set the temperature of the flow tube and flow path to the same 

temperature as the probe when acquiring DOSY in flow – where temperature regulation is available. 

This is important even for “room temperature” reaction monitoring, not just for heated or cooled 

reactions. Good temperature regulation avoids increase in errors due to variation in temperature (and 

therefore variation in density, viscosity, diffusion velocities etc.) within the active volume of the flow 

tip. 

3.7.3 Pump pulsation 

For the majority of the flow chemistry in this work, a Vapourtec SF-10 V-3 peristaltic pump was used. 

This is a convenient-to-use pump with broad chemical compatibility. Due to its pumping mechanism 

– rotating rollers compressing fluoropolymer tubing to push fluid through (Figure 3.29, left) – it does 

not require priming and is able to pump gases as well as liquids. Calibration of flow rates is 

straightforward, and it can be used for flow rates up to 10.0 mL min-1. It works at pressures up to 

10 bar. However, this pump suffers from some degree of pulsation: the flow rate is not constant but 

fluctuates regularly over time, at a frequency that increases with flow rate. Pulsation magnitude at 

4.0 mL min-1 is up to 14%, with a frequency of 2.50 Hz (see Figure 3.3). This has a resulting effect on 

NMR signal since different aliquots of solution passing through the flow tip spend different residence 

times in the magnet and the active volume.26 
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Figure 3.29: Schematic diagram showing the pumping mechanism of a peristaltic pump (left) and a rotary tetra-
piston pump (right), as used in this work. White arrows indicate mechanical movements, and red arrows indicate 
fluid flow. Figures reproduced from Saib et al. (published by The Royal Society of Chemistry under a CC-BY 
licence).26 

Alternative pump designs are available which produce significantly less pulsation. For example, the 

Vici M6 HP pump is a rotary multi-piston pump which uses four pistons driven by a rotor on a stepper 

motor to deliver liquid smoothly. One piston is always filling, one dispensing, and the other two are at 

intermediate stages between filling and dispensing, as depicted in Figure 3.29 (right hand side). As a 

result, the pulsation at 4.0 mL min-1 is much lower at under 1% of the mean flow rate.26  

To investigate the importance of pump pulsation on DOSY acquisition, flow DOSY tests were carried 

out as above using the rotary piston pump instead of the peristaltic pump. Figure 3.30 shows a 

comparison between observed diffusion coefficient when diffusion data are acquired with each pump.  

https://pubs.rsc.org/en/content/articlelanding/2021/RE/D1RE00217A
https://pubs.rsc.org/en/content/articlelanding/2021/RE/D1RE00217A
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Figure 3.30: Difference in flow effects on measured diffusion coefficient of four molecules in chloroform using 
peristaltic (left) and rotary piston pumps (p30 = 1000 μs; d20 = 0.025 s). 
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Figure 3.31: Diffusion coefficients normalised for zero flow rate and averaged across four molecules. 

A distinct difference in flow effect is visible from the gradients of the graphs: remarkably, flow rate 

has almost no effect on the measured diffusion coefficient when the solution is circulated using the 

rotary piston pump up to 4.0 mL min-1. The change in diffusion coefficient is within the error of the 

measurement for all but hexamethyldisiloxane. For mesitylene and hexamethyldisiloxane, the 

observed value of D decreases slightly as flowrate increases.  

When the peristaltic pump is used, the error associated with D increases with flow rate meaning the 

measured values become less precise at higher flow rates. The same effect is not seen with the rotary 

piston pump. Instead, errors remain similar (or indeed become smaller) at all flow rates tested, which 

gives further confidence in the validity of the measured diffusion coefficients under these conditions. 
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Figure 3.32: Mean error in D for mesitylene, 18-crown-6, cyclohexane and hexamethyldisiloxane in chloroform 
plotted against flow rate between 0.0 and 4.5 mL min-1. With the rotary piston pump, error associated with 
observed D is approximately constant across the range of flow rates tested. With the peristaltic pump, errors 
increase with flowrate. (p30 = 1000 μs; d20 = 0.025 s) 

This improved performance is attributed to the much smoother flow. While pulsation has some 

negative effects on acquisition of other 1- and 2-dimensional NMR spectra, DOSY is particularly 

sensitive to differences in flow properties since it measures movement of molecules through space. 

The convection compensated pulse sequence is designed to eliminate the effects of linear flow, and it 

proves capable of doing this when the flow is smooth, as with the rotary piston pump. The pulsation 

of the peristaltic pump and resulting irregularity of flow within the active volume is thought to be 

responsible for the positive slope of graphs of observed D against flowrate. The convection 

compensated pulse sequence is not designed to correct for any variation in flow velocity, only for 

constant velocity flow. 

When analysing flow DOSY diffusion coefficients acquired using the peristaltic pump, it is necessary to 

correct for the contribution of flow to the observed value of D. With the rotary piston pump, however, 

the measured value at 4.0 mL min-1 is so close to the static value – and usually within error – that for 

most reaction monitoring purposes no such correction is necessary. This makes the smooth flow of 

the rotary piston pump considerably preferable for any online DOSY acquisition. Indeed, these results 

exceed all prior expectations for the effectiveness of this technique. 
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3.8 Conclusions  

The aims of this project were to find conditions under which reliable and accurate DOSY data could be 

obtained on a flowing sample. Convection compensation was found to be essential for obtaining 

useable data. Combined with this type of acquisition, three ways of obtaining accurate and precise 

diffusion coefficients on a flowing sample have been determined. In order of increasing effectiveness, 

they are: (1) using a low flow rate under 1-2 mL min-1 and a value of d20 below 0.05 s without a flow 

correction; (2) making a calibration curve to correct for flow effects at flow rates up to around 

4 mL min-1; and (3) using a pump which gives rise to minimal pulsation (with a flow effect correction 

if desired). 

Of particular note is the effective elimination of flow effects on measured diffusion coefficient when 

using the rotary multi-piston pump. This is a very welcome result as it allows measurement of diffusion 

NMR on flowing samples with the same ease and effectiveness as for static samples. 

The number of scans and number of gradient steps can be reduced to speed up acquisition and 

enhance temporal resolution, at the expense of sensitivity and accuracy of diffusion measurements, 

respectively. The FlowDOSY experiment has been reduced to 5 min without loss of accuracy of 

diffusion coefficients. Data density could also be further increased by interleaving data from multiple 

runs. 

The outcome of the method development described in this chapter is a set of best practice 

recommendations for acquiring accurate and reliable 1H diffusion data on a flowing sample with good 

spectral resolution and strong signal intensity. Some factors, such as pump choice, were found to be 

more important whereas others such as injection capillary orientation and rigidity made less of a 

significant difference under the conditions applied. Nevertheless, best results were achieved in this 

work with: convection compensated dstebpgp3s pulse sequence; smaller values of d20; slower 

flowrates; good thermal regulation on the path to the magnet; and use of a pump with minimal 

pulsation. Table 3.2 gives the best recommended conditions to acquire good quality flow data. Using 

these recommendations, diffusion coefficients of suitable accuracy for reaction monitoring have been 

obtained (see Chapter 5). 
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Table 3.2: Recommended conditions for flow DOSY acquisition, determined by the experiments in this chapter. 
Using these as a starting point, optimal conditions for new reaction systems may be found.  

Variable Recommendation 

Pulse sequence Convection compensation (dstebpgp3s) is essential. 

d20 Smaller values lead to smaller flow effects. 0.025–0.050 s works well. 

p30 Must not exceed the limits of the probe: in this case 1250 μs for 

dstebpgp3s pulse sequence. Larger values up to and including 1250 μs 

are preferable for larger molecules. 

Flow rate Lower flow rates give better results. Flow rates up to around 

4.0 mL min-1 are generally fine. 

d1 Can be reduced to nearly zero without problems. 

AQ Can be reduced to 1 s, provided FID is not truncated. 

Flip angle 80 – 90° gives best signal-to-noise. 

Internal references Use at least two molecules to create a calibration curve relating Dflow 

and Dstatic, so diffusion coefficients of unknowns can be calculated. 

Flow tip geometry Any. No significant difference between polymer capillary and fused 

silica capillary. 

Temperature regulation Use if available. 

Pump choice A pump with minimal pulsation is preferable. In cases where pulsation 

leads to significant flow effects, Dstatic can be calculated from a flow 

effect calibration curve. 

 

The development of FlowDOSY described above offers a new tool for online reaction monitoring that 

is already proving useful in understanding new and old reaction systems. Measuring accurate diffusion 

data on flowing mixtures gives access to rich information on molecular size and mobility that 

complements existing reaction monitoring techniques such as online GPC and 1H NMR, and is 

applicable to many different reaction systems. 
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3.9 Future work 

Having developed the 1H FlowDOSY technique to the point of being a reliable source of new 

information on reaction systems, a multitude of possible applications for reaction monitoring has 

opened up. There is scope for better understanding and characterisation of the physics and 

engineering aspects of measuring diffusion coefficients on a flowing sample. In addition, the 

applicability of FlowDOSY for reaction monitoring may be expanded by considering and controlling the 

effects of different conditions such as temperature, pressure, viscosity etc. on measured diffusion 

coefficient. 

It would be interesting to push the flow rate limits of the rotary tetra-piston pump to determine if 

there is a maximum flow rate before flow effects on measured diffusion coefficient take hold. 

Future optimisations of FlowDOSY parameters for monitoring specific reactions could be achieved by 

Design of Experiments so as to map out the best combination of acquisition parameters in a systematic 

manner. 

Often, mixtures of interest may contain molecules of very different molecular weights, from small 

molecules to large polymers. Therefore, the ability to acquire DOSY spectra with sufficient dynamic 

range in the diffusion dimension is important. This can be achieved by increasing the number of 

gradient points in the DOSY experiment (to, say, 32), and by using an exponential (rather than linear) 

spacing of gradient strengths. This has the effect of giving more dense sampling in the low molecular 

weight range, so large diffusion coefficients of small molecules can be accurately measured along with 

the slower diffusing large molecules in the same solution.4  

This work comprises only 1H DOSY, but established heteronuclear DOSY techniques are also a source 

of vital chemical information.15,35 The method development described in this chapter could be applied 

to heteronuclear FlowDOSY such as 19F or 31P DOSY in the same way as for 1H DOSY. For heteronuclei 

with low sensitivity, it may be necessary to use longer experiments with more scans, as is the case 

with low concentration 1H DOSY measurements, or to increase concentration where possible. The 

convection compensated pulse sequence sacrifices some sensitivity, but this is necessary for obtaining 

accurate diffusion data. 

DOSY combined with deconvolution by parallel factor analysis18 allows the interpretation of NMR 

spectra where signals of interest overlap. As a result, there is great potential for using FlowDOSY to 

follow the progress of reactions which suffer from this problem.  

For analysis of polymerisation reactions, information on the molecular weight distribution of the 

polymer product can be obtained from statistical analysis of diffusion data.36,37 Real-time information 



Chapter 3: FlowDOSY method development 

143 
 

on not just molecular weight evolution but also changes in dispersity would be very informative for 

studying polymerisations. These properties are usually measured by GPC, so access to this information 

via a non-intrusive technique would be very valuable, particularly where online GPC analysis is not 

available. 

A challenge in monitoring certain reactions including polymerisations with FlowDOSY arises where the 

viscosity of the reaction mixture changes during the reaction. An increase in viscosity over time would 

lead to an artificial decrease in the measured diffusion coefficients. While this can be mitigated to 

some extent with the use of low concentrations, this is detrimental to signal intensity. Corrections can 

be made for solvent viscosity using the Stokes-Einstein equation.38 In a similar way, using an inline 

viscometer it may be possible to use real-time viscosity measurements to correct diffusion data and 

obtain accurate diffusion coefficients, even when there are significant changes is viscosity throughout 

the reaction. 

DOSY can be performed at temperatures other than 298 K, and there is no reason for FlowDOSY to be 

limited to room temperature reactions. However, in this case, considerations of the effects of 

temperature on solvent viscosity must be made to achieve accurate diffusion coefficients.  

Finally, the most logical next step is to apply the FlowDOSY technique for monitoring changes in 

diffusion coefficient during reactions. The technique will be useful for any solution-phase reaction 

where there is a change in molecular size or shape, for example dimerization or aggregation. Applying 

the technique to diverse systems will bring new understanding of reaction mechanisms, as well as 

helping to fine-tune the conditions for acquiring FlowDOSY data of optimal quality.  
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3.10 Experimental 

3.10.1 Materials and methods 

All NMR data were acquired on a Bruker AVIII HD 500 MHz spectrometer equipped with a Prodigy 

cryoprobe or a Bruker BBO probe. FlowNMR measurements were performed using an InsightMR flow 

tube. 

L-lactide (98+%, Alfa Aesar) was recrystallized from toluene prior to use. Poly-L-lactide (Ingeo 6202D) 

was obtained from Natureworks and used as received. Chloroform (Fisher, stabilized with amylene or 

VWR, stabilized with ~0.6% ethanol), mesitylene (Acros), 18-crown-6 (Aldrich), adamantanecarboxylic 

acid (Aldrich), cyclohexane (VWR) and hexamethyldisiloxane (Alfa Aesar) were used without 

purification. Chromium(III) 2,4-pentanedionate obtained from Alfa Aesar was used without 

purification. 

3.10.2 Experimental details 

Initial flow DOSY tests (Section 3.3) 

A solution of poly-L-lactide (40 mg) in CHCl3 (distilled, 6.5 mL) was filtered through a Teflon syringe 

filter to remove any dust or solids, then circulated continuously throughout the flow system with a 

Vapourtec SF-10 V-3 peristaltic pump. The flowtube was maintained at 25 °C by means of Julabo 

CORIO CD 300F heat exchangers, and the NMR probe was kept at the same temperature. DOSY 

spectra, with and without convection compensation, were acquired at selected flowrates from 

0.1 mL min-1 to 4.0 mL min-1. Convection compensated DOSY spectra were obtained using the 

dstebpgp3s pulse sequence, and conventional DOSY spectra were obtained using ledbpgp2s. p30 and 

d20 values were set to 2000 and 0.100 respectively. A smooth rectangle gradient pulse was used, with 

gradient strengths between 6 and 58 G cm-1 (10–90%) and a linear ramp. Eight gradient steps were 

used for each DOSY spectrum, each with 16 scans. Diffusion coefficients and associated errors were 

obtained by curve fitting analysis using Dynamics Center.  

The above experiments were repeated with a filtered solution of L-lactide (80 mg, 0.56 mol, 0.044 M) 

and ethanol (~0.6% by volume) in chloroform (12.5 mL) circulating through the flow system. Only 

convection compensated DOSY experiments were performed, using p30 = 1000 μs and d20 = 0.05 s, 

and the data were processed as above. 
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Flow DOSY method development (Section 3.4) 

A single solution of five molecules with different diffusion coefficients was prepared in CHCl3 (7.50 mL) 

with each species at 0.02 M concentration; quantities are shown in Table 3.3. The solution was filtered 

prior to use. 

Table 3.3. Components of flow DOSY test solution, in CHCl3 (7.50 mL). Volumes are given for liquids. 

Component Mass / mg Volume / µL 

Mesitylene 18.0 21.0 

18-crown-6 39.6  

Adamantanecarboxylic acid 27.0  

Cyclohexane 12.6 16.2 

Hexamethyldisiloxane 21.6  

 

The heat exchangers controlling the temperature of the flow tube and flow path were set to 298 K, to 

match the temperature of the probe. A Bruker InsightMR flow tube with entirely PEEK tubing was used 

for these experiments. The test solution was circulated to fill the flow system using a Vapourtec SF-10 

V-3 peristaltic pump.  

For each experiment, the pump was set to selected flow rates between 0.0 and 10.0 mL min-1 and 

DOSY spectra were acquired at each flow rate. These experiments were repeated with different values 

of the DOSY acquisition parameters d20 and p30, as shown in Table 3.1.  

DOSY spectra were acquired using a convection compensated dstebpgp3s pulse sequence with a 

smooth rectangle gradient pulse. For each DOSY spectrum, 16 diffusion experiments each with 16 

scans were performed, in a linear ramp. The diffusion delay, d20, was set to a value between 0.010 

and 0.128 s, and the gradient pulse length, p30, was set between 500 and 1250 μs (Δ = 1.0 – 2.5 ms). 

Each DOSY acquisition took approximately 10 min 40 s. After phase and baseline correction in TopSpin, 

diffusion data were processed in Dynamics Center to obtain diffusion coefficients for all molecules 

present in solution. 

Optimising acquisition: relaxation delay, acquisition time and flip angle (Section 3.4.4) 

Experiments to optimise acquisition time by minimising d1 and AQ were carried out on a static sample 

of the DOSY test solution (0.5 mL, Table 3.3) in a conventional 5 mm NMR tube. The convection 
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compensated DOSY experiment dstebpgp3s was used, with 16 gradient steps and 16 scans. D1 was 

first reduced while keeping AQ constant (entries 1 to 3), then AQ was reduced to 1 s while keeping the 

lowest value of d1 (entry 4). Finally, using the smallest value of d1 and AQ, the flip angle was changed 

by setting p0 to 
𝑥°

90
 x p1 where 𝑥° is the desired flip angle and p1 is the 90° pulse width (entries 4 to 7). 

Table 3.4: acquisition parameters used in experiments to determine effect of shortening d1 and AQ. 

entry d1 / s AQ / s Flip angle / ° 

1 1 1.3631488 90 

2 0.5 1.3631488 90 

3 0.0000005 1.3631488 90 

4 0.0000005 1 90 

5 0.0000005 1 80 

6 0.0000005 1 70 

7 0.0000005 1 60 

Diffusion coefficients and associated errors were obtained for all spectra by curve fitting in Dynamics 

Center. Signal-to-noise values for entries 4 to 7 were measured using the sinocal command in TopSpin, 

with the noise region set to a 1 ppm width in the range 10 – 8 ppm, and the signal region set to a small, 

separate region containing each peak of interest (see Appendix). 

Flow DOSY optimisation (Section 3.7) 

For the following experiments, a solution of mesitylene, 18-crown-6, cyclohexane and 

hexamethyldisiloxane, each at 0.02 M in chloroform was circulated through the flow system.  The 

peristaltic pump, PEEK flow tube, and active temperature regulation with heat exchangers connected 

to the flow path were all used unless stated otherwise. One set of acquisition parameters was used 

for all the following experiments: d20 was set to 0.025 s, and p30 was 1000 μs. Once again, the 

dstebpgp3s pulse sequence was used with a smooth rectangle gradient pulse, 16 gradient steps, 16 

scans, and a linear ramp. The NMR probe remained at 298 K. DOSY data were acquire at flow rates 

from 0.0 to 4.5 mL min-1 to assess the effects on data quality of the following factors. 

