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Abstract 
A multi technique characterisation approach is vital for the full understanding of a material 

and its properties. Through combining predominantly solid state nuclear magnetic 

resonance (NMR), wide-angle (WAXS), small-angle X-ray scattering (SAXS), differential 

scanning calorimetry (DSC) and Raman spectroscopy, four different systems have been 

investigated. 

The importance of the development of biopolymers cannot be understated, polylactide (PLA) 

is one such biopolymer that has a lot of focus due to its wide range of end uses through 

tailoring it’s physical properties. The characteristics and behaviour of PLA pre and post 

processing has been investigated. The degradation of four PLA samples with different ratios 

of D- and L- polylactide (PDLA/PLLA) has been tracked over the course of a year using the 

aforementioned techniques. The long range order does not change over the course of a year 

for all of the samples. There is however a potential rearrangement of the PLA helix but 

without an overall change in mobility. 

The end product PLA materials were injection moulded and underwent tensile and impact 

testing. Two different mould temperatures were applied to investigate the difference 

between amorphous and crystalline products of the same starting composition. Additionally, 

the effect of nucleating agents has been investigated by the incorporation of talc. The 

crystalline products resulted in strong materials, with the addition of talc resulting in the 

introduction of crystalline regions even at low mould temperatures increasing the strength 

of the materials. 

The multi technique approach has also been applied to a series of polyester and polyamide 

elastomers with a range of cis:trans ratios. The Young’s modulus is an important 

characteristic of any elastomer and is affected by crystallinity which in turn is influenced by 

the cis:trans ratio. The Young’s modulus for the polyesters increases with a greater cis 

content directly matching the increase in T1ρ times. This confirmed that an increase in 

crystallinity and a consequent decrease in molecular mobility increases the Young’s modulus. 

The effect of cis:trans ratio on polyamides is less pronounced than for the polyesters. The 

molecular weight has also been investigated and found to have little difference between 

‘oligomers’ and ‘polymers’. 

Finally, an additional technique, electron paramagnetic resonance (EPR) has been 

implemented for the analysis of coper doped calcium phosphate bioactive glasses. Copper is 

incorporated into bioactive glass structures as Cu+ and Cu2+. The combination of solid state 
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NMR, EPR and Raman spectroscopy allows for the determination of how each of the Cu 

species incorporates into the bioactive glass network. Increasing the copper doping, even up 

to ~ 20 % copper, results in a continuous incorporation of Cu ions without saturation. There 

is no net depolymerisation of the bioactive glass network due to two competing processes. 

These are Cu+ forming CuO chain ends and Cu2+ ions forming linear arrangements causing 

repolymerisation.  The Cu2+ ions can also form tetragonally distorted octahedral coordination 

between phosphate chains. 
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1.0 Introduction 

1.1 Analytical Techniques for Materials 

In order to carry out a robust study of a material a multi technique approach is required, 

whilst this is logical it is only in recent years that this approach has been used. Historically 

only one or two techniques are used as each area feels that their technique can fully 

investigate a material. However, this is not the case as every analytical method has its own 

advantages and limitations. There can be times when specialising in one technique can be 

useful however to comprehensively understand a material and additionally to make progress 

in science, collaboration with others is required. 

In this thesis a comprehensive methodology consisting of primarily solid state nuclear 

magnetic resonance (NMR), X-ray diffraction (XRD), small angle X-ray scattering (SAXS), 

differential scanning calorimetry (DSC) and Raman spectroscopy has been implemented to 

understand four different systems. These four systems are the degradation of poly(lactide), 

the effect of injection moulding temperature on poly(lactide), the properties of elastomers 

and the network formation of copper doped bioactive glasses. All of the techniques used in 

this work have all been used extensively for studying the systems here, however historically 

most studies only use one or two techniques. In recent years as a consequence of 

understanding the need for more robust studies more techniques have been used together.  

The simplest use of solid state NMR is for determination of the functional groups present in 

a material which allows for confirmation of the material made. This routine analysis is usually 

carried out using solution state NMR especially for polymers, however in the case of a 

material being insoluble solid state NMR is particularly useful although it is significantly more 

time consuming. Structural determination is accomplished using both 1D and 2D NMR, 

experiments on multiple nuclei showing the correlations between different nuclei, such as in 

this thesis carbon and protons, either through bond or through space. Whilst the chemical 

shift gives a good indication of what chemical species is inducing a resonance for more 

complex cases caused by multiple occurrences of a species, e.g. in a long hydrocarbon chain, 

2D NMR allows for the definitive assignment of each individual group involved. 

X-ray diffraction is an important tool for the characterisation of materials and is used for 

determining a vast amount of structural information. The most important of these include 

determination of the crystal structure of a material, measuring the spacings between atoms; 

consequently acquiring the lattice parameters and space groups for a material, determining 
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the orientation of a single crystal and measuring the size and shape of crystalline regions in 

a material. The limiting factor for X-ray diffraction is that a material must be crystalline or 

semi-crystalline in order to produce the diffraction pattern for analysis. In the case of 

biopolymers and elastomers there are no limitations as they are comprised of both 

crystalline and amorphous domains whereas for bioactive glasses which are commonly 

amorphous X-ray diffraction serves purely as a confirmation of this amorphous nature and 

other techniques need to be implemented instead. 

The thermal properties of a material are equally important to understand and relate to the 

long and short range order probed by XRD and NMR, respectively. The main thermal analysis 

technique used in this thesis is differential scanning calorimetry, which allows for the 

determination of several transition temperatures. The most important of these for materials 

presented in this thesis, are the glass transition temperature, (Tg), melting temperature, (Tm), 

crystallisation temperature, (Tc) and polymorphic rearrangement temperature (Tp). In 

biopolymers knowledge and control of the Tg and Tm are important for tailoring the uses of 

the material, especially for use in high heat applications such as automotive parts. In 

elastomers the Tg is important to control as one of the key fundamentals of an elastomer is 

to exist above this transition point. Tg is also important parameter for characterising 

bioactive glasses as an indirect measure of network connectivity. Furthermore, it is related 

to glass solubility and degradation, crystallisation, and the mechanical properties. In addition 

to DSC, dynamic mechanical thermal analysis (DMTA) and thermogravimetric analysis (TGA) 

can provide further information about phases changes and thermal stability of a polymer. 

TGA is a vital technique to perform before injection moulding a material to be able to identify 

the correct temperatures used for the injection moulding process. 

Raman spectroscopy is another useful diagnostic tool for understanding the chemical 

composition and structure of a material. Similar to NMR it benefits from little to no sample 

preparation and no contact with or destruction of the material. It is particularly useful for 

analysis of the polymer backbone configuration, microstructures and in the case of 

polylactide (PLA) the helical arrangement. Raman is also used in bioactive glasses for looking 

at the PO2 and POP species along the phosphate chains and how these are perturbed by the 

addition of dopants. 

The multi-technique methodology is applied to three different materials systems, two 

polymer systems, poly(lactide) and poly(amide)/poly(ester) elastomers and bioactive 

glasses. The importance of the development of biopolymers such as PLA cannot be 
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understated. PLA is made from the by-products of other industries such as the agricultural 

industry and from bacterial reactions, lactic acid, the starting material, is therefore easily 

available. PLA can be tailored to an immense range of products from take away coffee cups 

to aeronautical parts and even medical devices. The mechanical properties and the control 

of the degradation process of PLA are important towards determining the potential end uses. 

There are several ways in which the properties of PLA can be controlled, including controlling 

the ratio of L/D isomers which affects the crystallinity, the use of additives such as talc which 

enhance the strength of the PLA end product or using PLA as a copolymer such as with poly 

caprolactone or polyethylene glycol. 