• Temperature regulation: Equivalent DOSY experiments were carried out with and without 

active temperature regulation from the flow tube heat exchanger. These experiments were 

performed with both the PEEK flow tube and the silica tipped flow tube (see below). 

• NMR flow tip geometry: DOSY spectra were acquired using an InsightMR flow tube with a 

fused silica capillary in the flow tip and compared with the results from the PEEK flow tube.  
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• Pump pulsation: DOSY spectra were acquired while circulating the test solution using a Vici 

M6 HP rotary tetra-piston pump, and the results were compared with those from the 

peristaltic pump. 

Velocity imaging (Section Error! Reference source not found.) 

A solution of chromium(III) 2,4-pentanedionate (2.0 mg, 0.57 mM) in chloroform (9.5 mL CDCl3 and 

0.5 mL CHCl3, total 10.0 mL) was circulated through the flow system using the peristaltic pump. 

Velocity imaging experiments were carried out at seven flowrates from 0.0 to 4.0 mL min-1 using the 

convection_morris2 pulse programme.2 P30 was set to 1000 μs. A diffusion delay, Δ, of 0.08 s was 

used, with 29 different diffusion delay imbalance times, ΔΔ. These ranged from −0.07 and +0.07 s and 

included a greater density of data points at the centre of the distribution (small ΔΔ) to achieve more 

accurate velocity values. Eight scans were used for each value of ΔΔ. The data were processed in 

TopSpin using proc_convection, then maximum velocity at each flowrate was determined by curve 

fitting with a nonlinear least squares fit in MS Excel using Equation 3.3.  

Equation 3.3 

𝐹(𝛥𝛥) =
𝑆0 sin(𝛾𝛿𝐺𝐴G𝑣max 𝛥𝛥)

𝛾𝛿𝐺𝐴G𝑣max𝛥𝛥
 

𝑣max is the maximum velocity, AG is the gradient pulse shape factor, S0 is the maximum signal 

amplitude, and γ is the gyromagnetic ratio. 
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Transcript: 

Plastics are super useful. But depending on how we make, use and dispose of them they can be very 

damaging to our environment. Now we can make plastics which are renewable or compostable. But 

to do this efficiently, we need to know as much as we can about the molecules they’re made of.  

Molecules are really, really tiny. Knowing what molecules are doing on their tiny scale helps us solve 

big problems, like designing sustainable processes for making sustainable plastics. Molecules are 

constantly zooming and jiggling around in mixtures, just like fish swimming round a fish tank. So how 

can we measure how fast molecules are scooting around?  

I use a technique called DOSY, which is not a lesser-known friend of Snow White but a way of using 

huge magnets and radio waves to measure how fast molecules are diffusing through a mixture. So we 

use DOSY to spy on the fish in the tank and measure how fast they’re swimming. 

When we’re watching chemical reactions, we can do it the simple way – offline sampling, where we 

take little fish tanks out of our big reacting lake and put them into a machine to analyse them. But this 

takes time and there’s a delay between taking the sample and getting the information back. 

There’s another way which is a bit trickier to set up, but allows us to analyse our reaction in real time. 

This is pretty exciting because it gives us a more realistic picture of what’s happening and lets us in on 

secrets we couldn’t find out by other means. We do this real time monitoring by turning the reacting 

lake into a river and flowing it through a tube inside our probe, and collecting lots of data about it as 

it flows past. 

But this complicates things, because now the fish (our molecules) are swimming in a river that’s 

flowing much faster than they are swimming. So how can we measure the movement of just the fish, 

and ignore the movement of the water? 

In my PhD, I’ve found a way to do exactly this. The trick is to use a modified DOSY experiment which 

cancels out constant motion like the flow of the mixture, and allows us to focus in on the movement 

of the molecules themselves. 

In effect, I’ve jumped into my flow DOSY canoe and I’m floating along with the fish. From this vantage 

point, I can easily see how fast the fish are swimming, rather than seeing them rushing by in the river 

current. 

I’m using this technique to study the formation of a renewable polymer, or plastic. Flow DOSY allows 

me to watch the polymer molecules growing in real time. As we learn more about how these 

molecules behave, we can design better sustainable plastics. So studying these molecular “fish” 

swimming in our “river” can help make real rivers and oceans a safer place for real fish to live. 
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 Chapter 4: DOSY NMR and GPC for 

quantifying polymer molecular 

weight 

4.1 Introduction 

4.1.1 Molecular weight from DOSY 

Obtaining diffusion coefficients from DOSY NMR is just the first step towards measuring and 

quantifying the properties of the system under test. Diffusion coefficients themselves can be useful 

for investigating chemical systems, for example for identifying if a polymer sample may be a block 

copolymer by checking if the NMR signals for the different polymer sections have very similar diffusion 

coefficients.1,2 However, it is often informative to calculate other molecular properties from the 

diffusion coefficients, such as molecular weight. 

Calculating accurate molecular weights from measured diffusion coefficients (and vice versa) is not 

trivial, and results can be far removed from the true values if appropriate considerations are not taken. 

A simple approximation can be made using the Stokes-Einstein equation which relates diffusion 

coefficient, 𝐷, to the effective hydrodynamic radius, 𝑟H, of a molecule in solution.3  

Equation 4.1: Stokes-Einstein 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑟H

 

𝑘B is the Boltzmann constant,  𝑇 is the absolute temperature, and 𝜂 is the solvent viscosity. However, 

this relationship assumes the molecules are hard spheres and the solvent is a continuum. Corrections 

can be made to adjust the relationship for molecules that are not spherical. Modifications to the 

assumptions underlying the calculation, in the form of the Stokes−Einstein Gierer-Wirtz Estimation 

(SEGWE) method, improve the accuracy of the data.4 This allows consistent calculation of molecular 

weight and is applicable to small molecules up to 1500 g mol-1. The SEGWE method is not, however, 

applicable to large, flexible polymer molecules. 

The Stokes-Einstein equation is applicable to dilute polymer solutions, where the viscosity and density 

remain consistent and low, and the polymer molecules are more than five times the size of the solvent 

molecules.5 Flexible, linear polymer molecules tend to coil up in solution into roughly spherical shapes, 
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and molecules of different sizes have similar shapes to one another meaning the relationship holds 

true across the range of molecular weights. Polymer diffusion constants are found to be related to 

molecular weight by a power law (Equation 4.2) in which D is the diffusion coefficient, M is the molar 

mass and A and α are empirical constants relating to a particular polymer and solvent.6 

Equation 4.2 

𝐷 = 𝐴𝑀−𝛼 

Taking logarithms gives the linearised version of the equation: 

Equation 4.3 

 log 𝐷 =  −𝛼 log 𝑀 + log 𝐴 

This means a linear relationship between logD and logM should be observed. Therefore, it is often 

accurate and convenient to create an empirical calibration curve relating measured diffusion 

coefficient to molecular weight of known polymer standards. Once A and α are known, the molecular 

weight of unknown polymer samples can be deduced from the diffusion coefficient obtained via DOSY. 

The parameter α is inversely related to the fractal dimension of the analyte.5 

Calibration curves like this have been published for various polymers. These include linear poly(methyl 

methacrylate) (PMMA) where DOSY was performed in benzene and correlated to GPC results from 

refractive index detection,7 and linear polystyrene where absolute molecular weight data from multi-

angle light scattering (MALS) was correlated with DOSY results in benzene.5 

Until recently, a new correlation had to be made for each chemically or structurally different polymer 

in each new solvent. However, work by Voorter et al. demonstrates it is possible to correct for solvent 

viscosity and produce a universal calibration for all linear polymers. This also removes the need to 

obtain standard samples of known molecular weights for all polymers studied, which is very useful 

since calibration standards are only commercially available for a small number of polymers.8 

A useful review by Groves gives practical recommendations for acquiring good quality DOSY data on 

polymer samples. These include optimal ranges for acquisition parameters Δ and δ, as well as pulse 

sequence choice and processing tips.9   

4.1.2 Dispersity from DOSY  

As well as molecular weights themselves, with suitable data analysis it is possible to use pulsed field 

gradient NMR data to estimate the distribution of molecular weights of a polymer sample. Dispersity 

is described in Chapter 1, and is defined as: 
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Equation 4.4 

PD =  
𝑀w

𝑀n
 

Dispersity of a polymer sample gives rise to non-exponential decay of the signal during the DOSY 

experiment. An inverse Laplace transform can be used to analyse this to estimate the molecular mass 

distribution.10 However, this method is not very accurate and only an approximate value of dispersity 

can be obtained. Another method developed by Viéville at al. uses the DOSY signals for the chain end 

signals and the main repeat units, provided the fractal dimension of the polymer is known.11 This 

method can determine dispersity values for polymer samples with low and high dispersity, from 1.04 

to over 5. However, it is only applicable when the signal for the end group of the polymer is distinct 

and not overlapping with other signals so that separate diffusion coefficients for the end group and 

main chain may be extracted. 

4.1.3 Comparison of DOSY and GPC  

The GPC technique described in Chapter 1 is commonly used to determine the molecular weight and 

dispersity of polymer samples.  

As described above, and as shown in this chapter, both GPC and DOSY can provide accurate molecular 

weight data on polymers. However, while GPC is able to distinguish between samples of similar 

molecular weights, the error in the absolute values measured on different instruments has been 

stated to be as high as 20%.12–15 Provided gradients are properly calibrated and convection 

compensation is used when appropriate, the errors associated with DOSY measurements are generally 

significantly smaller than this.16  

GPC data often show significant variability from laboratory to laboratory and each instrument requires 

calibration before accurate data can be obtained. In contrast, DOSY experiments are much less 

dependent on the experimental setup, and hence results show little variability between laboratories. 

DOSY NMR equipment does not require an individual calibration, and the same calibration can be used 

in any laboratory.8 However, the shims, gradients and temperature controls of the instrument do need 

to be well-calibrated. 

DOSY measures diffusion coefficients which are directly related to the size and shape of the molecules 

in solution, but not to their molecular weights. Therefore, the correlations described above are used 

to estimate molecular weight. With GPC, different methods of detection can be used. Some, such as 

light scattering, give access to absolute molecular weight whereas others including refractive index 

(RI) detection require calibration to calculate molecular weight based on known standards. 
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Due to chromatographic fractionation prior to detection, GPC gives easier access to dispersity, 

whereas getting this information from DOSY data requires more in-depth analysis.11 

Running a single GPC sample typically takes between 30 and 45 min, although with rapid GPC the run 

time can be reduced down to 3–4 min.17 Similarly, while standard DOSY experiments can take around 

20 min to run, fast DOSY can be obtained within just a few minutes, as described in Chapter 3. This 

makes both techniques suitable for online monitoring of reactions on the timescale of minutes to 

hours. However, GPC requires sampling which introduces delays into data acquisition. 

4.1.4 Properties of cyclic and star polymers 

Unlike linear polymers which have two ends, cyclic polymers do not have any ends. This makes a 

significant difference to polymer dynamics. Constraining a polymer into a cyclic topology limits the 

conformations it can adopt. In addition, while a linear polymer can slip between chains of 

neighbouring polymers (reptation), cyclic polymer molecules cannot move in the same way. Cyclic 

polymers generally experience less entanglement than linear polymers, so their rheological properties 

differ. Cyclic polymers have much lower melt viscosities due to reduced chain entanglement, although 

this becomes more complicated for larger cyclic polymers molecules where intermolecular ring 

penetration is possible.18–21 

For the same molecular weight and chemical repeat units, cyclic polymers generally have smaller 

hydrodynamic volume than linear polymers. This is due to the constrained conformation of cyclic 

polymers, and it has been shown to be true for various polymers both empirically and by calculations. 

However, as molecular weight decreases, the difference in radius becomes less, and at low molecular 

weights (around 660 g mol-1 for polystyrene) the trend is reversed, and the radii of cyclic polymers 

become larger than the radii of linear polymers. This has been attributed to the fact that solvent 

molecules cannot penetrate small cyclic molecules, so the excluded volume is larger. This is known as 

the non-free draining effect.22 

Star polymers consist of three or more linear chains or “arms” connected to a central core. Like cyclic 

polymers, they also adopt more compact solution structures than linear polymers. Their 

hydrodynamic radii are smaller and their viscosities lower than linear polymers of the same molecular 

weight. Star polymers usually have significantly lower Tg, melting and crystallisation temperatures. 

However, the properties can also be strongly influenced by the nature of the core, particularly when 

the core is large or crosslinked.23  
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4.2 Aims 

The work in this chapter investigates the correlations between diffusion coefficient from DOSY NMR 

and weight average molecular weight (Mw) from GPC for three chemically different polymers with 

three different polymer architectures: linear and cyclic PLA; linear and cyclic poly(ε-decalactone) 

(PDL); and linear and star poly(methyl acrylate) (PMA), as shown in Table 4.1. In doing so, calibration 

curves are produced which allow the quantification of molecular weight from DOSY data for the 

polymers in question. Calibration curves for DOSY and GPC data for PLA and PDL have not previously 

been published. 

Table 4.1: Polymers studied in this chapter. 

 PLA PDL PMA 

Linear  ✓ ✓ ✓ 

Cyclic  ✓ ✓  

Star    ✓ 

For all polymer samples, the diffusion coefficient, D, was measured by DOSY NMR, and the weight 

average molecular weight, Mw, was obtained from GPC. DOSY data were also obtained directly on the 

reaction mixture during polymerisation of methyl acrylate in a flow reactor for comparison with SEC-

MALS results to obtain an accurate calibration curve. 

Differences in the calibration curve for polymers with the same chemical formula but different 

topology are investigated; this gives information on the differences in hydrodynamic radius and 

solution properties of linear polymers compared with their cyclic or star analogues. Comparing a linear 

polymer with a cyclic or star polymer of equal molecular weight, differences in their diffusion 

coefficients can be attributed to differences in their hydrodynamic radii due to their differing topology. 

 

  



Chapter 4: DOSY NMR and GPC for quantifying polymer molecular weight 

160 
 

4.3 Polylactide: linear and cyclic 

Calibrations were made between diffusion coefficient from DOSY and Mw from GPC for linear and 

cyclic PLA in chloroform. The structures of the monomer and polymer are shown in Figure 4.1. 

 

Figure 4.1: Structures of lactide monomer and polylactide. 

A preliminary study was performed in collaboration with Philip Yang who synthesised samples of linear 

PLA with weight average molecular weights (Mw) ranging from 17,000 to 47,000 g mol-1, and cyclic PLA 

from 22,000 to 45,000 g mol-1 and analysed these samples by GPC. DOSY analysis of the same samples 

was performed by the author. The logarithms of their diffusion coefficients from DOSY and Mw values 

from GPC are plotted in Figure 4.2.  

  

Figure 4.2: Linear versus cyclic PLA in chloroform. Mw values are from GPC with triple detection. Linear PLA: logD 
= -0.818 logMw -6.293; cyclic PLA: logD = -0.435 logMw -7.911. 

Next, the scope of the data was extended with the analysis of further linear PLA samples with lower 

molecular weight down to 2,600 g mol-1 (Figure 4.3), including five samples made by Ella Clark. The 

lactide monomer is included, with a molecular weight of 144 g mol-1. The GPC traces for the linear PLA 

samples were obtained by RI detection, and analysed against polystyrene standards, as is common 

practice. The numerical values were multiplied by 0.58 to obtain accurate molecular weights.24 An 
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appropriate correction factor for cyclic PLA is not known, and the cyclic PLA samples were analysed by 

triple detection to obtain absolute molecular weights. Despite the different detection and analysis 

methods for the data in Figure 4.3, the observed trends are thought to be real since the preliminary 

data in Figure 4.2 shows distinct calibration curves for the two topologies when measured with triple 

detection. Therefore, the difference between the calibration curves for the two polymer architectures 

is considered to be significant. 

  

Figure 4.3: Linear and cyclic PLA in chloroform, and lactide monomer. Error bars for diffusion measurement are 
smaller than markers. Linear PLA: logD = −0.589 logMw − 7.48; cyclic PLA: logD = −0.455 logMw − 7.81. 

The slope of the calibration curve for cyclic PLA is 23% less steep than that for linear PLA. This is 

expected as a result of the smaller hydrodynamic radii of the cyclic polymers of the same molecular 

weight, since the shape of the polymer is constrained in the cyclic topology. For the same molecular 

weight, the cyclic polymer diffuses more quickly due to its smaller hydrodynamic radius, as expected 

from the inverse relationship between 𝐷 and 𝑟H in the Stokes-Einstein equation, Equation 4.1. 

The empirical equation relating D to Mw for linear PLA in chloroform is observed to be the following: 

Equation 4.5 

log 𝐷 = −0.589 log 𝑀𝑤 − 7.48 

For cyclic PLA, the gradient is less steep, and the relationship is: 

Equation 4.6 

log 𝐷 = −0.455 log 𝑀𝑤 − 7.81 
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The graphs relating diffusion coefficient and molecular weight bear some similarity to Mark-Houwink 

plots which relate intrinsic viscosity to molecular weight. Mark-Houwink plots can be used to compare 

linear and cyclic polymers, since the viscosity of cyclic polymers is lower than that of linear polymers 

of the same molecular weight.25 The DOSY calibration curves come to similar conclusions regarding 

the difference between linear and cyclic PLA, namely the increased diffusion rate of cyclic versus linear 

polymers. 

The linear fits for the two polymer architectures in Figure 4.3 cross at around 290 g mol-1. This could 

be attributed to the same effect seen by Zhao et al. where small cyclic molecules have larger 

hydrodynamic radii than their linear analogues due to the non-free draining effect. Solvent molecules 

can no longer pass through the cyclic polymer molecules, making their effective radius larger.22 The 

value of 290 g mol-1 is smaller than the 660 g mol-1 reported for polystyrene in dichloromethane, 

which may be due to the fact that polystyrene has large phenyl side groups which prevent the 

dichloromethane solvent passing through even fairly large rings (around 6 repeat units), whereas PLA 

doesn’t have such large side groups and this is reflected in the molecular weight value which 

corresponds to around 2 lactide units. However, the numerical value of the crossover point is subject 

to uncertainty and more cyclic and linear samples of various molecular weights – particularly small 

cyclic polymers – are needed before it can be determined with certainty. 

These results are particularly interesting in the context of the work by Voorter et al. which showed 

how a universal calibration for all polymers may be made by correcting for solvent viscosity.8 The 

published work uses data from six chemically different polymers, but all were linear. The results above 

for linear and cyclic PLA confirm that the calibration curves are significantly different for these 

polymers which differ in topology. The difference in calibration curve cannot be eliminated with 

correction for solvent viscosity since all DOSY was carried out in chloroform. This means that a 

universal calibration for linear polymers is not applicable to cyclic PLA. Further investigations into the 

effect of polymer architecture on diffusion are needed.  
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4.4 Poly(ε-decalactone): linear and cyclic 

 

Figure 4.4: Structures of ε-decalactone monomer and poly(ε-decalactone), PDL. 

A preliminary study into the behaviour of linear and cyclic PDL was carried out in collaboration with 

Philip Yang who synthesised the samples and carried out GPC analysis.  

Samples of linear PDL with weight average molecular weights (Mw) from 15,000 to 36,000 g mol-1, and 

cyclic PDL from 13,000 to 23,000 g mol-1, were analysed by DOSY NMR in chloroform and GPC in THF 

with RI detection. Unlike for linear PLA, the GPC correction factor for PDL has not been determined 

since this polymer is much less studied.  

 

Figure 4.5: logD-logMw calibration curves for both linear and cyclic PDL (including the ε-decalactone monomer, 
170 g mol-1) using RI detection for GPC analysis. Both: logD = –0.555 logMw – 7.51. No correction factor has been 
applied. 

Figure 4.5 shows no significant difference in slope between the plots for linear and cyclic PDL. 

However, since the molecular weight data were acquired with RI detection and are not absolute, no 

conclusions can be drawn from these results about the different behaviours of the linear and cyclic 

polymers in solution.  

It is perhaps not surprising that the correlation between diffusion coefficient and molecular weight as 

measured by GPC with RI detection is the same for both polymer architectures as neither of these 

techniques directly measures molecular weight. Instead, they both measure properties which scale 
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with molecular weight. The diffusion coefficient is related to the hydrodynamic radius of the molecule 

which in turn is related to molecular weight but also depends on factors such as how densely the 

molecule is coiled. Similarly, when GPC is performed with RI detection the elution time is measured 

rather than the molecular weight itself. Elution time depends on the interactions between the solute 

molecules and the stationary phase, which are governed at least in part by the size and volume of the 

molecule. Therefore, both GPC and DOSY are indirectly measuring the size of the molecule but not the 

molecular weight. Corrections are used to estimate the true molecular weights. However, without 

separate methods for correcting for linear and cyclic polymers, the data cannot tell us much about the 

differences in their behaviour.  

The polymer samples were reanalysed using GPC with triple detection to obtain absolute molecular 

weights. There was some difficulty in obtaining reliable data by this method. However, the results for 

some of the polymer samples are shown in Figure 4.6. As above with PLA, the cyclic polymer has 

slightly larger diffusion coefficients for the same molecular weight, which can be attributed to its more 

constricted geometry and smaller hydrodynamic radius. The results for both cyclic and linear PDL give 

the trends that would be expected, but there is a less pronounced difference between the lines than 

for the linear and cyclic PLA. 

 

Figure 4.6: logD-logMw calibration curves for linear and cyclic PDL (including the ε-decalactone monomer, 170 
g mol-1) with GPC results analysed using triple analysis. Linear PDL logD = −0.589 logMw – 7.44; cyclic PDL logD = 
−0.561 logMw – 7.50. 

However, we only have a small number of datapoints, so the calibration curves are not very accurate. 

Based on the data available at the time of writing, it is not possible to say if there is a significant 

difference in the equations of the calibration curves. In addition, there is significant uncertainty in the 

molecular weight values which means that the vertical intercept is not known with a good degree of 

accuracy. More data are required before firm conclusions can be drawn.  
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4.5 Poly(methyl acrylate): linear and star 

4.5.1 Online monitoring of molecular weight during methyl acrylate 

polymerisation 

Note: The following experiments were performed in collaboration with Jeroen Vrijsen (JHV) from the 

group of Prof Tanja Junkers, and are published in Polymer Chemistry.26 Experimental work was carried 

out by Isabel Thomlinson (IAT) and JHV in the DReaM Facility, supported by Catherine Lyall, John Lowe 

and Martin Levere for instrumentation. Setup and running of the reactor were done by JHV and IAT, 

formulation of the reaction mixture was done by JHV, NMR analysis including DOSY was performed by 

IAT, and SEC-MALS was run by JHV. 

The purpose of this work was to demonstrate how DOSY NMR can be used to obtain accurate 

molecular weight information during polymerisation in a continuous flow reactor, with accuracy 

matching or exceeding that of GPC. 

Methyl acrylate (MA) was polymerised via reversible addition fragmentation chain transfer (RAFT) 

polymerisation to form linear poly(methyl acrylate) (PMA). A solution containing the monomer, RAFT 

agent and radical initiator was flowed through a custom-made flow reactor with an internal volume 

around 5 mL. The reactor was maintained at 85 °C to activate the reaction, and the reaction mixture 

was cooled to 4 °C after leaving the reactor to stop polymerisation. The flow rate, and therefore the 

residence time of reaction mixture in the reactor, was varied to obtain polymers of different molecular 

weights. Reaction conversion was measured via quantitative 1H NMR on the reaction mixture exiting 

the flow reactor. DOSY was used to monitor the diffusion coefficient of the resultant polymer, and 

thereby obtain information on molecular weight. Finally, samples were collected for MALS analysis to 

obtain absolute molecular weights. The setup for the flow reactor and NMR analysis is shown in Figure 

4.7. 

 

Figure 4.7: Flow reactor setup for polymerisation of methyl acrylate with online NMR analysis. 
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To obtain the most accurate DOSY data, once the reactor had equilibrated and the NMR flow tube was 

filled with reaction mixture, the bypass valve was switched so as to divert the flow of reaction mixture 

from the flow reactor straight to the outlet. This allowed the DOSY measurements to be made on a 

static sample, without the need for any FlowDOSY correction to the measured diffusion coefficients. 

Since the development of accurate FlowDOSY techniques, future experiments may be performed on 

flowing reaction mixture – examples are shown in Chapter 5. 

The logarithms of the diffusion coefficient from DOSY and Mw from GPC are plotted in Figure 4.8, along 

with previously published data on discrete oligomers of PMA. A single linear fit was found, spanning 

from a few hundred to over 12,000 g mol-1. This is perhaps surprising since it indicates that even the 

small oligomers (1 to 22 monomer units) studied by De Neve et al. show the same diffusion behaviour 

as the much larger polymers.27 It should also be noted that the work by De Neve et al. used deuterated 

chloroform as the solvent for DOSY, whereas in this work the solvent was toluene; however, the fit 

curve proves to be suitable for both datasets. 

 

Figure 4.8: Reproduced from Vrijsen et al. (published by The Royal Society of Chemistry under a CC-BY licence).26 
logD = −0.497 logMw  − 7.72  

The relative error associated with molecular weight determination from diffusion data is 

approximately 5%. This comes from the error in the individual diffusion coefficients (around 2.5% for 

these measurements) and the error associated with the slope of the calibration curve (also around 

2.5%). 

The DOSY experiments used here each took around 20 min to run. The number of scans and gradient 

steps were set to moderate values of 32 and 16 respectively. These could be reduced so as to achieve 

https://pubs.rsc.org/en/content/articlelanding/2020/PY/D0PY00475H
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much quicker results (around 5 min per experiment, see Chapter 3 Section 3.4.4), albeit at the cost of 

accuracy.  

This method for online NMR monitoring allows us to obtain accurate molecular weight data along with 

conversion in a relatively short time. Both forms of analysis are carried out on the same sample of 

reaction mixture without the need for isolation or preparation of the sample, apart from dilution to 

achieve accurate DOSY results.  

These results demonstrate that DOSY is a valid tool for monitoring polymer molecular weight during 

a polymerisation reaction. Coupled with the FlowDOSY method developed in Chapter 3, this allows for 

non-intrusive real time monitoring of Mw during polymerisation. This method is applied further in 

Chapter 5. 

4.5.2 Linear and star PMA 

Two three-arm and one 18-arm star samples of PMA with weight average molecular weights (Mw) 

from 16,000 to 243,000 g mol−1 were analysed by DOSY and GPC. GPC traces were analysed with 

respect to PMMA standards. These star PMA samples are compared with the linear PMA calibration 

curve produced in Section 4.5.1. 

 

Figure 4.9: logD-logMw calibration curve for star PMA samples, with the trend line for linear PMA for 
comparison. Star PMA y = -0.542 x – 7.605. 

From these data it appears than star PMA samples diffuse more slowly than linear PMA. This is not 

consistent with the expectation that they would have smaller hydrodynamic radii. These data used RI 

detection without any correction factor and are therefore not absolute. More accurate values could 

in theory be found with triple detection, although data obtained in this way were erratic. Viscometry 
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would be an appropriate technique for analysing these samples, and future experiments could use 

this method.  

However, even if the absolute molecular weights are not known accurately, and therefore the position 

of the calibration curve relative to that for linear PMA cannot be known, the observed trend is 

consistent with previous results. With more data points and more accurate molecular weights, 

conclusions may be drawn in the future.  
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4.6 Conclusions and future work 

Calibration curves correlating Mw and D for linear and cyclic PLA, linear and cyclic PDL, and linear and 

star PMA have been made. The calibration curve for linear PLA consists of nine polymer samples and 

is thought to be accurate. It is used in Chapter 5 for analysis of FlowDOSY results obtained during 

online reaction monitoring. A single calibration curve for linear PMA was capable of fitting data for 

samples over a wide molecular weight range from a few hundred to over 12,000 g mol-1. The 

calibration curves for linear and cyclic PDL and star PMA require more data, but trends from 

preliminary studies behave as expected based on theoretical arguments. Except for the calibration 

curve for linear PMA, which was analysed with MALS, all calibration curves would benefit from reliable 

absolute molecular weight data from GPC, viscometry or MALS. 

With PLA, clear differences can be seen between the equations of the lines of best fit for the two 

polymer architectures, with the cyclic polymer having larger diffusion coefficients for the same 

molecular weight. This is due to the smaller hydrodynamic radius of the cyclic polymer. Similar trends 

are seen for PDL albeit with a less pronounced difference, although the absolute values are less 

reliable. 

A crossover between the calibration curves for linear and cyclic PLA at 290 g mol-1 could be attributed 

to the non-free draining effect, meaning at low molecular weight cyclic polymers have larger 

hydrodynamic radii than their linear counterparts due to solvent no longer being able to penetrate 

the ring. 

These differences in calibration curves for different polymer topologies suggest that a universal 

calibration for linear polymers does not apply to polymer architectures other than linear. Further 

study of the diffusion properties of cyclic, star, and other polymers is required to broaden the 

applicability of these calibration curves for obtaining Mw from DOSY. This will further cement the utility 

of DOSY for accurate analysis of polymer molecular weight in solution.  

In online monitoring of RAFT polymerisation of methyl acrylate in a flow reactor, DOSY was shown to 

be at least as accurate as GPC for determining polymer molecular weight on a reaction mixture in real 

time, with relative errors around 5%. These NMR techniques give access to accurate molecular weight 

data along with conversion, via the same non-destructive technique.  
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4.7 Experimental 

4.7.1 Materials and methods 

Methyl acrylate (Alfa Aesar, 99%) was passed through a column of activated basic alumina to remove 

the inhibitor before polymerization. Azobisisobutyronitrile (AIBN, Acros Organics, 98%) was 

recrystallized from methanol prior to use. Hydroquinone (Acros Organics, 99%) was used without 

purification. 2-(Dodecylthiocarbonothioylthio)propionic acid (DoPAT) was synthesized by Jeroen 

Vrijsen following a literature procedure.28  

Linear and cyclic PLA were synthesised by Philip Yang and Ella Clark. Linear and cyclic poly(ε-

decalactone) were synthesised by Philip Yang. Linear and star PMA samples were produced by Gwen 

Lawson and Jeroen Vrijsen. 

Toluene (VWR, ≥99.9%, HPLC grade), tetrahydrofuran (VWR, 99.5%), methanol (VWR, ≥99.9%, HPLC 

grade) and deuterated chloroform (Euriso-Top) were used as received. 

Gel permeation chromatography (GPC) analysis was performed on an Agilent 1260 instrument with 

THF as the eluent. Linear PLA samples were measured with RI detection against polystyrene standards, 

with a correction factor of 0.58 applied to measured molecular weight values.24 Other samples were 

analysed by triple detection or RI detection, with no correction factor applied. 

DOSY and 1H NMR data for polymer samples were acquired on a Bruker Ultrashield 500 MHz Avance 

III HD equipped with a Prodigy cryoprobe or a room temperature BBO probe, or a 500 MHz 

spectrometer with a Bruker BBFO probe. 

4.7.2 Experimental procedures 

Linear and cyclic PLA calibration curves Samples of PLA (either linear or cyclic) were dissolved in CDCl3 

at a concentration of 2 mg mL-1, and DOSY NMR was performed with convection compensation (cyclic, 

and linear polymers >25,000 g mol-1, dstebpgp3s, d20 0.15 s, p30 1250 μs, 16 gradient steps, 16 

scans), or without convection compensation (linear polymers <25,000 g mol-1, ledbpgp2s, d20 0.10 s, 

p30 2000 μs, eight gradient steps, 16 scans). Molecular weight data for the linear samples was 

obtained by GPC in THF at 2 mg mL-1 against polystyrene standards, with a correction factor of 0.58 

applied.24 For the cyclic samples, GPC was performed with triple detection to obtain absolute 

molecular weights. 

Linear and cyclic poly(ε-decalactone) and star PMA calibration curves Samples of PDL (linear with Mw 

from 15,000 to 36,000 g mol-1, and cyclic with Mw from 13,000 to 23,000 g mol-1) or PMA (three 

samples of 3- and 18-armed star PMA with molecular weights (Mw) from 16,000 to 243,000 g mol−1) 
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were dissolved in CDCl3 at a concentration of 2 mg mL-1, and DOSY NMR was performed with 

convection compensated pulse sequence dstebpgp3s. d20 0.15 s, p30 1250 μs, 16 gradient steps, 16 

scans. GPC samples were prepared in THF at 2 mg mL-1 and data were analysed with RI detection and 

triple analysis. No correction factor was applied. 

Polymerization of methyl acrylate via thermal RAFT A solution of methyl acrylate, DoPAT and AIBN in 

toluene was prepared as per the ratios in Table 4.2, with a monomer concentration of 1.0 M in a total 

volume of 150 mL. The solution was filtered through a 0.45 µm filter and degassed by bubbling with 

argon for 30 min.  

Table 4.2. Ratios of components in reaction solutions used for polymerisation. 

Solution DoPAT AIBN Methyl acrylate 

A 1 0.15 100 

B 1 0.15 250 

C 1 0.15 500 

A flow reactor with an internal volume of 5 mL was constructed from PEEK tubing (1/16” OD, 0.75 mm 

ID, SGE Analytical Science) with a backpressure regulator (100 psi, Upchurch Scientific) at the outlet. 

The reactor tubing was maintained at 85 °C in an oil bath. The solution was pumped through the 

reactor using a peristaltic pump (Vapourtec SF-10) and cooled to 4 °C on leaving the reactor. The outlet 

of the flow reactor led into the NMR spectrometer (Bruker AVIII 500 MHz spectrometer equipped with 

a Prodigy cryoprobe) via an InsightMR flow tube.  

Residence times were screened by varying the flowrate through the reactor. After allowing the 

reaction to equilibrate for 1.5 times the residence time, a quantitative 1H-NMR spectrum was obtained 

to measure conversion.  

For DOSY acquisition, the solution exiting the flow reactor was diluted in a 1:10 ratio with the use of a 

second peristaltic pump introducing toluene to the flow path at a higher flowrate. Once the NMR flow 

tube was filled with dilute reaction mixture, the sample flow was diverted from the NMR spectrometer 

with a bypass valve prior to measurements so as to acquire under non-flowing conditions. DOSY 

experiments were performed using a convection compensated dstebpgp3s pulse sequence.29 A 

smooth rectangle gradient pulse was used, with gradient strength 6 – 57 G cm-1. Each DOSY spectrum 

consisted of 16 gradient steps in a linear ramp each with 32 scans. A diffusion delay, δ, of 80 ms and 

a gradient pulse length, Δ, of 2.4 ms (p30 = 1.2 ms) were used for most polymers. For higher molecular 

weight polymers, δ and Δ were set to 80 ms and 3.2 ms respectively. Phase and baseline correction 

were performed in TopSpin before processing in Dynamics Center to obtain numerical diffusion 

coefficients. 
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Samples of reaction mixture were collected in a solution of hydroquinone in methanol to inhibit 

further polymerization and were analysed by SEC-MALS by Jeroen Vrijsen using a Tosoh EcoSEC HLC-

8320GPC.   
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 Chapter 5: Polymerisation reaction 

monitoring 

5.1 Introduction 

5.1.1 Polymerisation monitoring 

Different techniques can be used for monitoring polymerisation reactions, depending on what 

information is required. Reaction conversion and kinetic information can be obtained by following 

consumption of starting materials or formation of products by techniques such as NMR or FTIR. 

Properties of the polymer product such as molecular weight and dispersity can be measure by GPC or 

viscometry.1 Some of the analytical techniques useful for polymerisation reaction monitoring are 

described below. 

5.1.1.1 NMR 

NMR for reaction monitoring was introduced in Chapter 1. Offline sampling of polymerisation 

reactions for NMR analysis gives access to conversion at different points during the reaction, and as 

such is widely used for kinetic studies.2 In situ NMR experiments can be used to gain more information 

on the reaction system, in particular when there are several different chemical species each with 

important roles in the catalytic process. In situ NMR studies were used by Raman et al. to investigate 

formation of block copolymers with a zinc catalyst. They were able to demonstrate that CO2 released 

in the first stage of the reaction – ROP of an O-carboxyanhydride – was consumed in formation of the 

polycarbonate part of the block copolymer. IR was also used to follow the changes in CO2 

concentration as it was produced then consumed.3 

The above example used high-field NMR, but low-field benchtop NMR is also a valuable tool for 

polymerisation monitoring. It works well for this application since concentrations in polymerisation 

reactions are often high.4 Knox et al. have used benchtop NMR for monitoring reversible addition-

fragmentation chain-transfer (RAFT) polymerisations in batch and continuous flow reactors. As with 

high-field NMR monitoring, conversion was quantified at regular time intervals during the reaction. 