Whilst PLA is a versatile material it cannot be used in situations where elasticity is required, 

in these scenarios such as rubbers elastomers must be used. Elastomers have many 

requirements such as the existence above the glass transition temperature, possession of 

long flexible chains and the presence of amorphous components. The Young’s modulus is the 

most important mechanical property for elastomers as it is the measure of elasticity. There 

are many factors that can affect the Young’s modulus, predominantly the crystallinity of the 

material. The presence of crystalline domains hinders the free movement of the chains by 

increasing the interaction strength between adjacent chains. 

Polymers have many uses including in the field of medical devices however there are many 

occasions where other materials are favourable, one such case is the use of bioactive glasses. 

Calcium phosphate bioactive glasses are able to mimic natural materials found in the body 

and have many therapeutic effects such antimicrobial and antibacterial properties. The 

application for these within the body ranges from cell transportation to muscular scaffolds 

and nerve conduits. Doping of bioactive glasses can help to improve the therapeutic effects, 

copper is a common dopant. The incorporation of copper occurs as both Cu+ and Cu2+ and 

can take many different arrangements. It is important to understand the arrangements that 

copper can take, especially Cu2+, in order to develop bioactive glasses with enhanced 

properties.  

1.2 Motivations 

The motivation of this thesis is to demonstrate that a multi technique approach is required 

for the comprehensive analysis of materials. Whilst each individual analytical technique can 

provide useful information about a material this thesis aims to show that with more 

analytical techniques and a wider range of information on long and short range order and 

physical properties can provide the best analysis of a material. Each chapter has a sub aim to 
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show that the same techniques can be used in tandem for different  materials and 

investigations. These sub aims are to understand the physical ageing of high-heat polylactide, 

correlating the molecular motion and long and short range order of injection moulded 

polylactide and elastomers to the thermal and mechanical properties, and to show 

conclusively how copper doping affects calcium phosphate bioactive glasses. 

1.3 Thesis Overview 

To understand some concepts in this thesis the background theory of NMR is given 

in Chapter 2. It covers the main NMR interactions present in the systems under 

investigation in this thesis. 

In Chapter 3, the main methods used in this thesis are detailed. This covers the solid state 

NMR techniques, as well X-ray diffraction, differential scanning calorimetry, raman 

Spectroscopy and Electron Paramagnetic Resonance used in this thesis. 

Chapter 4 details the study into the analysis of polylactide powders and the degradation of 

industrial grade and medical grade polylactide powders and crystals using solid state  NMR, 

WAXS/SAXS and DSC under three storage conditions over the course of a year. 

Chapter 5 continues the study of polylactide and investigates how the mechanical properties, 

i.e. tensile properties, impact resistance and HDT-B, of injection moulded polylactides are 

affected by the mould temperature and how this relates to the molecular mobility and 

structure. Neat industrial grade and medical grade polylactide and talc blended polylactide 

materials are compared using solid state NMR, SAXS/WAXS, DSC and Raman. 

Chapter 6 is an investigation into two different novel elastomers, polyester and polyamide 

based, and the effect that cis/trans content and molecular weight play on the Young’s 

modulus. This is related to the molecular mobility and crystallinity of the elastomers using 

solid state NMR, SAXS/WAXS and DSC. 

Chapter 7 details the study of copper doped bioactive glasses and how copper affects the 

phosphate network. This is accomplished using many techniques to look at the long and short 

range order of the bioactive glass materials and the effect that paramagnetic Cu2+ has on the 

systems.  
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2. Solid State NMR Theory 

Solid-state nuclear magnetic resonance is the technique that underpins all the studies 

undertaken within this thesis. The theory in this chapter has been based on a number of 

sources to provide a background into NMR theory for each section1-6.  

2.1 Spin Angular Momentum 

One of the fundamental properties of the nucleus that is exploited during nuclear magnetic 

resonance is the spin angular momentum quantum number, I, this can be a positive integer 

or half integer. 

𝐼 = 0,
1

2
, 1,

3

2
, 2, … (2.1) 

A nucleus must have I > 0 in order to be NMR active, this is due to the dependency of nuclear 

magnetism on the magnetic moment, μ. Where I > 0, μ will be proportional to the angular 

momentum. 

�̂� = 𝛾�̂� (2.2) 

where γ is the gyromagnetic ratio, an intrinsic frequency of each isotope. The magnetic 

moment interacts with an external applied magnetic field and allows for the NMR 

experiment to be performed. 

2.2 Bulk Magnetisation 

Most experiments are not performed on a single isolated spin and are instead performed on 

a bulk amount of spins in a system. The net magnetisation (M) is considered as the sum of 

the vectors of the individual magnetic moments. 

𝑀 = ∑𝜇𝑖

𝑖

 (2.3) 

In the absence of a magnetic field, all magnetic moments are randomly aligned and cancel 

out leading to M = 0. When a uniform static field B, is applied the magnetic moments in a 

system experience a net alignment parallel to this field. This alignment is generally small and 

can be given as: 

𝑀 =
𝑁𝛾2𝐵𝐼(𝐼 + 1)ħ2

3𝑘𝑇
 (2.4) 

Where N is the number of spins, ħ is the reduced Plank’s constant (h/2π), k is the Boltzmann 

constant and T is the temperature. When I = 0 there is no net magnetisation, consequently 
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the nucleus is considered to be NMR inactive. The optimal conditions to acquire the strongest 

signal are; low temperatures, high applied magnetic field, large number of spins and a high 

gyromagnetic ratio. 

NMR is an inherently insensitive technique, even for a high γ nucleus, such as 1H an excess 

of only 3.2×10-3 % of the nuclei align with B and this percentage is even less for nuclei with 

low γ. The second limiting factor is the natural abundance of the nuclei, for example 13C which 

is a commonly used nucleus has a natural abundance of 1.1 % resulting in a low proportion 

of contributing nuclei. To overcome this problem several methods to enhance μ can be 

employed including isotope enrichment, which is expensive, cross polarisation, which will be 

explained later and dynamic nuclear polarisation which is not a subject of this thesis.  

2.3 External Interactions 

2.3.1 Zeeman Interaction 

A nucleus with a spin I has 2I+1 degenerate spin states, for example a spin half nucleus has 

spin quantum number, ms = +1/2 or -1/2, when an external magnetic field is applied, B0, the 

degeneracy is broken. This is called the Zeeman interaction and is a result of the interaction 

of the applied magnetic field and the intrinsic magnetic moment, μ, possessed by the spin, 

Figure 2-2. 

 

Figure 2-1. Net magnetisation for a spin system where (a) no B is applied with no net 

magnetisation and (b) where net magnetisation is present along B. 
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Figure 2-2. Representation of the Zeeman splitting for a nucleus with spin I = 1/2. 

The Zeeman Hamiltonian, when the applied to the magnetic field is defined in the z-axis, B = 

(0, 0, B0), is given by, 

�̂�𝑍 = −�̂� ∙ �̂� = −�̂�𝑧𝐵0 = −𝛾ħ𝐼𝑧𝐵0 (2.5) 

The energy difference between the states is equivalent to the Larmor frequency, ω0, of the 

nucleus in the presence of an applied magnetic field. 

𝜔0 = −𝛾𝐵0 (2.6) 

2.3.2 Frame Rotations 

In order to fully understand the interactions felt by the nuclear spins in three-dimensional 

space, the principle axis system (PAS), the laboratory frame and the rotating frame must be 

introduced. 

The principle axis system is where the spatial information for the interactions is diagonalized 

along the PAS axis, 

𝐴𝑃𝐴𝑆 = (

𝐴𝑥𝑥 0 0
0 𝐴𝑦𝑦 0

0 0 𝐴𝑧𝑧

) (2.7) 

The PAS frame is different for each interaction; therefore it is useful to rotate them into a 

common frame, the lab frame. When a Hamiltonian is described in spherical tensor form the 

spatial information can be represented as. 