The benchtop NMR technique is able to follow reaction progress even on a fairly short timescale – 

polymerisation was complete in under five minutes.5 

For monitoring polymerisation reactions on even shorter timescales, stopped-flow NMR is a more 

suitable technique. It provides access to the first few seconds of a reaction, which is invaluable for 
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understanding initiation as well as following reactions that go to completion in a very short time. This 

has been used for studying polymerisation reactions, for example polymerisation of lactide with an N-

heterocyclic carbene catalyst. Fast acquisition allowed observation of conversion between rac- and 

meso-lactide which occurs during the first 10 s.6 

5.1.1.2 Infrared and Raman spectroscopy 

Vibrational spectroscopy including infrared (IR) and Raman gives information about the functional 

groups present in a sample, and provides a characteristic fingerprint of the molecules present in a 

mixture.  

IR can be applied to inline/online monitoring of polymerisation reactions, with the advantage of high 

sensitivity for functionalities with strong IR absorptions, and fast scanning. For example, production 

of polyurethanes from propylene oxide and CO2 has been monitored by in situ ATR IR. Using this 

technique, consumption of the monomer propylene oxide was monitored and found to follow a first-

order kinetic regime.7 FT-IR was used to monitor the synthesis of methacrylate-acrylate block 

copolymers.8 

In situ Raman was used to monitor solvent-free melt polymerisation of rac-lactide with zinc guanidine 

complexes. Spectra were acquired every 2 min with the Raman probe in the reaction in an autoclave, 

and the reaction rate was consistent with that derived from 1H NMR monitoring.9 

These techniques can be performed on reactions in the melt phase as well as in solution, which is an 

advantage for industrially relevant process monitoring. However, they can suffer from complex 

spectra with overlapping peaks which may require deconvolution.  

5.1.1.3 Gel permeation chromatography (GPC) 

While the above techniques generally provide information on the types and structures of molecules 

present and their concentrations, other techniques can be used to characterise more specific 

properties of the analytes. Measurement of molecular weights of polymers during polymerisation is 

particularly useful, and this can be achieved with GPC analysis. A GPC instrument can be set up to 

sample directly from a reaction mixture. The sample can be injected into a rapid column which takes 

as little as 3 min to run, rather than conventional GPC analysis which takes 30–45 min. Online rapid 

GPC has been used to monitor radical polymerisation of methyl acrylate.10,11 Sampling, dilution and 

injection can be automated for convenient online analysis and high throughput screening of reaction 

conditions.12 
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5.1.1.4 Automated Continuous Online Monitoring of Polymerization Reactions (ACOMP) 

Combining multiple techniques to simultaneously monitor one reaction system affords rich and varied 

information to characterise the reaction. One such setup is the Automated Continuous Online 

Monitoring of Polymerization Reactions (ACOMP) system which includes ultraviolet absorbance (UV), 

a refractometer (RI), time-dependent static light scattering (TDSLS), and a viscometer. These 

techniques allow monitoring of conversion as well as quantification of polymer molecular weight and 

dispersity during the reaction.13 The reaction is performed in a reactor under controlled conditions of 

temperature, pressure, pH etc., and the liquid reaction mixture is continuously sampled. Prior to 

analysis by the various detectors, the reaction mixture must be diluted.14 Other detectors can be 

added in addition to the ones mentioned above, provided they have a flow cell or can be inserted 

directly into the reactor (e.g. a pH probe). Due to the complementarity of the monitoring techniques, 

ACOMP can be used to monitor copolymerisations with simultaneous quantification of the reaction 

rates of two monomers.15 

The approach with ACOMP of using several different, complementary techniques to characterise a 

reaction is reminiscent of the DReaM Facility where the online reaction monitoring in this chapter was 

carried out.  
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5.2 Aims 

This work focuses on real-time monitoring of two ROP reactions of lactide: L-lactide with tin(II) 2-

ethylhexanoate, and rac-lactide with a zirconium amine trisphenolate complex initiator. Reactions are 

monitored by FlowNMR experiments including FlowDOSY, as well as online GPC and online 

polarimetry. These experiments aim to demonstrate the breadth and depth of information on 

polymerisation reaction systems that can be obtained using one or more real time monitoring 

techniques. Conversion is obtained from 1H NMR, and FlowDOSY and online GPC are used to quantify 

molecular weight, dispersity, and diffusion properties. Stereochemical information is obtained from 

polarimetry and homonuclear decoupled NMR. Further, the aim is to use this information to gain a 

better understanding of the mechanism of chain growth and stereoselectivity in order to better 

control these reactions by modification of reaction conditions or fine-tuning of catalysts and reagents.  
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5.3 Stereochemical monitoring in real time 

The following experiments demonstrate online monitoring techniques that can be used to obtain 

stereochemical information about reactions in real time. These techniques are polarimetry which 

measures the rotation of monochrome, circularly polarised light by optically active molecules in 

solution, and homonuclear decoupled NMR which gives access to information about polymer 

microstructure and tacticity due to diastereomeric discrimination of neighbouring stereocentres. 

5.3.1 Tin octoate catalysed ROP of lactide 

L-lactide was chosen as a suitable chiral, non-racemic monomer for experiments into online 

monitoring of stereochemistry during polymerisation. L-lactide can be polymerised to PLLA using tin(II) 

2-ethylhexanoate (tin octoate, SnOct2) which is the catalyst most commonly used in industry for this 

process. The kinetics and mechanism of this reaction have been extensively studied in the past.16,17  

While many industrial polymerisations of lactide use solvent-free melt conditions, for FlowNMR it is 

necessary to choose conditions which will work effectively with the flow setup. This means keeping 

the viscosity of the reaction mixture low enough for it to pass through the narrow tubing (minimum 

internal diameter 0.50 mm) without increasing the pressure above the limit of the peristaltic pump 

(10 bar). In addition, no solid precipitate can form during the reaction: reagents and products must 

not crystallise or solidify inside the tubing as this would cause blockages. Chloroform (non-deuterated) 

was used as a solvent because of its ability to dissolve high molecular weight PLA, as well as having a 

single 1H NMR resonance far away from other peaks of interest. The available temperature range for 

the flow system is between −25 and +80 °C, depending on the setup. A catalyst system modified from 

Kowalski et al.18 was used for these experiments, and the reaction is shown in Scheme 5.1.  

 

Scheme 5.1: Polymerisation of L-lactide to PLLA by SnOct2 with n-butanol as a co-initiator in chloroform at 50 °C. 

Sn catalysed ROP of lactide was carried out with monitoring by NMR (including solvent supressed 1H 

and homonuclear decoupled 1H NMR spectra) and online polarimetry. A solution of the monomer in 

chloroform was circulated through the flow system, then the reaction was initiated by adding 

solutions of SnOct2 and n-butanol. The loadings of catalyst and co-initiator with respect to lactide were 

5mol% and 10mol% respectively. The reaction vessel, flow system and NMR probe were maintained 

at 50 °C and the reaction was stirred under an inert atmosphere.  
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Figure 5.1: Example 1H NMR spectrum showing the methine region. The isotactic PLLA peak grows in at 5.15 ppm 
as the L-lactide quartet shrinks at 5.05 ppm. 

1H NMR spectra acquired every 7 min during polymerisation were used to determine the 

concentration of species in solution. An example NMR spectrum is shown in Figure 5.1. The 

concentrations of monomer and polymer were extracted from 1H integrals following a flow effect 

correction to obtain quantitative concentration data.19 This allows us to calculate reaction conversion 

at every time point, and to probe the kinetics of the reaction. Figure 5.2 shows a kinetic plot for the 

initial stage of the reaction. Unfortunately, the reaction had to be stopped at around 10% conversion 

due to concerns about the rising pump pressure. As a result, the process is better described as 

oligomerisation than polymerisation, and the reaction products consisted of only 1–2 lactide repeat 

units. 

 

Figure 5.2: Pseudo-first order kinetic plot for ROP of L-lactide, as measured from the integrals of the monomer 
and polymer 1H signals from FlowNMR. 
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5.3.2 Optical rotation monitoring 

Specific rotation of a substance in solution at temperature 𝑇 measured with polarised light of 

wavelength 𝜆 is defined as 

[𝛼]𝜆
𝑇 =  

𝛼

𝑙 𝑐
 

where 𝛼 is the measured rotation in degrees, 𝑙 is the path length in decimetres, and 𝑐 is the 

concentration in g mL−1. 

If the reactants and products of a reaction have different specific rotation values, monitoring of the 

optical rotation of the reaction mixture can provide another source of information on the process. 

Optical rotation is a simple yet effective technique for monitoring concentrations of optically active 

molecules, from pharmaceuticals to sugars. L-lactide and PLLA have significantly different specific 

rotation to one another ([𝛼]𝐷
22 −260° for L-lactide and −142° for the polymer),20 so a change in optical 

rotation of the reaction mixture during the reaction is expected. A caveat is that if there are any 

intermediates, side products, other reagents etc. which are chiral, then any significant concentration 

of those species will also contribute to the overall optical rotation of the reaction mixture. Therefore, 

care must be taken to understand what is being measured when analysing the data and drawing 

conclusions. This can be achieved when polarimetry is used in conjunction with the complementary 

technique of 1H FlowNMR.  

A polarimeter with a flow-through cell was used to record optical rotation measurements at regular 

time intervals of 2 min, interfaced with a computer via a Python script written by Dr Matthew O’Neill 

to collect numerical optical rotation values at set time intervals. The polarimeter cell is a cylinder of 

length 10 cm and diameter 5 mm and has a volume of just under 2 mL; this is a significant volume 

compared with the rest of the flow system which has a volume of around 4 mL, depending on the 

lengths of tubing and the analytical equipment being used. Therefore, the polarimeter cell is only 

included in the flow path if it is actively being used. 

Optical rotation data can give us information about the stereochemical purity of the polymer as it is 

being formed. If we assume the only contributors to the measured optical rotation value are lactide 

and the growing PLA chain, we can calculate the expected value of optical rotation at any given lactide 

conversion and compare this with the measured value. We can also calculate the mole fraction of 

monomer and polymer, and therefore the conversion, from the measured specific rotation, and 

compare this with conversion from 1H NMR. The above assumptions are valid when the only chiral 

components are the monomer and polymer; this is expected to be true for a controlled living 

polymerisation in which at any one time all monomer is either unchanged or incorporated into a 
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growing chain. Deviations away from the predicted value towards zero could be a result of 

epimerisation taking place during polymerisation, producing a polymer of lower optical purity. SnOct2 

gives rise to minimal racemisation of the chiral centres during polymerisation at moderate reaction 

temperatures in organic solvents, so the specific rotation of the polymer product is expected to be 

very close to that of pure PLLA.21  

 

Figure 5.3: Change in specific rotation (by initial mass of lactide) of the reaction mixture during the course of the 
reaction (589 nm, 25 °C). The magnitude of the specific rotation decreases from the value of the starting material 
towards that of the product. 

A calibration curve was obtained (see Appendix) for optical rotation of mixtures of L-lactide and PLLA 

in chloroform in different ratios from pure polymer solution to pure monomer solution. The straight-

line plot confirms the additivity of the specific rotation values of the L-lactide and PLLA, and in turn 

this means it is possible to deduce the mole fraction of monomer and polymer from raw optical 

rotation data on mixtures of the two. Assuming the only contribution to the measured optical rotation 

comes from L-lactide and PLLA, we can calculate the mole fraction of each component at every 

timepoint, and from this we obtain the conversion. However, the optical rotation data shown in Figure 

5.4 suggest a conversion of 37% rather than 10% as measured by NMR. This discrepancy could be 

explained by the short oligomers having a less negative optical rotation than either L-lactide or PLLA. 

In this experiment, the extent of polymerisation was low so the products would be expected to consist 

of short oligomers (no more than a couple of lactide units per chain), so the specific rotation cannot 

be assumed to be the same as that for high molecular weight PLLA. The molecular weight of PLLA must 

be above 6000 g mol-1 before its specific rotation reaches a constant value of −142°.22 Optical rotation 

monitoring is expected to give more accurate conversion data in the later stages of the reaction once 

the growing polymer chains are larger than 6000 g mol-1. In addition, coordination of the growing 
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chain to the metal centre may affect the optical rotation in unpredictable ways. Some of the 

discrepancy in optical rotation data could be accounted for by racemisation and loss of optical purity 

in the monomer and oligomers, although this is not expected to be significant. 

 

Figure 5.4: Reaction conversion as measured by 1H NMR and optical rotation. Conversion from optical rotation 
proves inaccurate for the small oligomers in this reaction mixture. 

5.3.3 Homonuclear decoupled NMR in flow 

The methine region of the 1H spectrum of perfectly stereoregular PLLA contains a single quartet. For 

any PLA sample that is not completely isotactic, multiple quartets will be observed, arising from the 

different proton environments in sections of the polymer chain with different local stereochemical 

sequences. Homonuclear decoupled NMR can be used to simplify the spectrum: the protons of 

interest are decoupled from the neighbouring methyl group by irradiating at the frequency of the 

methyl protons. This collapses the PLA methine signals to singlets. Not only does this make the 

spectrum easier to interpret, but it also allows for identification of the polymer microstructure and 

quantification of the relative numbers of different sequences of stereochemistry within the polymer 

chain. This is an established method for identifying PLA tacticity.22,23  

For most FlowNMR monitoring experiments, InsightMR software is used to queue NMR experiments 

and run them automatically at set time intervals over a period of hours or even days. To obtain 

stereochemical information about the growing polymer chain by FlowNMR, the homonuclear 

decoupled 1H NMR experiment was set up to run in InsightMR. The chemical shift location in ppm of 

the decoupling pulse must be specified using the parameter o2p when setting up the experiments. 

Homonuclear decoupled spectra were acquired along with solvent suppressed 1H spectra, alternating 

between the two experiments during the reaction. Figure 5.5 shows both types of 1H spectrum, with 
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and without decoupling, for the Sn catalysed ROP of L-lactide described above. The location of the 

decoupling pulse can be seen around 1.5 ppm. The effect of decoupling on the methine region is seen 

in the presence of apparent singlets downfield of the lactide quartet at 5.02 ppm. A decoupled 

spectrum of pure PLLA should show just one singlet in this region; the presence of multiple peaks in 

this reaction can perhaps be attributed to the very low degree of polymerisation in this case. 

  

Figure 5.5: Homonuclear decoupled 1H NMR spectrum of the flowing reaction mixture (bottom), with solvent 
suppressed 1H spectrum (top) for comparison. 

Homonuclear decoupled spectra for an entire polymerisation reaction may be integrated to find the 

relative intensities of the peaks in the methine region, and thereby to quantify the stereopurity with 

metrics such as the probabilities of isotactic or racemic enchainment, Pi or Pr respectively.22,24,25 

Monitoring how these numbers change during the reaction – rather than a single post-reaction 

analysis – would give insight into how stereoselectivity changes over time, and therefore may allow 

for better control of polymer microstructure. 

5.3.4 Stereochemical monitoring: Conclusions 

The above experiments demonstrate two online monitoring techniques which can be used to obtain 

stereochemical information on chemical reactions in real time.  

Homonuclear decoupled 1H NMR is of particular use in the specific example of determining PLA 

tacticity since its use in this area is well established. The development of polymer stereochemistry can 

be followed throughout the reaction, which could give new insight into the stereoselectivity of 

different catalyst systems. In addition, both band-selective and broadband homonuclear decoupling 

1H NMR spectrum  
(solvent suppressed) 
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experiments find applications in simplifying complicated spectra of all kinds of molecules and may 

therefore be of use in monitoring other reactions.  

Direct monitoring of optical rotation of the reaction mixture is more generally applicable since it can 

measure changes in optical activity during any solution-phase reaction involving chiral species. 

However, it is limited by the fact that the measured value is the sum of contributions from all optically 

active species in the reaction mixture, so interpreting the results unambiguously is challenging. 

Nevertheless, it can complement other reaction monitoring techniques such as 1H NMR which give 

information about conversion and formation of intermediates etc. 
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5.4 ROP of lactide with Zr amine trisphenolate 

The zirconium amine trisphenolate complex shown in Figure 5.6 was chosen as the initiator in a test 

system for monitoring the polymerisation of lactide by FlowNMR and online GPC. This ROP initiator 

has previously been studied26–28 with lactide so kinetic data obtained here may be compared with 

literature data. The reaction was monitored using techniques that have not previously been applied 

to this system, namely FlowNMR (including FlowDOSY) and online GPC, offering access to new 

information about the reaction system. 

 

Figure 5.6: Structure of the Zr amine trisphenolate initiator used in this work. The isopropoxide ligand initiates 
ring opening of lactide. 

The Zr amine trisphenolate initiator facilitates ROP of lactide with a coordination-insertion 

mechanism, which was described in Chapter 1. Due to the shape of the ligand around the metal centre, 

the catalyst favours alternating insertion of L-lactide followed by D-lactide, controlled by a dynamic 

enantiomorphic site control mechanism. As a result, it polymerises rac-lactide seven times faster than 

either pure D- or L-lactide. The product is heterotactic PLA which has a repeating R-R-S-S 

microstructure (Scheme 5.2). The probability of racemic enchainment – sequential insertion of 

monomers of opposite chirality – is high at 0.96. The reaction is first order in monomer, and initiation 

is rapid. The propagation rate constant, kp, for polymerisation in CDCl3 solution is 0.63 M−1 min−1.27  

 

Scheme 5.2: Reaction scheme for ROP of rac-lactide with the Zr amine trisphenolate initiator. 

The Zr complex was synthesised and purified by the published method.26 Chloroform was again used 

as a solvent because it readily dissolves PLA even at high molecular weight and high concentration, 

and therefore minimises the risk of solid polymer precipitating in the flow system. The reaction 

conversion at every time point was obtained from the integrals of the monomer and polymer. An 

example spectrum is shown in Figure 5.7. 
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Figure 5.7: Example 1H NMR spectrum of the methine region during polymerisation, showing a quartet for lactide 
(5.04 ppm) and two quartets for heterotactic PLA (5.12 and 5.19 ppm).  

5.4.1 Offline ROP reactions 

Prior to monitoring a new reaction by FlowNMR, it is important to run test reactions at a similar scale 

and concentration as the proposed online reaction. This serves to check that the reaction is suitable 

for circulation through the flow system, to benchmark the expected reaction rate, to identify NMR 

peaks of interest that can be used to follow conversion and selectivity over time (where possible), and 

to verify that no solid is precipitated at any point during the reaction which could block the narrow 

tubing.  

First, the Zr complex was used as an initiator for polymerisation of rac-lactide in a static NMR tube in 

CDCl3 at room temperature as a benchmark activity test prior to scaling up to several millilitres for 

FlowNMR monitoring. With a catalyst loading of 1mol%, the reaction reached 97% conversion after 

around 13 h. This indicates the monomer, initiator and solvent were all of acceptable purity. The 

product was analysed by GPC and found to have Mn and Mw of 10,300 and 11,300 g mol-1 respectively, 

and a dispersity of 1.10. This suggests a degree of polymerisation of around 72, which is close to the 

expected value of 100 for this catalyst loading, especially given the errors associated with weighing 

very small amounts of catalyst.  

To benchmark the kinetics in an offline reaction, ROP of rac-lactide in proteo chloroform with the Zr 

amine trisphenolate initiator was performed at room temperature in a Schlenk flask under argon. 

Samples were taken periodically for 1H NMR analysis, and the results are shown in Figure 5.8. The 

gradient of the plot is 0.0020 min-1 which, when divided by the concentration of the catalyst (which is 

equal to the concentration of growing polymer chains), gives a propagation rate constant, kp, of 
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0.61 M−1 min−1.29 This is very close to the published value of 0.63 M−1 min−1 under equivalent 

conditions in CDCl3.27 

 

Figure 5.8: Plot of ln([LA]0/[LA]t) against time for offline sampling of ROP of lactide in CHCl3 at room temperature 
by 1H NMR. Initial concentration of lactide [LA]0 = 0.666 M, [Zr] = 0.0033 M. Gradient 0.0020 min-1. 

As well as monitoring conversion, NMR can be used to answer other chemical questions about the 

system. DOSY studies of a 10:1 mixture of lactide and the Zr initiator in CDCl3 were carried out to 

detect the presence of the Zr complex coordinating to the growing polymer chain. DOSY results 

showed the ligand signals of the complex diffusing at the same rate as the signals for the growing 

polymer chain (oligomers D = 4.35 x 10−10 m2 s−1 and ligand D = 4.33 x 10−10 m2 s−1, see Appendix), 

confirming the Zr complex remains attached to the growing polymer during the reaction. The lactide 

was observed to diffuse much faster (D = 1.47  x 10−9), as expected for a molecule of its size.  

5.4.1.1 Importance of purity of materials 

While the above reactions proceed at the rate expected from previously published results, in many 

experiments performed in Schlenk flasks or NMR tubes under argon the rate and conversion were 

significantly lower than expected. This suggests the presence of an impurity in one or more of the 

three components – monomer, initiator, and solvent – which can initerfere with the reaction. Or 

contaminants could be external, arising from the atmosphere, glassware or stir bar. Moisture (or 

another protic impurity) could hydrolyse the growing polymer chain from the Zr complex or inactivate 

the catalyst. This is in contrast to previously reported Schiff base alkoxide complexes of Zr which are 
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active for ROP of lactide even in the presence of water.30 Presence of any lactic acid in the lactide 

would be expected to be detrimental to the reactivity, so lactide was recrystallised and sublimed prior 

to use, and stored under dry argon in a glovebox. The Zr complex was also recrystallised from dry 

toluene. The reaction has been observed to be quite sensitive to certain impurities such as acetone 

and water, in particular in the FlowNMR experiments described below where conversion was limited 

in some cases to below 50%.  
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5.5 Zr catalysed ROP of lactide: overcoming challenges 

associated with putting the reaction into flow 

Certain aspects of the reaction conditions were found to be important for allowing the Zr-initiated 

ROP of rac-lactide to be monitored in flow without disturbing the reaction progress. This section 

covers the challenges encountered, and steps taken to improve the robustness of the method for 

monitoring sensitive reactions such as this. 

5.5.1 Glovebox FlowNMR 

Ring-opening polymerisation (ROP) of lactide using the zirconium amine trisphenolate initiator is 

sensitive to moisture and must generally be carried out under dry conditions in an inert atmosphere. 

Two attempts at polymerisation of lactide were carried out in Schlenk flasks connected to the flow 

system via polyether ether ketone (PEEK) tubing pushed through small holes in a rubber septum with 

the flask under a positive pressure of argon. Many air- and moisture-sensitive reactions have been 

successfully monitored by FlowNMR under air-free conditions in this way in the DReaM Facility, such 

as hydroformylation with a rhodium catalyst31 and asymmetric transfer hydrogenation with Noyori’s 

ruthenium catalyst32. However, many of the initial Zr-catalysed lactide polymerisations were 

unsuccessful in the FlowNMR system, with a maximum conversion of 42% achieved after 20 h. This is 

significantly lower that the offline reactions above and literature precedent where the equilibrium 

product distribution consisted of around 95–98% polymer.27 

For some chemistries which call for particularly stringent air-free conditions it may be preferable to 

set up reactions and handle sensitive materials in a glovebox. For this reason, a flow setup has been 

developed such that a reaction can be performed in a glovebox under a dry argon atmosphere and 

sampled directly to the analytical equipment connected to the flow system. Tubing has been installed 

via HPLC union fittings passing through a specially adapted port in the wall of the glovebox to allow 

the reaction solution to flow out to the flow system for analysis, and return to the glovebox, all while 

keeping the whole system under an inert atmosphere (see Figure 5.9). Pump & flow controls  remain 

outside the glovebox. For better control over the reaction atmosphere, all further polymerisation 

attempts were carried out in the glovebox using this setup. 



Chapter 5: Polymerisation reaction monitoring 

193 
 

 

Figure 5.9: Photographs showing how reaction mixture passes from the reaction vessel in the glovebox out to 
the rest of the flow system for analysis by FlowNMR and other online techniques. Green PEEK tubing shown here 
may be changed for other materials such as Teflon as desired.  

Before starting the reaction, it is necessary to purge the whole flow path to remove oxygen, moisture, 

and any solvent left in the tubing after the previous user (often acetone). This is done by repeatedly 

flushing with the reaction solvent and dry argon. For these reactions, the purging was generally 

performed as follows, with a flow rate of 4.0 mL min-1: 

1. washing with laboratory grade (“wet”) chloroform for >10 min 

2. flushing with dry argon 

3. steps 1 and 2 are repeated up to 5 times 

4. flushing with dry, distilled chloroform from within the glovebox (approx. 10 mL portions) 

5. flushing with argon from the glovebox 

6. steps 4 and 5 are repeated 3 times 

When emptying the flow system of solvent by flushing with argon, it is important to invert the flow 

tube to allow the solvent to flow out of the tip. After flushing, the flow path can be filled with a solution 

of lactide in chloroform ready for the reaction to start.  

5.5.2 Lactide ROP in PEEK tubing from glovebox 

Several attempts at following the Zr-initiated ROP of rac-lactide in flow with the system described in 

Section 5.5.1 resulted in the reaction terminating at a maximum conversion of 69%, while offline 

reactions were able to reach conversions of over 95% as expected from prior literature reports. In 

addition, the reactions were generally significantly slower than expected (by a factor of three for the 

reaction with the highest conversion). The fact that the reaction behaves differently in the flow system 

compared with offline means data collected on kinetics, intermediates, etc. for the reaction in flow 

cannot be said to be representative of the true reaction. The ability to monitor a reaction under its 

usual laboratory conditions without modifying or interfering with the process is often cited as a major 
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advantage of FlowNMR.19 The fact that this is not immediately possible for this system is both an 

obstacle for the proper monitoring of this process, and a wider cause for concern since it hints at the 

presence of impurities such as acetone and water leaching out of the PEEK tubing which could cause 

problems for other sensitive chemistry performed in the DReaM facility. 

To confirm the source of the problem is the FlowNMR system itself and not a problem with the 

monomer, initiator or solvent, a polymerisation reaction was set up for FlowNMR monitoring and a 

0.5 mL portion of the reaction solution was set aside in a vial in the glovebox before starting the pump 

to flow the rest of the reaction mixture through the spectrometer. While the reaction as monitored 

by FlowNMR did not produce any polymer, the mixture in the vial reached almost 90% completion in 

3 hours. This indicates the impurities that stop polymerisation from taking place are found in the flow 

system rather than in the reagents or solvent.**  

5.5.3 Solvent flush monitoring and impurities in tubing  

The simplest way to mitigate the problem of unexpectedly low conversion was expected to be 

thorough washing of all tubing, fittings and equipment that make up the flow path. Therefore, the 

flow system was flushed as thoroughly as practicable with dry reaction solvent prior to polymerisation. 

144 mL distilled chloroform was flowed from the glovebox through the flow system to the outlet and 

discarded. A flow rate of 0.1 mL was used for a period of 24 h to allow time for diffusion of impurities 

from the tubing walls and out of poorly-swept volumes.  

A 1H NMR spectrum was recorded every 15 min while flushing with solvent to check the amounts of 

impurities over time (see Appendix). Residual ethanol was successfully removed by washing. The 1H 

NMR signal for acetone (2.17 ppm) decreased in magnitude during flushing but did not disappear 

entirely. Another peak at 1.55 ppm also remained during flushing and can be attributed to water. 

These remaining impurities are thought to have been previously absorbed into the PEEK tubing wall 

and then released slowly into the solvent. Other small peaks in the solvent wash have been assigned 

to the small amount of amylene used as a stabiliser in the chloroform prior to distilling; this should 

not interfere with the reaction. 

After this more rigorous chloroform flushing, the flow system was immediately used for another 

polymerisation reaction. Despite the washing step, the polymerisation only proceeded to 10% 

conversion. Once again, a portion of reaction mixture kept in a separate vial in the glovebox reached 

almost 90% conversion. This indicates that even with thorough flushing, one or more of the impurities 

 
** Attempts were also made at monitoring a photoinduced atom transfer radical polymerisation (ATRP) of methyl 
acrylate, but conversion was always limited to a maximum of 12% despite attempts to remove sources of oxygen 
and other inhibitors – see Appendix.  
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still present in the flow system is preventing the reaction from working as it should – this is discussed 

further in Section 5.5.5.  

5.5.4 Flushing with Zr solution 

If there are chemical species present in the flow system tubing which interfere with the ROP reaction, 

it might be expected that washing the flow system with sacrificial Zr initiator complex could scrub the 

impurities and allow the reaction to proceed as normal afterwards. Flushing the flow system with a 

small amount of Zr amine trisphenolate solution (0.04 M, 8.0 mL at 4.0 mL min-1) was tried in one of 

the Schlenk tube FlowNMR reactions in Section 5.5.1 above without success. However, the amount of 

Zr used for flushing was small: the amount used as a scrubbing agent was equimolar with the amount 

used as the initiator in the reaction. This may not be enough to neutralise or remove an impurity that 

is present in a larger amount. However, using a large amount of a high value compound for washing 

is not always desired.  

5.5.5 FEP tubing 

The above experiments used a flow system setup in which all of the tubing carrying the reaction 

mixture between the reaction vessel and the spectrometer was made from polyether ether ketone 

(PEEK). This is a very chemical resistant polymer, it can withstand high pressures (>300 bar), and is 

durable and easy to handle even when tubing has a small diameter.33 However, it has been observed 

to absorb solvents including dichloromethane, dimethyl sulfoxide and tetrahydrofuran.34 Acetone, 

which is often used for cleaning the flow system, and other polar molecules have been observed by 

members of the group to leach out of the PEEK tubing into reaction solvents. This was also seen while 

flushing the flow system with chloroform in Section 5.5.3. This leaching of solvents into the reaction 

mixture can cause problems with certain chemistries if these molecules are being rereleased into a 

sensitive reaction mixture. It likely explains the reduced reactivity in the ROP reactions of lactide 

described above, and the fact that the reaction still fails to reach the expected conversion even after 

flushing the flow system with solvent for 24 h. It would also be consistent with the fact that the small 

portions of reaction mixture that were not flowed through the flow system were able to react as 

normal thanks to their not being exposed to the same impurities. Therefore, a different type of 

polymer tubing was used in the entire flow system for further experiments. 

Fluorinated ethylene propylene (FEP) is a fluoropolymer similar to Teflon. Like PEEK, it is compatible 

with a wide range of chemicals, although it is less suited to high temperatures and pressures. FEP is 

much less rigid than PEEK, so extra care must be taken not to form kinks in the tubing when changing 

fittings.  
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FEP tubing was used in place of all the PEEK tubing in the flow system, and Zr-initiated ROP of rac-

lactide was repeated. Using this setup, a maximum conversion of 66% was achieved, however this was 

using monomer and catalyst which only achieved 80% even when the reaction was performed offline 

in the glovebox with periodic sampling (see Section 5.7.1.1). Therefore, this is thought to be the most 

reliable tubing material for this chemistry and, due to the hydrophobic nature of the FEP, it is generally 

suitable for reactions which do not tolerate moisture. 

5.5.6 Optimal conditions for monitoring ROP of lactide in flow 

Based on the above experiments, the most successful conditions for running reaction monitoring 

experiments to study the ROP of lactide in flow were determined. Further lactide polymerisations 

were carried out under argon in the glovebox, circulating the reaction mixture through a flow system 

with all tubing substituted for FEP. Extensive and repeated flushing with dry solvent and argon was 

carried out before filling the flow system with the reaction solution.  
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5.6 Online GPC: setup and calibration 

This work was carried out in collaboration with Dr Martin Levere and Dr Catherine Lyall.  

Gel Permeation Chromatography (GPC) offers quantitative information about the molecular weight 

and dispersity of polymers. It can be employed to monitor a polymerisation reaction by offline 

sampling, or to characterise the isolated product. Samples are generally prepared by dissolving around 

2 mg of polymer per 1.0 mL of a GPC grade solvent such as THF, and filtering. Samples are often 

submitted via an autosampler, and data can be analysed after completion of the run. To achieve 

sufficient resolution, offline GPC is usually performed with a runtime of 30 minutes or more; in this 

work offline GPC runs took around 45 min.  

The GPC method can be modified for rapid analysis by using a smaller column and a higher 

flowrate.10,12 In this way, a sample can be run in a few minutes. This comes at the expense of the 

resolution: peaks are broader and therefore overlap more, and the measured value of dispersity will 

be higher. Nevertheless, molecular weight information can be obtained quickly and at multiple 

timepoints during a reaction. The technique gives access to information such as Mw and dispersity that 

can’t be found via other reaction monitoring techniques like 1H NMR. With this setup, Mw and Mn of a 

growing polymer can be measured alongside reaction conversion. 

5.6.1 Automation of sample injection 

An existing HPLC instrument was modified by Dr Martin Levere including a software update from the 

manufacturer (Agilent) to make a rapid GPC capable of online sampling. 

The online HPLC/GPC instrument has two ways of sampling: manual injection, and automated 

sampling. Manual injection using a syringe to fill a 10 μL loop is followed by switching the valve by 

hand to start the run. Automated sampling uses a separate injection loop on a second valve in the 

fumehood (valve 1 in Figure 5.10). This allows 50 μL of reaction mixture from the flow system to be 

collected and brought to the instrument in a flow of THF. For reaction monitoring, automated 

sampling is used so that repeated runs may be initiated at set time intervals without need for 

continued user input, and with minimal disruption to the reaction conditions.  
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Figure 5.10: Setup for automated sampling from the flow system for GPC analysis. 

5.6.2 Calibration for accurate molecular weight 

The GPC instrument was equipped with an RI detector to monitor the fractions exiting the column. 

Calibration of the instrument was achieved by running eight samples of PMMA of known peak 

molecular weight from 885 to 260,900 g mol-1.  PMMA standards are suitable calibrants for running 

GPC on PMA for the ATRP experiments with methyl acrylate (see Appendix). The automated sampling 

valve was used so that the calibration would be valid for online sampling, but the samples were 

injected into the loop by syringe due to their low volume (< 1 mL) rather than flowing them through 

the flow system. An acceptable level of fit was obtained with a third order curve. The calibration was 

repeated with polystyrene standards (580 to 299,400 g mol-1) so that accurate molecular weights for 

PLA may be obtained – this calibration curve was used for the polymerisation monitoring experiments 

in Section 5.7.3. 

5.6.3 Calibration for polymer mass concentration 

Not only can we get real time information on molecular weight from GPC, but the reaction conversion 

can be obtained from the integrals of the signals from the RI detector. This is because the detector 

response is directly proportional to the concentration of analyte, similar to polarimetry for example. 

To quantify this, we need to establish the relationship between the detector response and the 

concentration of polymer in solution. The peak integral from RI detection is directly proportional to 

the mass concentration of the solution – this is similar to the Beer-Lambert law where extinction 

coefficient is directly proportional to molar concentration. We can therefore make a pseudo-Beer-

Lambert plot of peak integral (mV s) against mass concentration (mg/mL) and use this to find the mass 

concentration of polymer in unknown samples. Note: the peak integral is proportional to the 

concentration of repeat units in the fraction, not the molar concentration of polymer. Seven samples 

of PMA in THF were prepared with concentrations ranging from 0.2 to 6.8 mg/mL and run using 



Chapter 5: Polymerisation reaction monitoring 

199 
 

manual injection. The peak integrals were plotted against polymer concentration as shown in Figure 

5.11. The relationship is linear for this range of sample concentrations, meaning the detector is not 

saturated. Therefore, the slope can be used to calculate the concentration in mg/mL of an unknown 

sample of the same polymer in the same solvent. Knowing the concentration of polymer at a given 

time during polymerisation means the conversion can be calculated. This makes GPC a complementary 

technique to 1H NMR which gives information on the concentrations of species in solution. 

 

Figure 5.11: Pseudo-Beer-Lambert plot of peak integral against concentration for manual sample injection. 

The Beer-Lambert concentration calibration was repeated with injection at the automated injection 

loop, so as to be valid for online reaction monitoring. This is necessary because the amount of sample 

making its way into the column is different for the two sampling methods, and therefore the detector 

response is different. However, the plot of signal intensity against concentration for injection via the 

automated sample injection loop was not a good straight line (see Appendix). This indicates there is 

some variability in the amount of sample being injected using this method, so the peak area cannot 

be assumed to be proportional to concentration with online sampling. Therefore, this method of 

determining conversion directly from GPC was not used in the reaction monitoring in this chapter, and 

further optimisation of the valve timings and flow rates is required before a successful calibration.  
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5.7 Online monitoring of Zr amine trisphenolate ROP of 

lactide 

The monitoring techniques described above for online acquisition of NMR spectra including DOSY as 

well as online GPC analysis are put together in the reaction monitoring experiments below. These 

techniques are applied to the Zr amine trisphenolate initiated ROP of lactide, where they are used to 

simultaneously obtain wide ranging information on the system in real time. Conversion from 1H NMR 

is obtained at the same time as information on molecular weight from GPC and diffusion properties 

of the polymer, monomer, and catalyst from DOSY. 