�̂� = 𝐶 ∑ ∑ 𝐴𝑙𝑚�̂�𝑙−𝑚

𝑙

𝑚=−𝑙𝑙=0,2

 (2.8) 
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Figure 2-3. Representation of frame rotations using Euler angles (α,β,γ ), from (a) the original 

frame (x,y,z) to (c) the final frame (x''',y''',z'''). 

where C is a constant based on the interaction, A is the spatial component and T is the spin 

tensor, A and T are represented with the limits l and m where l is the rank and m is the order 

of the tensors. Only the spatial term is affected under rotations. 

The rotation operator R̂ uses the Euler angles (α,β,γ) to describe the rotation between the 

frames. 

�̂�(𝛼, 𝛽, 𝛾) = �̂�𝑧(𝛼)�̂�𝑦(𝛽)�̂�𝑧(𝛾) (2.9) 

The original frame (x, y, z) is transformed to the final frame (x’’’, y’’’, z’’’). The rotation is first 

applied parallel to the z axis about the angle α, then along the y axis by β and the finally 

around the z axis by γ, a representation of this rotation is given in Figure 2-3. 

The rotating frame rotates around the z axis at the frequency of the radiofrequency pulse 

and will be introduced further in 2.3.3. 

The rotation operator can be applied to the spatial information to transform the original 

orientation (A(x,y,z)) to the new orientation (A(X,Y,Z)). 

𝑨(𝑋, 𝑌, 𝑍) = 𝑹(𝛼, 𝛽, 𝛾) ∙ 𝑨(𝑥, 𝑦, 𝑧) ∙ 𝑹−1(𝛼, 𝛽, 𝛾) (2.10) 

2.3.3 Radiofrequency Pulse 

Observation of NMR signal requires the application of a radiofrequency pulse to introduce 

an oscillating magnetic field, B1(t) and cause perturbation of equilibrium. The oscillating rf 

pulse has a frequency ωrf and if this frequency is close to the Larmor frequency there will be 

a strong effect on the nuclear magnetisation. The oscillation of the rf pulse introduces a time 

dependence, 

𝐵(𝑡) = 2𝐵1 cos(𝜔𝑟𝑓𝑡 + 𝜙) (2.11) 
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where 𝜙 is the phase of the rf pulse. The interaction between the rf magnetic field and the 

nuclear spin is analogous to the Zeeman interaction with the addition of time dependence. 

The rf pulse is generally applied along x, the Hamiltonian for this, Ĥrf, becomes: 

�̂�𝑟𝑓 = −2𝛾ħ𝐼𝑥𝐵1 cos(𝜔𝑟𝑓 + 𝜙) (2.12) 

 

The external spin Hamiltonian, Ĥext, is a combination of ĤZ and Ĥrf when the oscillating field 

is introduced in the presence of an applied magnetic field B0  

�̂�𝑒𝑥𝑡 = �̂�𝑧 + �̂�𝑟𝑓 = ħ𝜔0𝐼𝑧 + 2ħ𝜔1𝐼𝑥 cos(𝜔𝑟𝑓𝑡 + 𝜙) (2.13) 

Where ω1 is the nutation frequency of the applied rf pulse. 

It is convenient to transform this interaction into the rotating frame which offers a classical 

viewpoint to the applied rf system. The resonant part of the rf field is rotating at ωrf with 

respect to the lab frame. In the rotating frame ωrf is around B0 and the rf field B1 appears 

static and the x-y plane rotates around it. 

This transformation removes the time dependence of Ĥext, consequently the Hamiltonian 

becomes 

�̂�𝑒𝑥𝑡
𝑟𝑜𝑡 = −ħ((𝜔𝑜 − 𝜔𝑟𝑓)𝐼𝑧 + 2𝜔1𝐼𝑥) (2.14) 

The term ˗ħ(ω0-ωrf) represents the magnetisation in the z direction and when ωrf ≈ ω0 the 

Hamiltonian becomes 

�̂�𝑒𝑥𝑡
𝑟𝑜𝑡 = −2ħ𝜔1𝐼𝑥 (2.15) 

resulting in the magnetisation precessing around the x-axis. This precession is called nutation 

with the frequency of nutation ωnut given by 

𝜔𝑛𝑢𝑡 = −𝛾𝐵1 (2.16) 

The magnetisation is nutated by the angle θnut, the flip angle during the time τ1 

𝜃𝑛𝑢𝑡 = 𝜔1𝜏1 (2.17) 

A flip angle of 90° (π/2) transfers magnetisation so that it becomes aligned in the -îy direction. 

When the B1 field is removed, the magnetisation will return to equilibrium via relaxation 

processes (see Section 3.1.1). The precession back to equilibrium around B0 can be measured 

and forms the basis of the NMR experiment and is called free induction decay (FID). 
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2.4 Internal Interactions 

External interactions, i.e. the Zeeman interaction and the rf pulse are not the only 

interactions to consider in an NMR experiment. There are multiple internal interactions 

which allow for elucidation of the nuclear environment. These interactions are contained in 

the nuclear spin Hamiltonian. 

�̂� = �̂�𝑍 + �̂�𝐶𝑆 + �̂�𝐽 + �̂�𝐷 + �̂�𝑄 + �̂�𝑘 + ⋯ (2.18) 

The above interactions include the Zeeman interaction (ĤZ, Chapter 2.3.1), the chemical 

shielding interaction (ĤCS, Chapter 2.5.1), the indirect dipole interaction (ĤJ, Chapter 2.5.3), 

the dipolar interaction (ĤD, Chapter 2.5.2), the quadrupolar interaction (ĤQ, Chapter 2.3.5), 

and the Knight shift (ĤK) which will not be discussed due to their limited relevance. The 

paramagnetic interaction will also be discussed (ĤP ,Chapter 2.3.4). The relative strength of 

the internal interactions to the Zeeman interaction allow them to be treated as perturbations 

to the Zeeman Hamiltonian. In solids the strength of the interactions generally follows a 

hierarchy 

�̂�𝑍 > �̂�𝑄 > �̂�𝐾 > �̂�𝐶𝑆 > �̂�𝐷 > �̂�𝐽 (2.19) 

2.5.1 Chemical Shielding 

Chemical shift goes hand in hand with chemical shielding. The electrons in a molecule 

magnetically shield the nuclei in a molecule when placed in a magnetic field. This shielding 

leads to the chemical shift which is different for each electronic environment allowing for 

the determination of the structure of a molecule. The chemical shift is comprised of the 

diamagnetic contribution and the paramagnetic contribution. When the external magnetic 

field, B0 is applied the electrons circulate and induce a secondary magnetic field, the induced 

field, this is the diamagnetic contribution. The electron distribution is distorted by the 

applied magnetic field, this distortion can be explained by the mixing of excited and ground 

state electrons. Paramagnetism can be induced by the excited electron states, this in turn 

creates a field which supports the applied field consequently deshielding the nucleus and is 

further explained in Chapter 2.5.4. The chemical shielding Hamiltonian is described using the 

chemical shielding tensor σ as: 

�̂�𝐶𝑆 = 𝛾ħ�̂� ∙ 𝝈 ∙ 𝑩0 (2.20) 

Chemical shielding is a second rank tensor and can be defined in the PAS frame by 
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𝜎𝑃𝐴𝑆 = (

𝜎𝑥𝑥 0 0
0 𝜎𝑦𝑦 0

0 0 𝜎𝑧𝑧

) (2.21) 

where 

|𝜎𝑍𝑍 − 𝜎𝑖𝑠𝑜| ≥ |𝜎𝑋𝑋 − 𝜎𝑖𝑠𝑜| ≥ |𝜎𝑌𝑌 − 𝜎𝑖𝑠𝑜| (2.22) 

and 

𝜎𝑖𝑠𝑜 =
𝜎𝑋𝑋 + 𝜎𝑌𝑌 + 𝜎𝑍𝑍

3
 (2.23) 

The chemical shielding tensor in the PAS frame can be rotated using equation 2.10 to the lab 

frame 

𝜎𝑃𝐴𝑆 = (

𝜎𝑋𝑋 𝜎𝑋𝑌 𝜎𝑋𝑍

𝜎𝑌𝑋 𝜎𝑌𝑌 𝜎𝑌𝑍

𝜎𝑍𝑋 𝜎𝑍𝑌 𝜎𝑍𝑍

) (2.24) 

Capital subscripts are used in the lab frame to distinguish them from the PAS frame. 

When the main field and shielding are included the induced magnetic field (Bind can be 

represented by 

𝐵𝑖𝑛𝑑 = (1 − 𝜎) ∙ 𝐵0 = (
1 − 𝜎𝑋𝑋 −𝜎𝑋𝑌 −𝜎𝑋𝑍

−𝜎𝑌𝑋 1 − 𝜎𝑌𝑌 −𝜎𝑌𝑍

−𝜎𝑍𝑋 −𝜎𝑍𝑌 1 − 𝜎𝑍𝑍

)(
0
0
𝐵0

) = (

−𝜎𝑋𝑍𝐵0

−𝜎𝑌𝑍𝐵0

(1 − 𝜎𝑍𝑍)𝐵0

) (2.25) 

Only the zz component is of interest, which is aligned with Bo. The terms σxz and σyz are 

second order contributions and can be neglected. The chemical shielding Hamiltonian 

becomes 

 

�̂�𝐶𝑆 = 𝛾ħ𝐼 ∙ 𝜎𝑍𝑍 ∙ 𝐵0 (2.26) 

The tensor element for σZZ is obtained by applying the rotations from the PAS to the LAB 

frame 

𝜎𝑍𝑍 = 𝜎𝑖𝑠𝑜 +
∆𝜎

2
[(3𝑐𝑜𝑠2𝜃 − 1) + 𝜂(𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜙)] (2.27) 

Where 

∆𝜎 =  𝜎𝑍𝑍 − 𝜎𝑖𝑠𝑜 (2.28) 

And 
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𝜂 =
𝜎𝑋𝑋 − 𝜎𝑌𝑌

∆𝜎
 (2.29) 

where θ and 𝜙 are the polar angles of the LAB frame in the PAS of the tensor. Δσ is called 

the shielding anisotropy and η is the asymmetry. The three components of the shielding 

tensor; isotropic shielding value, σiso (equation 2.23), shielding anisotropy (equation 2.28) 

and asymmetry (equation 2.29), reflect the local symmetry in the nuclear environment. The 

Haeberlen convention uses these terms to describe the chemical shielding interactions.  

For a single crystal placed in a magnetic field, all identical nuclei will have the same 

orientation with respect to B0. This will produce a single peak in the NMR spectrum, the shift 

will be dependent on θ and 𝜙 relative to B0. In a powder sample all possible orientations of 

θ and 𝜙, in this case a broad line will be formed of the different overlapping crystallite 

orientations, Figure 2-4. The line shape will be dependent on Δσ and η. 

 

Figure 2-4. The a) typical chemical shift anisotropy (CSA) line shape with shielding 

parameters, b) Pake doublet for a powder pattern under dipolar coupling and c) the CSA line 

shapes for various symmetries with respect to B0. 
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The isotropic chemical shift, δiso is used instead of σiso experimentally to measure shift, this 

normalises the shielding of a sample to that of a known reference sample 

𝛿𝑖𝑠𝑜 =
𝜔 − 𝜔𝑟𝑒𝑓

𝜔𝑟𝑒𝑓
× 106 =

𝜎𝑟𝑒𝑓 − 𝜎𝑖𝑠𝑜

1 − 𝜎𝑟𝑒𝑓
(2.30) 

where, ω is the spectral frequency, ωref is the reference frequency, σ is the shielding tensor 

and σref is the standard resonance. The isotropic chemical shift is given in parts per million 

(ppm) and is field independent which allows for easy comparisons. 

2.5.2 The Dipolar Interaction 

The dipolar interaction is a through space interaction between the magnetic moments of two 

nuclear spins. Classically the interaction of the magnetic dipoles, μ1 and μ2 is given by, 

𝐸𝐷 =
𝜇0

4𝜋
(
𝜇1 ∙ 𝜇2

𝑟3
− 3

(𝜇1 ∙ 𝑟)(𝜇2 ∙ 𝑟)

𝑟4 ) (2.31) 

where r is the distance between the two spins. 

The Hamiltonian is generated by substituting the magnetic moment operator �̂� into equation 

2.31, for two spins I and S the Hamiltonian becomes 

�̂�𝐷 = −
𝜇0

4𝜋

𝛾𝐼𝛾𝑆ħ

𝑟3
(𝐼 ∙ 𝑆 − 3(

(𝐼 ∙ 𝑟)(𝑆 ∙ 𝑟)

𝑟2 )) 

= −
𝜇0

4𝜋

𝛾𝐼𝛾𝑆ħ

𝑟3
𝑓(𝐼𝑧, �̂�𝑧)

(3 cos2 𝛽 − 1)

2
(2.32) 

 

where β is the angle between the vector joining the two spins and B0. The strength of the 

dipolar interaction is dependent upon the distance between spins, r and their gyromagnetic 

ratios, γ. 

The dipolar interaction alters the resonance frequency of both spins and is orientation 

dependent. In an isolated system the distribution results in a pair of characteristic powder 

patterns which overlap to form a Pake doublet (Figure 2-4 (c)) however in a complex system 

the pattern is broadened into a Gaussian/Lorentzian peak. 

2.5.3 Indirect Dipole-Dipole Interaction 

The indirect dipole-dipole interaction is also called spin-spin, scalar or J-coupling. This is an 

indirect interaction between two nuclei that is influenced by the electrons in the chemical 

bonds between nuclei, as such it is a through bond interaction. The electrons surrounding 
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the first nucleus are perturbed by the nucleus, this results in an additional magnetic field at 

the second nucleus. 

For the coupling of two spins îj and îk the indirect dipole-dipole Hamiltonian is 

�̂�𝐽 =  2𝜋𝐽𝑗𝑘𝐼𝑗 ∙ 𝐼𝑘 (2.33) 

The second rank j-coupling tensor (Jjk) is given in Hz which results in the factor of 2π, 

additionally there is no dependence upon B0. In liquids Jjk is an isotropic interaction 

consequently it is equal to the average of the diagonal tensor elements 

𝐽𝑗𝑘 =
1

3
(𝐽𝑥𝑥

𝑗𝑘
+ 𝐽𝑦𝑦

𝑗𝑘
+ 𝐽𝑧𝑧

𝑗𝑘
) (2.34) 

In solids the indirect dipole-dipole interaction is not isotropic, there are three contributing 

sources, spin-orbital, spin-dipolar and Fermi contact interactions. The main contribution is 

from the Fermi contact interaction, in diamagnetic solids this interaction is small and is 

obscured by larger interactions. The contribution from the Fermi contact interaction is larger 

for paramagnetic materials and will be discussed in Section 2.5.4. 

2.5.4 Paramagnetic Interaction 

The presence of unpaired electrons in a material results in additional magnetic field at the 

nucleus. A material with unpaired electrons is paramagnetic and has a positive magnetic 

susceptibility (χ). 

The Hamiltonian for the interaction between the nucleus and electron is described by two 

interactions, the through bond or Fermi contact interaction, ĤC, and the through space or 

electron-nuclear dipolar interaction, ĤD. 