ROP of lactide with the Zr amine trisphenolate initiator in chloroform was performed in the glovebox. 

The reaction mixture was circulated through the NMR flow tube with periodic sampling from the flow 

path to the online GPC instrument. 1H NMR spectra and FlowDOSY were acquired every few minutes, 

and rapid GPC analysis was performed every 10 min.  

5.7.1 Online 1H FlowNMR  

As above, conversion was measured by taking the integrals of the monomer and product peaks in the 

1H NMR, which are proportional to their concentrations. An internal standard (mesitylene) is used to 

quantify concentrations. In addition, 1H NMR data help us identify and understand any chemical 

changes to the reagents including formation of intermediates or changes in catalyst speciation.32,35  

5.7.1.1 Conversion: online vs offline monitoring 

One advantage of FlowNMR for reaction monitoring is that reactions can be carried out under the 

same conditions as in the laboratory, including stirring, temperature and pressure control, reaction 

scale and atmosphere. Therefore, the kinetic results obtained are representative of the original 

process. This contrasts with other techniques such as in situ monitoring of a reaction in an NMR tube 

where it is difficult to maintain good mass transfer. This has been shown quite starkly by Foley et al. 

who observed very different reaction rates when monitoring the same reaction online or in an NMR 

tube with or without periodic inversion to mix the solution.36  
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Figure 5.12: Conversion of lactide to PLA, as measured by 1H peak integrals from FlowNMR with flow effect 
correction (online) or quantitative 1H NMR (offline). Comparison of conversion plots for online and offline 
sampling of otherwise equivalent reactions (3mol% Zr, [LA]0 = 0.33 M, [Zr] = 0.010 M). 

 

 

Figure 5.13: Pseudo-first-order plot for reactions with online and offline sampling. Slopes for offline and online 
reactions are 0.0035 and 0.0024 respectively. 

FlowNMR monitoring was compared with offline sampling of the Zr amine trisphenolate ROP of 

lactide. Two reactions were carried out in the same glovebox using the same batches of solutions of 

monomer and initiator. One was flowed through the FlowNMR system for online analysis, and the 

other was kept sealed except for periodically removing aliquots for offline NMR analysis. The 

conversion of both reactions as measured by 1H NMR are shown in Figure 5.12, and the pseudo-first 

order plots are shown in Figure 5.13. The reaction rates and conversions are clearly not identical: the 

offline reaction proceeds faster and reaches higher conversion than the reaction monitored in flow. 
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The slower rate of the online reaction is despite using FEP tubing for the entire flow system, and 

thoroughly flushing with dry solvent and argon. It must therefore be concluded that there are other 

factors as yet unaccounted for which interfere with the Zr amine trisphenolate initiated ROP of lactide 

proceeding as it should in the flow system. 

The propagation rate constants, kp, for offline and online reactions are 0.35 and 0.24 M−1 min−1 

respectively. This means that as well as the online reaction proceeding 31% slower, both reactions 

went significantly slower (44% and 61% respectively) than the offline rate measured before in Section 

5.4.1. This indicates that one of the three components (monomer, initiator or solvent) is impure in 

these reactions. 

The other online monitoring techniques described below, in particular FlowDOSY, can shed some light 

on what is happening in solution and why the reaction does not go to completion. 

5.7.1.2 Other information from 1H FlowNMR  

As well as observing changes in concentration of the monomer and polymer, other chemical changes 

can be observed by online 1H FlowNMR. The Zr amine trisphenolate complex has six tert-butyl groups 

on the ligand which give rise to two singlets in the 1H NMR and contain a total of 54 protons. This 

means that even with catalytic loadings and few scans, the NMR signals for these groups are easily 

detectable and quantifiable. In the absence of lactide, these tert-butyl groups appear at 1.27 and 

1.44 ppm. The tert-butyl groups at 1.44 ppm are confirmed by NOESY to be the ones ortho to the O-

Zr moieties, and closer in space to the growing polymer chain during ROP (see Figure 5.14). On adding 

the Zr complex to the lactide solution to initiate the reaction, this peak becomes a broad singlet around 

1.40 ppm which decreases in intensity over the course of 1–2 h and is replaced by a narrower peak at 

1.34 ppm (Figure 5.15). This change begins immediately on mixing and continues during the early 

stages of ROP (up to around 20% conversion). The intensity of the peak at 1.34 ppm as a function of 

time is plotted in Figure 5.16. Small changes (<0.02 ppm) are also seen in the chemical shifts of the 

aromatic ligand peaks to higher ppm values. 

 

Figure 5.14: Structure of Zr amine trisphenolate initiator used for ROP of rac-lactide in these experiments. 
Chemical shifts (ppm) of aromatic and tert-butyl ligand protons are shown, as assigned by NOESY NMR. 
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Figure 5.15: Ligand tert-butyl peaks in 1H NMR. Peak (a) reduces in intensity as peak (b) grows. Peak (c) remains 
unchanged apart from a small change in shift. 

 

Figure 5.16: Increase in intensity of tert-butyl 1H NMR signal at 1.34 ppm, plotted on the same axes as the 
growing PLA quartet. Note the tert-butyl signal has 27 protons whereas the PLA quartet has only one. 

Comparing these observed changes with changes in the rate of reaction as a function of time can be 

informative. Looking at the plot of conversion against time (Figure 5.12), it appears the reaction rate 

is fairly constant, and progress only begins to slow around 400 min. However, on differentiating the 

concentration of lactide with respect to time we obtain the instantaneous rate of reaction throughout 

ROP, as shown in Figure 5.17. During the first 1–2 h where the changes to the ligand signals are 

observed, the rate of reaction is increasing to its maximum. This maximum rate is sustained for around 

90 min before the rate decreases. The changes in NMR signals for the ligand in the first 1–2 h could 
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be related to initiation of the reaction, since they coincide with an increase in rate of consumption of 

lactide. The ligand tert-butyl group that appears at 1.34 ppm could be attributed to Zr complexes 

coordinated to growing polymer chains.  

The steep decrease in rate from around 200 min is likely explained by catalyst deactivation. If the 

complex between Zr and the growing polymer chain is being hydrolysed, shifts in the ligand signals 

might be expected. However, little further change to the 1H NMR of the ligand peaks occurs after this 

point. In fact, rate begins to decrease around the time the changes to the tert-butyl signals have 

finished, around 200 min.  

  

Figure 5.17: First derivative of [LA] with respect to time throughout the reaction gives reaction rate.  

1H NMR can also give access to the signals for the end of the chain connected to the Zr complex during 

ROP, which can provide information on the growing polymer chain. Attempts to identify the 1H NMR 

signals associated with the end of the growing chain bonded to the Zr initiator in in-situ NOESY 

experiments proved inconclusive (see Appendix). However, FlowDOSY provides another way of 

monitoring the coordination of the growing polymer chain to the metal complex, and identification 

and monitoring of polymer end groups by DOSY is discussed below. 

5.7.2 Online DOSY 

The experiments described in this chapter represent the first attempts at using the FlowDOSY 

technique developed in Chapter 3 for real-time monitoring of a chemical reaction. 

To use the FlowDOSY experiment for reaction monitoring, it first had to be added to the library of 

experiments available in the InsightMR automated NMR monitoring software. The two DOSY NMR 

parameters of particular importance, diffusion time (Δ) and gradient pulse length (δ), can be changed 

by changing the values of d20 and p30 respectively from within InsightMR. The number of gradient 

steps in the DOSY experiment must be set by changing the value of TD in the F1 dimension to the 
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desired number. Other more common parameters such as the number of scans and the spectral width 

can be modified in the same way to tailor the experiment for the chemistry under investigation. 

5.7.2.1 Diffusion coefficients 

The 1H NMR spectrum showing the signals for the lactide monomer, the polymer chain, polymer chain 

ends, the amine trisphenolate ligand, and the internal standard (mesitylene) is shown in Figure 5.18. 

The diffusion coefficients associated with these peaks can all be determined from each DOSY 

spectrum.  

 

Figure 5.18: 1H NMR spectrum at 500 min. 

The DOSY spectra obtained in flow were processed in Dynamics Center to obtain numerical values of 

the diffusion coefficients and the associated errors. These values were exported in Excel spreadsheets 

for each DOSY spectrum, then collated into a master document for plotting as a function of time. A 

correction for flow effects was applied to the measured diffusion coefficients by recording a static 

DOSY during the reaction and plotting Dflow against Dstatic to obtain the linear relationship (see 

Appendix), using the method described in Chapter 3.  

The evolution of diffusion coefficients during the reaction can be seen in Figure 5.19. The diffusion 

coefficients associated with growing polymer molecules can clearly be seen to decrease as the 

polymers become bigger and diffuse more slowly. The monomer and internal standard (mesitylene) 

remain at approximately the same diffusion constants throughout. The diffusion coefficients for the 

ligand signals decrease as the polymer is formed, confirming the Zr complex is bound to the end of 

the growing chain. This is expected from the static NMR results in Section 5.4.1, and confirms the 

coordination-insertion mechanism of this polymerisation. “Chain end 1” is assigned as the signals of 
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the  growing chain coordinated to Zr. The diffusion coefficient for the ligand increases slightly from 

around 400 min while the PLA diffusion coefficient does not. This is consistent with some of the Zr 

complexes becoming dissociated from the growing polymer chains. This agrees with the observation 

that the rate decreases over the course of the reaction, although not all the Zr complex becomes 

dissociated as this would be seen as a much greater increase in D. The new signal labelled “Chain end 

2” in Figure 5.19 is attributed to polymer molecules which have been cleaved from the Zr metal centre.  

 

Figure 5.19: Diffusion coefficients from FlowDOSY acquired during ROP of rac-lactide with the Zr amine 
trisphenolate initiator. Errors were calculated in Dynamics Center on processing the data. 
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5.7.2.2 Molecular weight from FlowDOSY  

The D-Mw calibration curves for polymers described in Chapter 4 can be used to estimate the weight 

average molecular weight of the growing polymer at all timepoints based on its diffusion coefficient. 

Using the empirical equation for linear PLA in chloroform  

Equation 7 

log 𝐷 = −0.589 log 𝑀𝑤 − 7.48 

the molecular weight was calculated, and the results are shown in Figure 5.20. The growth of the 

polymer chain can be seen clearly in the increase in Mw as the reaction progresses, and is in agreement 

with the conversion as measured by 1H NMR. 

Equivalent polymerisation reactions were monitored with FlowDOSY experiments using either 8 or 12 

gradient steps, and the values of Mw calculated from D are shown in Figure 5.20. With more gradient 

steps, acquisition takes longer – around 5 min instead of 3 min. However, there is less error in the 

resulting diffusion coefficient, as can be seen by the slightly smaller spread of data points for the 

longer FlowDOSY experiment. When setting up a FlowDOSY reaction monitoring experiment, it is 

important to balance the speed of acquisition with the precision of data desired. 

 

Figure 5.20: Comparison of Mw data obtained from FlowDOSY measurements with different timescales.  

5.7.2.3 Other information from FlowDOSY  

FlowDOSY data also help significantly with assigning peaks in the 1H FlowNMR spectra. Two new peaks 

appeared during the reaction, one at 5.36 and one at 4.48 ppm shifting to 4.37 ppm. These have been 

attributed to the CH signals of the chain end of the growing polymer and of polymer chains which have 
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dissociated from Zr, respectively. Their diffusion coefficients are small and similar in value to the 

diffusion coefficients for the main polymer chain, which is good evidence for their being polymeric. 

The peak at 5.36 ppm is visible from early in the reaction, within 30 min of initiation. The peak at 4.48–

4.37 ppm, however, appears around 4.5 h, when the reaction rate has reduced to around two thirds 

of its maximum, and continues to grow while the reaction is occurring. It first appears broad but 

resolves into a quartet, as can be seen in the stacked plot in Figure 5.21. These observations can be 

explained by the Zr complex dissociating from the growing end of some polymer molecules, 

terminating the reaction of that chain and producing a free polymer chain whose end group has a 

different chemical shift to the CH end group of the coordinated polymer.   

 

Figure 5.21: Stacked plot showing the new chain end peak appearing at 4.48–4.37 ppm over the course of 19 h. 
Spectra were acquired every 7 min.  

 

5.7.3 Online GPC 

The online GPC instrument described in Section 5.6 was set to sample directly from the flow path 

every 10 min. GPC data were analysed against the calibration curve made with polystyrene standards, 

and a correction factor of 0.58 was applied to obtain molecular weights for PLA.37 The number average 

molecular weight and dispersity as a function of time are shown in Figure 5.22. 
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Figure 5.22: Plot of dispersity (right-hand axis) and Mn (left-hand axis) of the growing polymer as measured by 
online GPC sampling directly from the flow path. 

GPC results confirm the increase in molecular weight expected from the conversion and observed by 

the DOSY results. Mn of the isolated polymer was 2100 g mol-1, as measured on a conventional (offline) 

GPC instrument. This compares well with the online values and validates the results obtained from 

the rapid GPC. 

Dispersity is narrow throughout the reaction, with a value just above 1. It increases slightly as the 

reaction progresses, indicative of transesterification processes.38 The dispersity of the isolated 

polymer product was 1.27, slightly higher than in previously published results27 and the offline 

reactions above. These results are not unexpected due to the observations of (a) incomplete 

conversion and (b) evidence of dissociation of the catalyst from the growing chain. These findings are 

consistent with the presence of some amount of impurity interfering with reaction progress which 

may also be facilitating transesterification.  

Molecular weight data from rapid GPC can be compared with those acquired by DOSY NMR. Higher 

molecular weight as measured by DOSY could be partially explained by the presence of the 760 g mol−1 

Zr complex coordinated to the end of the chain; during GPC analysis in wet THF the Zr complex is more 

likely to have dissociated from the polymer chain, giving a lower observed molecular weight. In 

addition, the empirical equation for the correlation between diffusion coefficient and molecular 

weight (Equation 7) was obtained using PLA samples with no catalyst coordinated, so may not be 

entirely applicable to this reaction mixture. 
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Figure 5.23: Comparison of Mw values for the growing polymer, as measured by online GPC and FlowDOSY. 
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5.8  Conclusions and future work 

Two techniques were demonstrated for online monitoring of stereochemistry in real time. 

Homonuclear decoupled NMR is useful for the specific case of polymerisation of lactide, since 

methods for interpreting it in terms of polymer tacticity have been well studied. Future experiments 

to monitor how Pi or Pr change during a reaction are necessary to fully prove the usefulness of this 

technique for monitoring of polymer stereochemistry. Online monitoring of optical rotation has also 

been demonstrated. This technique needs to be extended to higher conversion polymerisation of 

lactide to determine what information it can provide about stereochemistry of high molecular weight 

PLA during the reaction, and to demonstrate its complementarity with conversion measurements 

from FlowNMR.  

Glovebox FlowNMR has been set up for monitoring particularly sensitive reactions. This has already 

found applications for monitoring other chemistry within the research group in addition to the 

polymerisations described here. 

An online GPC instrument has been incorporated into the flow system, with automated sampling from 

the flow path. This has been calibrated with both PMMA and polystyrene standards so accurate 

polymer molecular weights can be obtained. The pseudo-Beer-Lambert calibration curve for 

measuring polymer concentration from the GPC detector response needs to be repeated and 

optimised for sampling from the reaction flow path. This will allow monitoring of reaction conversion 

via a separate technique which can corroborate with the 1H NMR results.  

The FlowDOSY technique developed in Chapter 4 has been implemented for the first time for online 

reaction monitoring. The method and setup for running FlowNMR was tweaked so as to overcome 

low conversion in the ROP of lactide with a Zr amine trisphenolate initiator. FlowDOSY provided new 

information about the diffusion properties of the ligand on Zr and the polymeric products in the 

reaction mixture. With this information, the initiator was confirmed to be coordinated to the growing 

chain, and additional chain end peaks were attributed to polymer chains no longer coordinated to Zr. 

In addition, online GPC data were acquired for the same reaction, allowing Mw, Mn and PD to be 

monitored during the course of the reaction.  

Unsuccessful attempts to use the flow setup to monitor photoinduced ATRP of methyl acrylate show 

that more work is needed in ensuring the system is free of contaminants that can interfere with 

sensitive reactions.  

The ease of use of FlowDOSY for reaction monitoring could be improved by automating the processing 

of the DOSY data, which often consists of hundreds of spectra for each reaction. In the current version 
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of Dynamics Center, DOSY results must be imported and processed one experiment at a time. This 

takes a minimum of around two minutes per DOSY spectrum. In future, updated software may include 

the option to process multiple DOSY datasets without having to integrate them separately. Processing 

each DOSY spectrum in Dynamics Centre gives an output in the form of an Excel sheet or PDF. 

Extracting diffusion coefficients of interest from these files into a master spreadsheet could also be 

automated, perhaps with the use of macros in Excel. This would greatly speed up the processing and 

analysis of FlowDOSY data, bringing it more in line with the amount of processing work required for 

1D FlowNMR spectra. 

It is perhaps worth noting the large file size associated with such a large number of DOSY spectra. For 

a representative polymerisation reaction, 150 1H NMR spectra and 150 DOSY spectra were acquired. 

The 1H NMR files totalled around 200 MB, whereas the DOSY data occupy 4.8 GB of disk space. The 

need for large amounts of data storage should be considered when planning reaction monitoring 

experiments which generate a lot of data. 

In the work described here, FlowDOSY data gave access to diffusion coefficients and molecular 

weights, but there is still more information to be found in the raw data. With appropriate data 

processing, polymer dispersities can also be obtained from DOSY data.39 Acquiring accurate 

information on polymer molecular weight and dispersity from the same non-destructive online 

technique would make FlowDOSY at least as valuable as online GPC for monitoring changes in polymer 

properties. 

The above polymerisation monitoring techniques are limited by the fact that the reactions must be 

performed in solution, and viscosity must be kept low so the pressure in the narrow tubing does not 

become too high. Polymerisation monitoring systems such as ACOMP get past this hurdle by sampling 

from the reaction vessel then diluting as required, but this is not compatible with a continuously 

recirculating system like DReaM. 

Online reaction monitoring techniques such as those described above lend themselves towards 

implementation in self-optimising reaction setups. Output data about the quality or amount of 

products from monitoring techniques can be analysed automatically and used to change the 

conditions to favour the desired reactivity or products. Synthesis of polymers with precise molecular 

weights has previously been achieved with GPC analysis coupled to a machine-learning algorithm.40 It 

would be interesting to try using the new FlowDOSY technique in this way, as a non-invasive method 

to obtain real-time information about molecular weight. For example, with the help of calibration 

curves such as those described in Chapter 4, online DOSY analysis could be used to perform self-

optimising polymerisation reactions, targeting desired molecular weights.  
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5.9 Experimental 

5.9.1 Materials and methods 

L-lactide (98+%, Alfa Aesar) and rac-lactide (99%, Aldrich) were recrystallised three times from toluene 

then sublimed and stored in an argon atmosphere glovebox. Zr(OiPr)4(HOiPr) was obtained from Alfa 

Aesar, stored in an argon atmosphere glovebox, and used as received. The tert-butyl amine 

trisphenolate ligand was available in the lab, having previously been synthesised in copious quantities 

by Dr Strachan McCormick, and was dried under vacuum for at least 1 h prior to use. Tin(II) 2-

ethylhexanoate (96%, Alfa Aesar), n-butanol (dry over molecular sieves, Acros Organics) were used as 

received. Mesitylene (Acros) was distilled and stored under argon.  

Chloroform (stabilised with amylene, Acros Organics) was distilled from calcium hydride and stored 

under argon. Toluene was distilled from sodium and benzophenone, and n-hexane was distilled from 

potassium under argon. 

NMR data were acquired using a Bruker Ultrashield 500 MHz Avance III HD equipped with a Prodigy 

cryoprobe or a room temperature BBO probe. An InsightMR flow tube with PEEK or FEP capillary 

tubing was used for online NMR monitoring with a peristaltic pump (Vapourtec SF-10) or a diaphragm 

pump (Tacmina QI-10-6T). An Anton Paar MCP 100 Polarimeter was used for optical rotation 

measurements at a wavelength of 589 nm at 25 °C. GPC analysis was performed on an Agilent 1260 

instrument with a PL Rapide M column using THF as the eluent, and samples were measured against 

polystyrene standards (PolymerLaboratories, 299,400 to 580 g mol-1). A correction factor of 0.58 was 

applied to molecular weight data.37 

5.9.2 Experimental details 

Flow polarimetry (Section 5.3) 

Polymerisation of L-lactide with 5mol% SnOct2, 10mol% n-butanol The flow system, with red 

peristaltic pump tubing (FKM and ePTFE; compatible with chloroform), was rinsed with ethanol 

followed by CHCl3 for 5–10 min, then purged with argon for 5–10 min. The flow system was filled with 

a solution of lactide (1.08 g, 7.50 mmol) in CHCl3 (12.6 mL) from a Schlenk flask under argon. The 

reaction vessel, flow tube heat exchanger and NMR probe were heated to 50 °. The polarimeter is 

limited to a temperature of 25 °C. The spectrometer was set to acquire solvent suppressed 1H NMR 

(WET, ns 8, d1 3 s) and homonuclear decoupled 1H NMR (zghd.2, ns 8, d1 2 s, o2p 1.62) spectra every 

7 min. Optical rotation was measured every 5 min during the reaction. To initiate the reaction, SnOct2 

(0.3 mL of a 1.25 M solution in CHCl3; 0.38 mmol) and n-butanol (0.3 mL of a 2.5 M solution in CHCl3; 

0.75 mmol) were added simultaneously and the reaction was stirred at 50 °C. After the reaction was 
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finished, the same NMR spectra described above were recorded on both static (quantitative) and 

flowing (4.0 mL min-1) solution to allow for flow effect corrections to be carried out. At the end of the 

reaction the flow system was rinsed with CHCl3 then ethanol. The peristaltic pump tubing was changed 

from red to blue before rinsing the system with 2 M aqueous acetic acid, deionised water, and 

acetone. 

Zr amine trisphenolate ROP of rac-lactide (Section 5.4) 

 

Figure 5.24: Structure of the tert-butyl amine trisphenolate ligand prior to complexation with zirconium. 

Synthesis of Zr amine trisphenolate26 The following procedure was carried out under an argon 

atmosphere using Schlenk techniques. Zr(OiPr)4(HOiPr) (1.9 g, 4.9 mmol) in dry toluene (10.0 mL) was 

added dropwise to a suspension of the tert-butyl amine trisphenolate ligand (Figure 5.24, 3.4 g, 

5.1 mmol) in toluene (15.0 mL) at 0 °C. The reaction was allowed to warm to room temperature and 

stirred for 20 h. The mixture was filtered by cannula and the solvent was removed under vacuum until 

the solid product began to precipitate. The solid was redissolved by heating, then allowed to crystallize 

at −18 °C. The resulting white powder was collected by filtration and washed with three portions of 

cold hexane. The complex was dried under vacuum overnight at 80 °C to remove residual toluene and 

isopropanol. 1H NMR (400 MHz, CDCl3, 298 K) δ 1.27 (s, 27H, tBu), 1.39 (d, 6H, 3JH = 6.1 Hz, OCH(CH3)2), 

1.44 (s, 27H, tBu), 2.8–4.2 (br m, 6H, CH2), 4.65 (septet, 1H, OCH(CH3)2), 6.97 (m, 3H, aromatic C-H), 

7.22 (m, 3H, aromatic C-H). 13C{1H} NMR (100.6 MHz, CDCl3, 298 K) δ 29.7 (CH(CH3)2), 30.8 (C(CH3)3), 

31.7 (C(CH3)3), 34.2 (C(CH3)3), 35.0 (C(CH3)3), 72.4 (OCH(CH3)2), 123.5 (aromatic), 124.9 (aromatic). 

NMR tube test polymerisation, 1mol% Zr  (Section 5.4.1) The Zr amine trisphenolate initiator (3.3 mg, 

0.0040 mmol) and rac-lactide (57.5 mg, 0.40 mmol) were dissolved in CDCl3 (0.6 mL) in an NMR tube. 

The sample was left in an argon atmosphere glovebox for 72 h. After NMR data were acquired, the 

sample was precipitated by addition of methanol, filtered, washed, and dried under vacuum before 

GPC analysis was carried out. Conversion 97%. Mn 10,300 g mol-1, Mw 11,300 g mol-1, PD 1.10. 

A sample equivalent to the above was prepared in a J Youngs NMR tube and 1H NMR spectra were 

acquired periodically during the reaction. The product was isolated an analysed by GPC. Mn 

18,700 g mol-1, Mw 20,500 g mol-1, PD 1.10. 



Chapter 5: Polymerisation reaction monitoring 

215 
 

Schlenk tube test polymerisation, 1mol% Zr (Section 5.4.1) rac-lactide (0.4795 g, 0.33 mmol) and Zr 

amine trisphenolate (0.0272 g, 0.0033 mmol) were dissolved in CHCl3 (5.0 mL) at room temperature. 

Samples were taken periodically for NMR (0.1 mL made up to 0.6 mL with CDCl3). 

Initial FlowNMR monitoring of Zr ROP of lactide (Section 5.5) 

Initial FlowNMR monitoring tests in Schlenk tube rac-lactide (1.44 g, 1.0 mmol) was dissolved in 

distilled CHCl3 (12.0 mL) under argon. Zr amine trisphenolate initiator (0.25 g, 0.030 mmol) was 

dissolved in CHCl3 (3.0 mL) in a separate flask. The PEEK flow tube was flushed with dry argon, Zr amine 

trisphenolate solution (8 mL, 0.37 M), distilled chloroform, and more argon, before filling it with the 

lactide solution and circulating back to the flask under argon at 4.0 mL min-1 using a peristaltic pump 

(VapourTec SF-10 V-3). The reaction vessel and flow system were at room temperature and the NMR 

probe was maintained at 298 K. The NMR spectrometer was set to acquire 1H NMR (zg30, ns 1, d1 1 s) 

and solvent suppressed 1H NMR (WET, ns 8, d1 3 s) every 5 min. The reaction was initiated by adding 

the Zr solution to the reaction mixture by syringe. After the reaction, the flow system was washed 

with chloroform, aqueous acetic acid (2 M), water, and acetone. Conversion after 20 h: 42%. 

Typical glovebox Zr-initiated ROP of lactide The flow system (PEEK tubing) was flushed with wet CHCl3 

and argon outside of the glovebox, then flushed 3 times with distilled CHCl3 (10 mL) alternating with 

argon from within the glovebox. rac-Lactide (1.439 g, 9.98 mmol) in CHCl3 (12.0 mL), with 0.1 mL 

mesitylene added as an internal standard, was circulated through the flow system at 4.0 mL min-1 from 

a stirred flask in the glovebox. The NMR spectrometer was set to acquire 1H NMR spectra (zg30, ns 8, 

d1 1 s) every few minutes during the reaction. With the pump stopped, the Zr amine trisphenolate 

complex (0.245 g, 0.299 mmol) in CHCl3 (3.0 mL) was added with stirring and a 0.5 mL aliquot of the 

resulting reaction mixture was taken and kept in a vial in the glovebox as a control. Reaction in flow 

system: max 11% conversion. Reaction in vial: 88% conversion after 3 h.  

Online GPC setup (Section 5.6) 

The setup for automated sampling of reaction mixture is shown in Figure 5.25. THF is pumped from a 

reservoir at 0.25 mL min-1 using a Knauer Azura P4.1S HPLC pump. This flows into port 4 of valve 1 

then (when the valve is in the 1-10 position) though a 50 μL loop and out of port 3 towards valve 2. 

Here it flows through the injection loop of valve 2, then out to waste. 

When the run starts, valve 1 is switched to the 1-2 position, reaction mixture flows from the flow path 

into the injection loop through port 6 then out to waste, thus filling the loop with 50 μL of sample. 

After 30 s valve 1 is switched back to the 1-10 position and the sample from the injection loop is carried 

in THF to valve 2 where it enters port 2 and fills the 10 μL loop. On switching valve 2 to the 1-2 position 

after 1 min 54 s, the sample is diverted into the GPC column for analysis in a stream of THF at 
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3.0 mL min-1. The run itself takes 5 min 31 s. The GPC instrument is an Agilent Technologies 1260 

Infinity II, using a refractive index (RI) detector and a PL Rapide M column. 

  

Figure 5.25: Setup for automated sampling gf reaction mixture from flow path to GPC. 

Calibration curves for PMMA and polystyrene were produced by measuring known samples of 

polymer with very narrow molecular weight distributions: Polystyrene standards (Polymer 

Laboratories, 299400 to 580 g mol-1) and PMMA standards (Agilent, 260900 to 885 g mol-1). 

Measurements were made by injecting solutions of polymer into port 6 of valve 1 by syringe. The 

calibration curve for PMMA is shown in Figure 5.26 with a trace for RI detection of a PMA sample, and 

the calibration curve for polystyrene is shown in Figure 5.27 along with a typical trace for PLA during 

polymerisation.  



Chapter 5: Polymerisation reaction monitoring 

217 
 

 

Figure 5.26: PMMA calibration curve (blue dots) with example PMA trace. 

 

Figure 5.27: Polystyrene calibration curve (blue dots) with example PLA trace from reaction mixture. 
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Online monitoring of Zr amine trisphenolate ROP of lactide with 1H NMR, DOSY and GPC 

(Section 5.7) 

Typical Zr-initiated ROP of lactide in glovebox for online monitoring by NMR and GPC The flow system 

(all FEP tubing) was flushed with wet CHCl3 outside of the glovebox, then flushed 3–4 times with 

distilled CHCl3 followed by argon from the glovebox, making sure to rinse both lengths of tubing that 

connect the reaction vessel in the glovebox with the fittings in the port, and flowing out to waste. 

After filling the flow tube with argon, the outlet was connected back into the glovebox and the flow 

system was filled with a syringe-filtered solution of lactide in CHCl3 (12.0 mL, 0.42 M, 5.0 mmol, 

containing 0.066 mL mesitylene as an internal standard) from a stirred flask in the glovebox. The NMR 

spectrometer was set to acquire 1H spectra (zg30, ns 8, d1 1 s) and FlowDOSY (dstebpgp3s, ns 8, d1 

1 s, 12 gradient steps, d20 0.06 s, p30 1250 μs) every 7 min. The online GPC was set to sample from 

the flow path every 10 min. A solution of the Zr amine trisphenolate complex (0.122 g, 0.15 mmol) in 

CHCl3 (3.0 mL) was added to start the reaction. 1H NMR spectra were acquired on both flowing 

(2.0 mL min-1) and static (quantitative, d1 60 s) reaction mixture to allow a flow effect correction to 

quantify concentration data. Final conversion 68%. 

Zr-initiated ROP of lactide in glovebox with offline monitoring by 1H NMR To a solution of lactide in 

CHCl3 (4.0 mL, 0.42 M, 1.66 mmol) was added the Zr amine trisphenolate complex (0.041 g, 

0.050 mmol) in CHCl3 (1.0 mL) and the reaction was stirred under argon in the glovebox. Aliquots of 

0.1 mL were taken periodically and made up to 0.5 mL with CDCl3 in an NMR tube. Quantitative 1H 

NMR spectra were acquired (zg30, ns 8, d1 20 s) and the relative integrals of lactide and PLA were 

measured to calculate conversion. Final conversion 80%. 
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 Chapter 6: Conclusions and future 

work 

The first part of this thesis (Chapter 2) presented an investigation into the acid-base properties of 

lactide and PLA, with regards to racemisation of the monomer and polymer. The second part of this 

thesis (Chapters 3 to 5) concerns the development and application of techniques for online reaction 

monitoring, with a particular focus on DOSY NMR and polymerisation reactions.  

 

Racemisation of lactide and PLA 

Racemisation of lactide was achieved with Lewis acid-base pairs, in particular BCF and lutidine which 

were used in catalytic loadings for VT NMR studies to obtain thermodynamic parameters for 

epimerisation of lactide. Racemisation results with FLP-type systems confirm the methine proton of 

lactide is susceptible to deprotonation to form the enolate under appropriate conditions. However, 

although the strong lithium amide bases LiHMDS and LDA were observed to ring-open lactide, no 

deprotonation was observed. Further investigation with VT NMR or calorimetry would give more 

insight into the interactions between these molecules.  

Although effective at racemising lactide, the BCF-lutidine system left PLLA unchanged. This was 

attributed to steric effects prohibiting the approach of the acid and base to the polymer chain. 

Racemisation of the polymer, PLA, was achieved with TBD and, to a lesser extent, DBU. However, it 

always occurred with associated chain scission producing lower molecular weight polymer. Alkali 

metal bases also gave rise to chain scission along with racemisation, despite the lack of racemisation 

observed with lactide. Racemisation of PLA without associated chain scission has not yet been 

achieved.  

The differences in reactivity between PLA and its monomer illustrate the fact that it is not simply the 

chemical repeat unit that is significant in dictating reactivity. Differences in sterics, ring strain and 

solution behaviour also play a significant part. 

Although the above results are not encouraging for the original goal of modification of PLA 

stereochemistry without loss of molecular weight, they do not completely rule out the use of these or 

similar systems for attempts at crystallisation of stereocomplexed PLA (scPLA). To test this application, 

further reactions could be carried out on molten PLA in the temperature window between the melting 
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points of isotactic PLA and scPLA. This would allow the stereocomplex to crystallise selectively out of 

the melt as it forms. Alternatively, other routes to scPLA may be more effective. 

 

Techniques for reaction monitoring 

DOSY for accurate polymer molecular weight  

Calibration curves relating weight average molecular weight Mw from GPC and D from DOSY NMR have 

been made for linear, cyclic and star samples of three chemically different polymers. The calibrations 

for linear PLA and linear PMA are accurate enough to use for calculating molecular weight of unknown 

samples from DOSY data, and this has been demonstrated with FlowDOSY data on linear PLA. Those 

for cyclic PLA, star PMA and cyclic and linear PDL require more data points and more reliable absolute 

molecular weight determination.  

Diffusion coefficients for topologically constrained cyclic polymers were found to be larger than for 

their linear analogues. This is expected due to their smaller hydrodynamic radii. The difference is 

significant for PLA, and less distinct for PDL with the currently available data. These differences in 

calibration curve for linear, cyclic and star polymers suggest that a universal calibration for linear 

polymers is not applicable to polymers with other topologies. Further study into the diffusion 

properties of cyclic and star polymers, as well as other architectures, is necessary to characterise their 

unique behaviour. 

A crossover was found between the calibration curves for linear and cyclic PLA, which could be 

attributed to low-molecular weight cyclic polymers having larger hydrodynamic radii than their linear 

analogues due to the inability of solvent to penetrate the smaller rings. The exact location of the 

crossover point should be determined with greater accuracy by including lower molecular weight 

cyclic PLA. Obtaining more datapoints for PDL will reveal if the same phenomenon is present there.  

 

FlowDOSY 

Acquiring useable DOSY data on a flowing sample was made possible by using a convection 

compensated pulse sequence. This sacrifices some degree of sensitivity, but is essential for reducing 

the effects of flow on measured diffusion coefficients. Further tuning of the acquisition parameters 

and hardware, including the diffusion time, gradient pulse length, flow rate and pump choice, allowed 

for diffusion coefficients close to static to be obtained directly or with the use of flow correction 

factors. Notably, the effect of flow on measured diffusion coefficient has been effectively eliminated 

with the use of a rotary multi-piston pump to avoid the detrimental pulsation that was present with a 
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peristaltic pump. Recommendations for suitable acquisition parameters and hardware considerations 

for obtaining good quality data have been made. 

The duration FlowDOSY experiment can be reduced to around 5 min, giving high temporal resolution 

of kinetic data. Repeating the reaction with different delays before the first spectrum is acquired and 

interleaving the datapoints could further increase data density for fast reactions. 

These results are a significant step forward in broadening the range of NMR techniques available for 

online reaction monitoring with FlowNMR. Now that the FlowDOSY technique has been shown to 

generate accurate diffusion data on flowing samples, many opportunities for using this technique in 

different contexts are now available.  

The usefulness of FlowDOSY can be further extended by using the methods developed here to perform 

heteronuclear FlowDOSY which would give even more detailed information on reactions in real time. 

More information could be extracted from complex FlowDOSY spectra with overlapping signals by 

using deconvolution techniques such as parallel factor analysis. FlowDOSY is expected to be applicable 

to mixtures where there is high dynamic range of molecular weight if appropriate choice of gradients 

strengths is used. 