�̂�𝑝 = �̂�𝐶 + �̂�𝐷 (2.35) 

The isotropic chemical shift is a combination of the diamagnetic shift, δdiamagnetic, and the 

hyperfine shift, δhyperfine. 

𝛿𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝛿𝑑𝑖𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 + 𝛿ℎ𝑦𝑝𝑒𝑟𝑓𝑖𝑛𝑒 (2.36) 

where 

𝛿ℎ𝑦𝑝𝑒𝑟𝑓𝑖𝑛𝑒 = 𝛿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝛿𝑑𝑖𝑝𝑜𝑙𝑎𝑟 (2.37) 

Where δcontact is the Fermi contact contribution and δdipolar is the electron-nuclear dipole 

interaction. 
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The diamagnetic shift is the shift if there were no unpaired electrons in the material. The 

hyperfine shift derives from the interaction between the unpaired electron and nuclear spin. 

To understand this relationship the contribution from the magnetic susceptibility must be 

understood. The magnetisation per unit volume M of a group of spins in an external magnetic 

field is given by: 

𝑀 =
𝜇𝑖𝑛𝑑

𝑉
=

1

𝜇0
𝜒𝑣𝐵0 (2.38) 

where χv is the magnetic susceptibility per unit volume and μ0 is the magnetic constant. The 

magnetic susceptibility can be calculated per mole χM 

𝜒𝑀 = 𝑉𝑀𝜒𝑣 = 𝑉𝑀

𝜇0𝑀

𝐵0
 (2.39) 

where VM is the molar volume. Using Avogadro’s constant, the magnetic susceptibility per 

molecule χ is determined by 

𝜒 =
𝜒𝑀

𝑁𝐴
 (2.40) 

From equation 2.38 μind can be defined as: 

𝜇𝑖𝑛𝑑 =
𝑁𝐴〈𝜇〉𝑉

𝑉𝑀
 (2.41) 

Combining equation 2.38 and 2.41, χ can be expressed as: 

𝜒 =
𝜇0〈𝜇〉

𝐵0
 (2.42) 

Where <μ> is the average induced magnetic moment per particle. 

The dynamics of the electron spin are several orders of magnitude faster than the NMR 

timescale. The electron spin is consequently averaged over several Zeeman states resulting 

in the Curie spin <Sz> 

〈𝑆𝑧〉 =
∑ 𝑀𝑆𝑀𝑆

{
−𝑔𝑒𝜇𝐵𝑀𝑆𝐵0

𝑘𝐵𝑇 }

∑ {
−𝑔𝑒𝜇𝐵𝑀𝑆𝐵0

𝑘𝐵𝑇 }𝑀𝑆

 

〈𝑆±〉 = 0 (2.43)

 

 

With the high temperature approximation this simplifies to 
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〈𝑆𝑧〉 = −
𝑔𝑒𝜇𝐵𝐵0

3𝑘𝐵𝑇
𝑆(𝑆 + 1) (2.44) 

The induced magnetic moment per particle is proportional to the Curie spin 

〈𝜇〉 = −𝜇𝑔𝑒〈𝑆𝑧〉 (2.45) 

The Curie moment can consequently be determined 

〈𝜇𝑆〉 =
𝑔𝑒

2𝜇𝐵
2𝑆(𝑆 + 1)

3𝑘𝐵𝑇
𝐵0 (2.46) 

Combining equation 2.42 for the magnetic susceptibility and 2.46 the Curie moment can be 

expressed in terms of isotropic magnetic susceptibility 

𝜒𝑖𝑠𝑜 = 𝜇0

𝑔𝑒
2𝜇𝐵

2𝑆(𝑆 + 1)

3𝑘𝐵𝑇
 (2.47) 

and in terms of the Curie spin 

〈𝑆〉 = 〈𝑆𝑧〉 = −
𝜒𝑖𝑠𝑜

𝜇0𝜇𝐵𝑔𝑒
𝐵0 . (2.48) 

The Hamiltonian for the through bond coupling between the nucleus I and the electron S is 

proportional to the s orbital for the atom containing the spin I 

�̂�𝐶 = 𝐴𝜒 ∙ 𝐼 (2.49) 

where the through bond coupling of the nucleus to the average electron spin is defined by 

the hyperfine Fermi constant A is 

𝐴 =
𝜇0

3𝑆
ℏ𝑔𝑒𝜇𝐵𝛾𝐼𝜌𝑠 (2.50) 

Where γI is the nuclear gyromagnetic ratio and ge the electron g-value represents the 

gyromagnetic ratio and magnetic moment of the electron and ρs is the spin density at the 

nucleus, described by the sum of i of the spin density for the ith nuclear orbitals 

𝜌𝑠 = ∑[|𝜓𝑖
−(0)|2 − |𝜓𝑖

+(0)|2]

𝑖

 (2.51) 

with the positive |Ψi
-(0)|2 and negative |Ψi

+(0)|2 spin densities. 

The energy of the contact interaction needs to be related to the size and strength of the 

magnetic field to determine the shift contribution of the Fermi contact δcontact to the 

hyperfine shift δhyperfine. 
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𝛿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =
𝐸𝑐𝑜𝑛𝑡𝑎𝑐𝑡

𝛾𝐼ℏ𝐼𝑧𝐵0
 (2.52) 

Where Econtact is the energy for this isotropic hyperfine coupling 

𝐸𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐴𝐼𝑧〈𝑆𝑧〉 (2.53) 

Substituting the Curie spin, equation 2.48, and the isotropic magnetic susceptibility, equation 

2.47, the Fermi contact interaction becomes 

𝛿𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = 𝐴
𝑔𝑒𝜇𝐵𝑆(𝑆 + 1)

3𝛾𝐼ℏ𝑘𝐵𝑇
 (2.54) 

The inverse relationship to temperature comes from the Fermi contact interaction. In the 

case where the electronic field at the paramagnetic nucleus is anisotropic, the g factor is 

represented by the components, parallel, g‖ and perpendicular, g⊥. The g factor now 

becomes, 

𝑔 =
1

3
(𝑔∥ + 2𝑔⊥) . (2.55) 

The magnetic susceptibility will now have an orientation dependence, the average induced 

magnetic field becomes, 

〈�̂�〉 =
�̂��̂�0

𝜇0
 . (2.56) 

The electron nuclear interaction Hamiltonian (ĤD) can be described as analogous to the 

dipolar interaction. There are however a few differences between the nuclear-nuclear and 

electron nuclear interaction. An approximation must be made for the distance between the 

electron and nucleus by taking the distance between the nucleus and the metal centre, r. 

The approximation allows for the fractional electron density covered by the Fermi contact 

shift to be ignored. The dipolar Hamiltonian Ĥd can be expressed in terms of the electron 

nuclear interaction by taking the magnetic moment of the electron �̂� as the averaged 

induced electron magnetic moment 〈�̂�〉 in the magnetic field. 

�̂�𝐷 = −
𝜇0

4𝜋
[
3(ℏ𝛾𝐼 ∙ 𝑟)(〈�̂�〉 ∙ 𝑟)

𝑟5
−

ℏ𝛾𝐼〈�̂�〉

𝑟3
] (2.57) 

The Hamiltonian can be rewritten using equation 2.39 and 2.55 and 𝐼 = 𝐼𝜅𝜅, where κ is the 

external magnetic field along which direction the nucleus is quantized. 