Further reaction monitoring experiments may now be performed, not only on polymers as 

demonstrated here, but on reactions of small molecules where a change in molecular size or shape is 

expected. Design of Experiments could be used to optimise FlowDOSY acquisition parameters and 

experimental conditions when applying the technique to new reaction systems.  

It should be possible to correct for the (changing) viscosity of the reaction mixture using the Stokes-

Einstein equation. FlowDOSY could also be used at temperatures other than 298 K, provided the 

changes in viscosity and diffusivity are accounted for. 

FlowDOSY generates a large quantity of data which must be stored and processed. Further work 

should be devoted to the optimisation and automation of data processing to avoid having to integrate 

each DOSY dataset separately. This would also present the opportunity to use real-time FlowDOSY 

data for automated control and optimisation of reaction conditions, for example to target precise 

polymer molecular weights.  

 

Online monitoring of polymerisation reactions 

Optical rotation and homonuclear decoupled NMR were demonstrated as techniques for real-time 

monitoring of stereochemistry during polymerisation of a chiral, non-racemic monomer to an optically 

active polymer. Further experiments should be performed to build on the scope of these initial results 
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and explore the information on stereoselectivity that can be obtained. This includes monitoring 

changes in stereoselectivity (Pr etc.) throughout the reaction. 

Despite the advantages of FlowNMR in terms of non-invasive monitoring, the Zr amine trisphenolate-

initiated polymerisation of rac-lactide did not proceed with the same rate and conversion as offline 

reactions. Experimental conditions were modified to minimise sources of contaminants, and 

polymerisation was found to work best when carried out from the glovebox, with FEP tubing 

throughout the flow system, and with flushing the flow system thoroughly with dry solvent and argon 

prior to the run. 

Online GPC has been introduced to the DReaM facility by modifying an existing HPLC. It was used for 

monitoring molecular weight and dispersity during polymerisation of rac-lactide. Next steps include 

tweaking the method of sampling from the flow system to ensure consistent volumes of sample are 

injected. It will then be possible to use the signal from the RI detector to quantify the amount of 

polymer in solution and therefore the conversion. 

The Zr-initiated polymerisation was also monitored with FlowDOSY, which represents the first time 

this technique has been used for online monitoring of a reaction in real time. It provided useful 

information about both the catalyst and the polymeric products in the reaction mixture, confirming 

the Zr complex is coordinated to the growing end of the polymer chain. FlowDOSY also gave insight 

into the process by which the reaction was terminating, with the observation of polymer chains 

dissociating from the Zr centre.  

Further investigation and characterisation of the impurities present in the flow system which interfere 

with rate and conversion in these polymerisations is essential for future reaction monitoring results 

to be valid. This will benefit not just polymerisations but all monitoring experiments on sensitive 

reactions performed in the DReaM Facility. 

Additional data can be extracted from raw FlowDOSY data using published techniques, namely the 

dispersity of polymers and how it changes during a reaction. This will put FlowDOSY on a level with 

online GPC as a source of rich information on polymer properties during polymerisation, with the 

advantage that analysis can be performed directly on the reaction mixture without the need for 

dilution or sampling delays. 
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 Appendices 

7.1 Appendix to Chapter 2 

Variable temperature NMR  

 

Figure 7.1 VT NMR spectra from which thermodynamic parameters for lactide racemisation were calculated. 
Lactide with 20mol% BCF and lutidine in CDCl3. 
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Figure 7.2: Methine (left) and methyl (right) regions of VT NMR spectra from which thermodynamic parameters 
for lactide racemisation were calculated. Lactide with 20mol% BCF and lutidine in CDCl3.  
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Figure 7.3: Comparison of Mn and Mw values from GPC for products of reactions of PLLA with DBU or TBD in THF 
or 1,4-dioxane at room temperature for a few min. Inset shows same data, without unreacted PLLA. GPC 
acquired on unquenched reaction mixture.  

7.2 Appendix to Chapter 3 

Optimisation of rapid DOSY acquisition 

Table 7.1: Calculated values of signal-to-noise ratio for the first gradient step of each DOSY experiment with flip 
angles between 90° and 60°. 

Signal 
range Molecule 90° 79.5° 70° 60 

Signal-to-noise 
at 80° wrt 90° 

4-3.5 18-crown-6 23569.4 25019.1 24412.3 23532.63 1.061508 

2.4-2.3 mesitylene 3801 3896.8 3769 3788.613 1.025204 

2.1-1.7 Adamantanecarboxylic acid 2158.9 2244.9 2195.2 2167.822 1.039835 

1.6-1.4 cyclohexane 2232.2 2265.4 2153.7 2208.858 1.014873 

0.5-0 hexamethyldisiloxane 7203.4 7410.3 7138.4 7172.922 1.028723 
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Correcting for flow effects  

Table 7.2: Linear fits for plots of Dflow vs Dstatic for flow rates up to 6.78 mL min-1.  

Equation y = a + b*x      

Flow rate / 
mL/min 0.00 0.57 1.13 1.7 2.26 2.83 3.39 4.52 5.65 6.78 

Intercept 0 ± 0 
1.03375E-10 ± 
3.88405E-11 

1.51215E-10 ± 
4.97257E-11 

1.07079E-10 ± 
1.0983E-10 

1.64536E-10 ± 
8.87536E-11 

2.43403E-10 ± 
7.39186E-11 

2.02992E-10 ± 
3.48563E-11 

2.35108E-10 ± 
3.41097E-11 

3.05191E-10 ± 
8.46769E-12 

2.3971E-10 ± 
4.6434E-11 

Slope 1 ± 0 
0.94765 ± 
0.02386 

0.95076 ± 
0.03055 

1.00789 ± 
0.06747 

1.02306 ± 
0.05452 

0.93925 ± 
0.04541 

0.98255 ± 
0.02141 

0.99917 ± 
0.02095 

0.98171 ± 
0.0052 

1.08061 ± 
0.02852 

Residual Sum of 
Squares 0 5.91E-22 9.69E-22 4.73E-21 3.09E-21 2.14E-21 4.76E-22 4.56E-22 2.81E-23 8.45E-22 

Pearson's r 1 0.99937 0.99897 0.99555 0.99717 0.99767 0.99953 0.99956 0.99997 0.9993 

R-Square(COD) 1 0.99873 0.99794 0.99112 0.99435 0.99535 0.99905 0.99912 0.99994 0.99861 

Adj. R-Square 1 0.9981 0.99691 0.98668 0.99153 0.99302 0.99858 0.99868 0.99992 0.99791 
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7.3 Appendix to Chapter 4 

 

Figure 7.4: Selected Linear PLA samples compared with cyclic PLA samples with GPC data obtained from both 
triple detection and RI detection. No correction factor has been applied. The gradients of plots for cyclic 
polymers are less steep than those for linear polymers. 

Table 7.3: Linear PLA samples analysed by DOSY and GPC. 

Sample Mn(GPC)  Mw(GPC)  log(Mw) PDI D log(D) Error in D 

Lactide 
 

144 2.16 
 

1.62E-09 −8.79  
 

1 2029 2634 3.42 1.29 3.38E-10 −9.47  1.11E-11 

2 2805 3577 3.55 1.28 2.56E-10 −9.59  8.4E-12 

3 4298 5375 3.73 1.25 2.70E-10 −9.57  1.24E-11 

4 9206 9872 3.99 1.06 1.48E-10 − 9.83  9E-12 

5 4610 4956 3.70 1.08 2.39E-10 −9.62  4.01E-12 

6 22048 23230 4.37 1.05 8.40E-11 −10.08  1.03E-12 

7 26077 47291 4.67 
 

4.84E-11 −10.32  7.96E-13 

8 17249 21604 4.33 
 

9.81E-11 −10.01  2.19E-12 
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7.4 Appendix to Chapter 5 

NOESY: looking for the PLA chain end  

For following the polymerisation of lactide and learning more about the mechanism of the reaction, a 

useful handle would be the 1H NMR signals associated with the growing end of the polymer chain 

bound to the Zr centre. This would also support the FlowDOSY data showing the Zr complex 

coordinated to the polymer during the reaction. Being in close proximity to the Zr and its ligand, chain 

end signals should be identifiable by a NOESY experiment. We would expect to see a cross peak 

between the nearer tert-butyl groups of the ligand and the CH quartet or CH3 doublet of the ring-

opened lactide section directly bound to the Zr. 

A sample consisting of 0.17 M rac-lactide in CDCl3 with 20 mol% Zr amine trisphenolate was prepared 

and placed into the NMR spectrometer within approximately 5 min to observe the early stages of the 

reaction when only very short oligomers have formed. 

The NOESY spectrum does show some signal in the region where we would expect to see an NOE 

between the ligand tert-butyl group and the growing oligomers, but the cross-peak for the CH at the 

end of the chain is not clear. A clearer view of the polymer chain end signals was obtained in the 

FlowDOSY reaction monitoring work in Chapter 5. 

 

 

rac-LA 

PLA 

 
Nearby t-Bu 
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DOSY spectrum of Zr amine trisphenolate polymerisation of rac-lactide in CDCl3 (10mol% 

initator)  

 

Figure 7.5: DOSY spectrum of Zr amine trisphenolate polymerisation of rac-lactide in CDCl3 (10mol% 
initator)Ligand peaks: 2, 3, 10, 11. Oligomers: 4, 9. Lactide: 5, 8. 

 

L-Lactide PLLA optical rotation calibration curve 

To verify that optical measurements of mixtures of L-lactide and PLLA are the sum of the contribution 

from each component, a calibration curve was obtained for mixtures of the two components. Optical 
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rotation values for monomer and polymer in polymerisation of lactide has previously been assumed 

to be additive.2 

Solutions of L-lactide and PLLA in CHCl3 were prepared, each at 50 g L-1. The flow system, including 

polarimeter, was filled with the L-lactide solution continuously recirculating from a flask. Optical 

rotation and 1H NMR were recorded, then portions of PLLA solution were added sequentially and 

optical rotation and NMR measured again at each mixing ratio. Finally, optical rotation of the pure 

PLLA solution was obtained. The full range of ratios was not used because the mixture became quite 

viscous at higher PLLA concentrations. 

 

Figure 7.6: Specific rotation of mixtures of L-lactide and PLLA in chloroform. 

This shows we can calculate the mole fraction of L-lactide and PLLA from the optical rotation of an 

unknown sample (providing mass concentration is known) by reading the value from the graph. This 

would allow comparison of conversion obtained from NMR with that obtained from optical rotation. 
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Flushing flow system with dry chloroform 

 

Figure 7.7: 1H NMR spectra acquired before and after flushing flow system with dry chloroform for 24 h. Acetone 
peak is still visible at 2.17 ppm. 
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GPC pseudo-Beer-Lambert plot for automated sampling via injection loop 

 

 

Figure 7.8: Pseudo-Beer-Lambert plot of peak integral against concentration. Lack of linearity indicates 
irregularity in sample volume reaching column. 

 

Flow effect correction for diffusion coefficients 

The measured values of the diffusion coefficient obtained with FlowDOSY monitoring must be 

corrected for flow effects to obtain the true, static values.  
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Figure 7.9: Relationship between flowing and static diffusion coefficients for ROP of lactide in CHCl3. 

The flowing diffusion coefficient was found to be related to the static diffusion coefficient according 

to: 

Equation 7.1 

 

Rearranging Equation 7.1 gives an expression for  as a function of the measured value, . 

Equation 7.2 

 

 

Methyl acrylate polymerisation: attempts at monitoring 

The reaction monitoring techniques described above were also applied to another polymerisation 

reaction: photoinduced atom transfer radical polymerisation (ATRP) of methyl acrylate. This work was 

carried out in collaboration with Maciek Kopec for the polymerisation chemistry and Martin Levere 

and Catherine Lyall for instrumentation. 

A reaction similar to previously published work was used for these monitoring experiments.3 The 

reaction components and ratios are shown in Table 7.4, and the solvent was dimethylformamide 

(DMF). The reaction was brought about by irradiation with a UV lamp; the reaction proceeds while the 

lamp is on and stops once it is switched off. 
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Table 7.4: Components used in ATRP of methyl acrylate. TPMA is tris(2-pyridylmethyl)amine, and Me6TREN is 
tris[2-(dimethylamino)ethyl]amine. The reaction was performed in a 1:1 (v/v) mixture of methyl acrylate and 
dimethylformamide (DMF). 

 Monomer  Initiator  Catalyst  Ligand  

 Methyl acrylate Ethyl α-

bromoisobutyrate 

CuBr2 TPMA or 

Me6TREN 

Equivalents 200 1 0.02 0.06 

The reaction was monitored using 1H FlowNMR, FlowDOSY and online GPC. The conditions used for 

online monitoring of Zr-initiated ROP of lactide were modified for the polymerisation of methyl 

acrylate, due to this reaction having different sensitivities to moisture and oxygen. Therefore, instead 

of using the optimal lactide conditions described in Section 5.5.6, a slightly less stringent air-free setup 

was used. The reaction has previously been shown in the Kopec lab to run when the solution is 

degassed by flushing with inert gas for 10 to 20 minutes prior to initiating the reaction. Therefore, for 

the purposes of reaction monitoring the reaction solution was degassed in this way and the flow 

system was purged by flushing with degassed reaction solvent (DMF) followed by argon, at least twice 

each, before filling with degassed reaction mixture.  

Oxygen inhibits the radical polymerisation reaction, so the reaction is not expected to progress 

without proper degassing. However, if only a small amount of oxygen is present it will be consumed 

by reaction with Cu(I) to make Cu(II). Photoreduction brought about by UV light will reform the Cu(I) 

– this is thought to occur via ligand to metal charge transfer (LMCT) which is not accessible in the 

ground state but can occur in the excited state. The net effect is removal of trace oxygen from the 

system, and continuous regeneration of the Cu(I) species, meaning the polymerisation is able to 

progress. A bromine radical is produced during the Cu(II) reduction, which can initiate polymerisation 

forming a polymeric radical that takes part in the ATRP equilibrium.3 The mechanism is shown in Figure 

7.10. 

 

Figure 7.10: Mechanism of ATRP. 



Appendices  

239 
 

Despite the self-regenerating nature of the reaction, little or no polymerisation was observed by NMR 

when the reaction was monitored online in the DReaM facility. Several attempts were made at 

performing this reaction in the flow system, using various methods to promote polymerisation (Table 

7.5). However, the maximum conversion achieved was just 12% after 4 h (Run 2).  

Table 7.5: Experimental conditions and results for methyl acrylate ATRP monitoring attempts. 

Run 

number 

Flow system 

tubing material Pump Conversion Notes 

1 PEEK Peristaltic none Degassed again while flowing and restarted 

irradiation (no conversion).  

Added fresh initiator to relace any that may 

have evaporated (no conversion).   

Added Cu wire (no conversion). 

2 PEEK Peristaltic 12% Degassed and restarted irradiation. 

3 FEP Peristaltic none Positive pressure of argon: lost some reaction 

mixture by evaporation. 

4 FEP Peristaltic none Degassed and restarted irradiation; no 

conversion.  

Disconnected from flow system, degassed, 

restarted in isolated flask: reaction worked. 

5 FEP Diaphragm none No GPC. Degassed and restarted irradiation 

(no conversion). 

 

When no conversion was observed, the UV lamp was switched off and the reaction mixture re-

degassed by flushing with dry argon before restarting the reaction by switching on the UV irradiation. 

In Run 2 this resulted in polymerisation occurring, but the rate decreased once again to zero with only 

a maximum of 12% conversion.  

In Run 1, after re-degassing was unsuccessful, a piece of copper wire was added to the solution. 

Copper metal is another known way of initiating the reaction, instead of using UV light.4 However, this 

approach also resulted in no conversion. The observation that neither of these generally robust 

initiation methods was successful is a strong indication that there is something in the flow system 

which inhibits the reaction. 

In the case of Run 4, after the reaction mixture had been observed not to polymerise in the flow 

system the reaction flask was disconnected from the flow system and degassed again. The reaction 

mixture in the isolated flask was irradiated with UV light. Under these conditions the reaction 

proceeded as expected with high conversion. This is further confirmation that the problem is within 

the flow path, not with the reaction itself. 
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Further attempts to remove sources of impurities included using FEP tubing (as used for lactide 

polymerisation in Chapter 5); a positive pressure of argon in the reaction flask; eliminating sampling 

for online GPC; and switching to a diaphragm pump (Tacmina QI-10-6T). None of these methods gave 

any improvement in reaction conversion. 

FEP is more permeable to oxygen than PEEK, which may be detrimental to the reaction.5 However, the 

near-complete lack of reactivity is not thought to be consistent with the relatively small amount of 

oxygen that could diffuse through the tubing.  

The diaphragm pump was selected so as to reduce contact between the reaction mixture and 

potentially contaminated surfaces. The tubing in the peristaltic pump is made in part from ePTFE 

which is porous and may harbour impurities that are detrimental to the reaction. In the diaphragm 

pump, the reaction mixture encounters stainless steel, PTFE and perfluoroelastomer FFKM. Unlike the 

peristaltic pump, the diaphragm pump needs priming before it can pump liquids. This extra step is an 

additional opportunity for air to enter the system, and if the pump is not properly primed the presence 

of an air bubble may provide a source of oxygen which can interfere with the reaction.  

Photoinduced ATRP of methyl acrylate  

Methyl acrylate (99%, Alfa Aesar) was passed through activated basic alumina to remove the inhibitor. 

Ethyl α-bromoisobutyrate, copper(II) bromide, tris(2-pyridylmethyl)amine, and tris[2-

(dimethylamino)ethyl]amine were used as received. 

A solution of methyl acrylate (200 eq.), ethyl α-bromoisobutyrate (1 eq.), copper(II) bromide (0.02 eq.) 

and either tris(2-pyridylmethyl)amine (TPMA, 0.06 eq.) or tris[2-(dimethylamino)ethyl]amine 

(Me6TREN, 0.06 eq.) in DMF (1:1 (v/v) with methyl acrylate) with a total volume of 20–25 mL was 

prepared and degassed by flushing with argon for 10–20 min with stirring. The reaction mixture was 

circulated through the flow system (PEEK or FEP tubing) with a either a peristaltic pump (VapourTec 

SF-10 V-3) or a diaphragm pump (Tacmina QI-10-6T) at 2.0 mL min-1. The NMR spectrometer was set 

to acquire 1H NMR and FlowDOSY spectra every 6 – 8 min, and the online GPC was set to sample from 

the flow path every 10 min. The reaction mixture was irradiated with UV light at 365 nm (max).  
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