�̂�𝐷 = −
ℏ𝛾𝐼𝐵0

4𝜋𝑟5
𝐼𝜅𝜅 ∙ [3𝑟(𝑟 ∙ 𝜒) − 𝑟2𝜒] ∙ 𝜅 (2.58) 
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A second rank magnetic susceptibility tensor σp can be defined as, 

𝜎𝑝 = 3𝑟(𝑟 ∙ 𝜒) − 𝑟2𝜒 (2.59) 

The electron nuclear Hamiltonian becomes, 

�̂�𝐷 = −
ℏ𝛾𝐼

4𝜋𝑟5
�̂� ∙ 𝝈𝑝 ∙ 𝑩 (2.60) 

which has a similarity to the chemical shielding Hamiltonian 

�̂�𝐶𝑆 = 𝛾�̂� ∙ 𝝈 ∙ 𝑩 (2.61) 

As with CSA the paramagnetic interaction scales linearly with magnetic field. 

2.5.5 Quadrupolar Interaction 

The majority of NMR active nuclei have a spin I > ½, these nuclei are considered as 

quadrupolar nuclei. For these nuclei, a non-spherical charge distribution is observed around 

the nucleus, this gives rise to the electric quadrupole moment (eQ), a fundamental property 

of each quadrupolar nuclei. The quadrupolar interaction describes the coupling of the 

electric quadrupole moment with the electric field gradient (EFG) around the nucleus. 

The strength of the quadrupolar interaction is proportional to the size of the EFG which is 

dependent upon the environment around the nucleus, therefore the interaction can vary 

from zero to several MHz in size. The size of the electric quadrupole moment in many cases 

results in the quadrupolar interaction dominating the other internal interactions. In solid 

state NMR where anisotropy is not averaged out by motional averaging, as is the case in 

solution NMR, the quadrupolar interaction results in large anisotropic components of the 

interaction. 

The electric field gradient is described by a second-rank diagonal tensor V, in the principle 

axis system, 

𝑽 = [
𝑉𝑋𝑋 0 0
0 𝑉𝑌𝑌 0
0 0 𝑉𝑍𝑍

] (2.62) 

Where VXX + VYY + VZZ = 0 and by convention |VXX|≥ |VYY|≥ |VZZ|. The EFG can be described 

by two independent parameters, 

𝑒𝑞 = 𝑉𝑍𝑍 (2.63) 

And 
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𝜂𝑄 =
𝑉𝑋𝑋 − 𝑉𝑌𝑌

𝑉𝑍𝑍
 (2.64) 

The Hamiltonian in the PAS arising from the EFG tensor is, 

�̂�𝑄 =
𝑒𝑄

2𝐼(2𝐼 − 1)ℏ
�̂� ∙ 𝑽 ∙ �̂� =

𝑒2𝑞𝑄

4𝐼(2𝐼 − 1)ℏ
[3𝐼𝑧

2 − 𝐼(𝐼 + 1) + 𝜂(𝐼𝑥
2 − 𝐼𝑦

2)] (2.65) 

Assuming the system is in a high field regime, ĤQ can be treated as first ĤQ
1 and second ĤQ

2 

order perturbations of the Zeeman interaction. The derivation is described in full in the 

literature, the theory in this chapter is taken from the report by Man7 and can be used for 

further embellishment. The first and second order quadrupolar Hamiltonians are given by, 

�̂�𝑄
1 =

𝑒2𝑞𝑄

4𝐼(2𝐼 − 1)ℏ
[3𝐼𝑧

2 − 𝐼(𝐼 + 1)] [
(3 cos2 𝛽 − 1) + 𝜂𝑄 sin2 𝛽 cos2𝛼

2
] (2.66) 

And 

�̂�𝑄
2 = −

1

𝜔0
[

𝑒𝑄

4𝐼(2𝐼 − 1)ℏ
]
2

{
𝑓(𝛼, 𝛽, 𝜂𝑄)𝐼𝑧[4𝐼(𝐼 + 1) − 8𝐼𝑧

2 − 1] +

2𝑓′(𝛼, 𝛽, 𝜂𝑄)𝐼𝑧[2𝐼(𝐼 + 1) − 2𝐼𝑧
2 − 1]

} (2.67) 

Where 

𝑓(𝛼, 𝛽, 𝜂𝑄) = −
3

2
𝑒2𝑞2

[
 
 
 
 
 (−

1

3
𝜂𝑄

2 cos2 2𝛼 + 2𝜂𝑄 cos 2𝛼 − 3) cos4 𝛽 +

(
2

3
𝜂𝑄

2 cos2 2𝛼 + 2𝜂𝑄 cos2𝛼 −
1

3
𝜂𝑄

2 + 3) cos2 𝛽

+
1

3
𝜂𝑄

2(1 − cos2 2𝛼)
]
 
 
 
 
 

 (2.68) 

And 

𝑓′(𝛼,𝛽,𝜂𝑄) = −
3

2
𝑒2𝑞2

[
 
 
 
 
 (

1

24
𝜂𝑄

2 cos2 2𝛼 −
1

4
𝜂𝑄 cos 2𝛼 +

3

8
) cos4 𝛽 +

(−
1

12
𝜂𝑄

2 cos2 2𝛼 +
1

6
𝜂𝑄

2 −
3

4
) cos2 𝛽

+(
1

24
𝜂𝑄

2 cos2 2𝛼 −
1

4
𝜂𝑄 cos2𝛼 +

3

8
) ]

 
 
 
 
 

(2.69) 

The first and second order quadrupolar interactions shift the spin energy levels which results 

in a change in the resonance frequency. For the single transitions the shift for the first order 

interaction is given by, 

𝜔𝑚−1,𝑚
1 = 〈𝑚 − 1|�̂�𝑄

1|𝑚 − 1〉 − 〈𝑚|�̂�𝑄
1|𝑚〉 = 

3𝑒2𝑞𝑄

4𝐼(2𝐼 − 1)ℏ
[
((3 cos2 𝛽 − 1) + 𝜂 sin2 𝛽 cos 2𝛼)

∗

2
] (1 − 2𝑚) (2.70) 
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And for the second order interaction, 

𝜔𝑚−1,𝑚
2 = 〈𝑚 − 1|�̂�𝑄

2|𝑚 − 1〉 − 〈𝑚|�̂�𝑄
2|𝑚〉 = 

−
1

𝜔0
[

𝑒𝑄

4𝐼(2𝐼 − 1)ℏ
]
2

(
𝑓(𝛼, 𝛽, 𝜂𝑞)[24𝑚(𝑚 − 1) − 4𝐼(𝐼 + 1) + 9] +

𝑓′(𝛼,𝛽,𝜂𝑞)[12𝑚(𝑚−1)−4𝐼(𝐼+1)+6]
) (2.71) 

For simplicity, the quadrupole coupling constant, CQ, and the quadrupolar frequency, ωQ, are 

often used, where 

𝐶𝑄 =
𝑒2𝑞𝑄

ℏ
 (2.72) 

And 

𝜔𝑄 =
3𝐶𝑄

4𝐼(2𝐼 − 1)
 (2.73) 

The effect that CQ, ηQ and I have on the static lineshape are demonstrated in Figure 2-5 The 

first order interaction creates 2I+1 energy levels with 2I transitions which results in a 

multiplet from the central transition (CT) (m=1/2) and the satellite transitions (ST). The first 

order transition frequencies are dependent on the Euler angles α and β, therefore the first 

quadrupolar interaction produces a powder pattern. The number of peaks is dependent 

upon the nuclear spin I and the shape depend on the asymmetry parameter ηQ. 

 

Figure 2-5. A representation of the quadrupolar lineshape when (a) Cq, (b) ηQ and (c) I, are 

varied. 
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The central transition is unaffected by the first order shift, whereas the second order 

quadrupolar interaction affects all the transitions, due to this most quadrupolar NMR focuses 

on the central transition. The wide frequency range of the first order quadrupole pattern 

makes it difficult to completely observe. The second order quadrupole shift at the CT is given 

be m=1/2 in equation 2.69, 

𝜔
−

1
2
,
1
2

2 = −
1

6𝜔0
[

3𝐶𝑞

2𝐼(2𝐼 − 1)
]
2

[𝐼(𝐼 + 1) −
3

4
] [

𝐴(𝛼, 𝜂𝑄) cos4 𝛽

+𝐵(𝛼, 𝜂𝑄) cos2 𝛽 + 𝐶(𝛼, 𝜂𝑄)
] (2.74) 

𝐴(𝛼, 𝜂) = −
27

8
+

9

4
𝜂𝑄 cos2𝛼 −

3

8
𝜂𝑄

2 cos2 2𝛼 

𝐵(𝛼, 𝜂) =
30

8
−

1

2
𝜂𝑄

2 − 2𝜂𝑄 cos 2𝛼 +
3

4
𝜂𝑄

2 cos2 2𝛼 

𝐶(𝛼, 𝜂) = −
3

8
+

1

3
𝜂𝑄

2 −
1

4
𝜂𝑄 cos 2𝛼 −

3

8
𝜂𝑄

2 cos2 2𝛼 

The second order shift at the central transition is orientation dependent, the breadth of the 

CT,  determined from equation 2.72, is given by, 

Δ(𝜔
−

1
2
,
1
2

2 ) =
25 + 22𝜂𝑄 + 𝜂𝑄

2

144
(
𝜔𝑄

2

𝜔0
) [𝐼(𝐼 + 1) −

3

4
] (2.75) 

2.5 Magic Angle Spinning 

Solid state NMR suffers from the lack of isotropic tumbling of molecules which, in solution 

state NMR averages out the molecular orientations. The averaging of the molecular 

orientations narrows the resonances therefore the line shapes do not present as a powder 

pattern (Figure 2-4 (b)). In simple systems it is possible to analyse the broadened line shapes 

and powder patterns however in a system with many chemically inequivalent sites it will not 

be possible to distinguish any spectral features and determine information about the system. 

Magic angle spinning (MAS), developed by Andrew, Bradbury and Eaves8 and separately by 

Lowe,9 is used in solid state NMR to average the molecular orientations and reduce the effect 

of CSA. This is achieved by rapid mechanical rotation of the sample, with speeds of up to 110 

kHz now being achievable. 

To describe the interaction under MAS frame rotation from the PAS frame to the Lab frame 

via the rotor frame, this is described in full by Mackenzie and Smith.2 The Hamiltonian 

becomes time-dependent due to the rotation and is consequently split into time-dependent 

and time-independent parts.   The time-dependent component is averaged by MAS and the 

time-independent component is a version of the static Hamiltonian. When described by a 
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rank two tensor the anisotropic component acquires a modulation factor. The modulation 

factor is equal to the second order Legendre polynomial,  

𝑃1(𝑐𝑜𝑠𝜃) = 3𝑐𝑜𝑠2𝜃 − 1 (2.76) 

Under MAS applied at an angle θr the average of the orientation dependence becomes:  

〈
1

2
(3𝑐𝑜𝑠2𝜃 − 1)〉 =

1

2
3 = (3𝑐𝑜𝑠2𝜃𝑟 − 1) ×

1

2
(3𝑐𝑜𝑠2𝛽 − 1) (2.77) 

Where θ is the angle between the applied field and the principal z-axis, β is the angle 

between the principal z-axis and the spinning axis and θr is the magic angle. If θr is set to 

54.74°,the Legendre polynomial (3cos2θr    ̶  1)=0, this reduces the anisotropic first order 

components to zero. For this to hold true the MAS speed (ωr) must be greater than the 

anisotropy in Hz. When the anisotropy is equal to or greater than the ωr the time dependent 

component will not be completely averaged out. The time modulation produces spinning 

sidebands  at integer values of ωr away from the isotropic shift. A greater ωr will shift the 

sidebands further from the isotropic shift and they will become weaker. 

Magic angle spinning only removes the first order components of the interactions, higher 

order effects have a dependence on the fourth order Legendre polynomial  

𝑃4(𝑐𝑜𝑠𝜃) = 35𝑐𝑜𝑠4𝜃 − 30𝑐𝑜𝑠2𝜃 + 3 (2.78) 

There are two solutions to P4(cosθ) = 0, these are 30.6° and 70.1°, spinning at one of these 

angles will remove a large proportion of the second order quadrupolar interaction. In order 

to simultaneously remove the 2nd and 4th order Legendre polynomials, techniques such as 

double rotation (DOR) and dynamic angle spinning (DAS) are employed to spin at both the 

magic angle and one of the second order quadrupolar angles. These experiments will not be 

covered in this work as the quadrupolar interaction is not observed in the systems studied 

here. 
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Figure 2-6. A representation of the rotation of a sample relative to B0 in a MAS experiment, 

θ is the original rotation between the PAS and LAB frames, θr is the rotation between the 

LAB and MAS frames and β is the rotation from the PAS to the MAS. 
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3. Experimental Methods 

3.1 NMR Spectroscopy 

3.1.1 Relaxation 

After the application of the rf pulse (section 2.3.3) the bulk magnetisation reverts to 

thermodynamic equilibrium via relaxation processes. There are two key relaxation 

processes, spin-lattice relaxation also called longitudinal relaxation, T1, (section 3.1.1.1) and 

spin-spin relaxation also called transverse relaxation, T2 (section 3.1.1.2). An additional 

relaxation process will be discussed, Spin-lattice relaxation in the rotating frame, T1ρ (section 

3.1.1.3). The different relaxation processes occur on different timescales and therefore can 

provide different information on a system. In this thesis T1ρ relaxation is used to probe the 

molecular mobility of polymer chains at the kHz time scale.  

3.1.1.1 Longitudinal Relaxation 

The spin-lattice relaxation is governed by the interaction between the spin and the lattice, it 

is the time required for the bulk magnetisation to return to equilibrium along the z-axis. The 

time dependence of the z magnetisation (Mz) is described in the Bloch-equations 

 

Figure 3-1. The relaxation timescales adapted from Wilkengin and Heitjans 10 where SAE is 

the spin alignment echo 
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𝑑𝑀𝑧

𝑑𝑡
=

𝑀0 − 𝑀𝑧

𝑇1
 (3.1) 

Where M0 is the magnetisation at thermal equilibrium. For a sample in a magnetic field with 

no initial magnetisation, the magnetisation aligned with the magnetic field has an 

exponential build up 

𝑀𝑧(𝑡) = 𝑀0 (1 − 𝑒
−𝑡
𝑇1 ) (3.2) 

where T1 is the rate constant. The length of T1 depends on the nuclei and system studied due 

to the difference in local interaction strengths around the nucleus of interest. This causes 

transitions between the Zeeman energy levels and a change in the bulk magnetisation, the 

frequency of these transitions is dependent upon the strength of the interactions and 

amount of fluctuations at ω0. The spin-lattice relaxation time is also dependent upon 

temperature, heating a sample increases the frequency of the fluctuations and reduce the 

T1. There is also a field-dependence of the T1 time as the Larmor frequency, ω0 is proportional 

to the field B0. For spin ½ systems the dipolar interaction is most prominent relaxation 

mechanism this is also the case where the quadrupolar interaction is small. For many 

quadrupolar systems the quadrupolar interaction will be the dominant relaxation 

mechanism and tends to reduce the T1. The paramagnetic interaction also has a significant 

contribution towards the relaxation process brought on by the rapid electron spin flipping of 

an unpaired electron causing a great decrease in T1. 

3.1.1.2 Transverse Relaxation 

The transverse relaxation relates to the magnetisation in the x-y plane, this is orthogonal to 

the z plane and follows the same mechanism as spin-lattice relaxation however is distinct 

from it, consequently T2 is also governed by the Bloch equations. 

𝑑𝑀𝑥

𝑑𝑡
=

−𝑀𝑥

𝑇2
 ,
𝑑𝑀𝑦

𝑑𝑡
=

−𝑀𝑦

𝑇2
 (3.3) 

This can be rewritten in the rotating frame as 

𝑀𝑥(𝑇) = 𝑀𝑥(0)𝑒
−𝑡
𝑇2 ,𝑀𝑦(𝑇) = 𝑀𝑦(0)𝑒

−𝑡
𝑇2  . (3.4) 

However, this is for the ideal transverse relaxation. Inhomogeneities in the static magnetic 

field sum with the ideal magnetic field resulting in 𝑇2
∗ which is related to the transverse 

relaxation by 
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1

𝑇2
∗ =

1

𝑇2
+

1

𝑇2(∆𝐵0)
 (3.5) 

where 𝑇2(∆𝐵0) = 1 𝑅𝑖𝑛ℎ𝑜𝑚⁄  is the size of the magnetic field inhomogeneities and 𝑇2
∗ is the 

total transverse magnetisation. T2* is proportional to line width, 

∆𝜈1
2

=
1

𝜋𝑇2
∗  . (3.6) 

A larger interaction results in a smaller T2* and a larger linewidth. This can be used to 

determine the homogeneity of the magnetic field and adjust it so that Rinhom is reduced 

resulting in as narrow linewidth as possible, this process is called shimming. 

3.1.1.3 Relaxation in the Rotating Frame 

Spin lattice relaxation in the rotating frame is the return of magnetisation to equilibrium in 

the presence of an RF field B1. The magnetisation is described as spin-locked as the rate 

constant T1ρ is significantly longer than transverse relaxation and is more sensitive to slower 

fluctuations, this is particularly useful for the study of polymers where most motion is in the 

kHz regime. The spin-lock pulse supresses the free evolution of transverse magnetisation 

“locking” it in a particular direction in the rotating frame. 

T1ρ relaxation is sensitive to motion on the nanoscale-millisecond timescale, making it ideal 

for the study of mobility in polymers. In theory spin-lock magnetisation decays mono-

exponentially with regard to spin lock time at a rate of 1/T1ρ however inhomogeneities in the 

B0 and B1 field can obscure the actual spin-lock direction and strength. B1 inhomogeneities 

lead to deviation of the true spin-lock frequency (FSL), while B0 inhomogeneities lead to a 

deviation of the magnetisation nutation about the spin-lock field direction from the Z 

direction with an angle of  

𝜃 =  tan−1 (
∆𝜔1

∆𝜔0
) =  tan−1 (

𝐹𝑆𝐿

𝛾∆𝐵0
) (3.7) 

The effective spin-lock pulse is calculated by, 

∆𝜔𝑒𝑓𝑓 = (∆𝜔0
2 + ∆𝜔1

2)
1

2⁄  (3.8) 

A simple solution used to overcome the B0 homogeneities is to use a spin-lock pulse with 

strong spin-lock strength and large FSL so that θ approaches 90° and Δωeff ≈ Δω1. In practice 

this is restricted by limitations of the instrumentation. 
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Figure 3-2. The effective spin-lock strength and direction in the rotating frame under the 

influence of B0 inhomogeneity. 

To simplify the full Bloch analysis while maintain acceptable accuracy the transient relaxation 

effect is usually neglected. The magnetisation evolution can be traced as the multiplication 

of a series of rotation and relaxation matrices to present each RF component. Starting from 

an instantaneous RF pulse, Rϕ(φ), where R is a rotation matrix, ϕ is the pulse field orientation 

and φ is the pulse flip angle. The magnetisation evolution under the RF pulse is generally 

expressed by, 

𝑀𝑡1 = 𝑅𝜑(𝜙)𝑀𝑡0 (3.9) 

Where Mt0 and Mt1 are the magnetisation before and after the pulse excitation, respectively. 

The basic rotation matrices rotate about x, y and z by the angle φ, 

𝑅𝑥(𝜙) =  [
1 0 0
0 cos𝜙 sin𝜙
0 −sin𝜙 cos𝜙

] ; 𝑅𝑦(𝜙) =  [
cos𝜙 0 − sin𝜙

0 1 0
sin𝜙 0 cos𝜙

] ;

 𝑅𝑧(𝜙) =  [
cos𝜙 sin𝜙 0

−sin𝜙 cos𝜙 0
0 0 1

] (3.10)

 

The spin-lock relaxation matrix under a spin-lock pulse of duration T is assuming the spin-

lock pulse is along y is given by, 

𝐸𝜌(𝑇) = [
𝑒−𝑇 𝑇2𝜌⁄ 0 0

0 𝑒−𝑇 𝑇1𝜌⁄ 0
0 0 𝑒−𝑇 𝑇2𝜌⁄

] = [

𝐸2𝜌(𝑇) 0 0

0 𝐸1𝜌(𝑇) 0

0 0 𝐸2𝜌(𝑇)

] (3.11) 

Where T2ρ is the decay rate of magnetisation perpendicular to the spin lock pulse. 

Assuming a flip angle of β for the tip-down pulse, P1 and tip-up pulse P2 plus α. The spin lock 

component SL, α = 2π·FSL·TSL, where TSL is the spin-lock time, the magnetisation for a given 

FSL is expressed as, 

𝑀(𝑇𝑆𝐿) =  𝑅−𝑥(𝛽) ∙ 𝑅𝑦(𝛼) ∙ 𝐸𝜌(𝑇𝑆𝐿) ∙ 𝑅𝑥(𝛽).𝑀(𝑡0); (3.12) 
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𝑊ℎ𝑒𝑟𝑒 𝑀(𝑡0) =  [0 0 𝑀0]
𝑇 

P1 and P2 have much shorter duration than SL, therefore the relaxation during P1 and P2 is 

negligible. Substituting eq. 3.10 and eq. 3.11 into eq. 3.12 the final Mz is given by, 

𝑀𝑧 = (sin2 𝛽 ∙ 𝑒−𝑇𝑆𝐿 𝑇1𝜌⁄ + cos2 𝛽 ∙ cos 𝛼 ∙ 𝑒−𝑇𝑆𝐿 𝑇2𝜌⁄ )𝑀0 (3.13) 

Mz will follow and exponential decay so long as β equals 90° or π/2, when this is not the case 

Mz will be  composite of T1ρ, T2ρ and α. 

3.1.2 Cross Polarisation 

The cross polarisation technique is used to enhance the signal and assist in the observation 

of dilute spins, eg. 13C. The low natural abundance of dilute spins results in a poor signal to 

noise ratio, additionally the relaxation times for dilute spins tend to be very long as strong 

homonuclear dipolar interactions are largely absent so do not aid relaxation. These two 

considerations both lead to longer collection times for a spectrum. 

In order to explain the cross polarisation, process the doubly rotating frame must be used. 

The abundant 1H spins are considered in a frame where all magnetic fields due to 1H pulses 

appear static, the dilute X spins are considered in a frame in which all pulses due to X pulses 

appear static. The 1H spins and X spins rotate about B0 at the respective frequency of 1H and 

X rf irradiation, all pulses are assumed to be on resonance. 

A 1H π/2 pulse creates 1H magnetisation along -y, an on resonance -y 1H contact pulse is then 

applied, this field is known as the spin lock field, B1(1H), this maintains 1H magnetisation along 

-y. The spin lock pulse on the 1H channel is matched to a contact pulse on the X channel. The 

Hartmann-Hahn matching condition must be met: 

𝛾𝐻𝐵1(
1𝐻) =  𝛾𝑋𝐵1(𝑋) (3.14) 

 

when the amplitude of both pulses is the same, the energy gaps between the two spins are 

equal allowing for the redistribution of spin states, with a net gain in the X spins. After the 

contact pulse 1H decoupling is applied to remove dipolar coupling during acquisition of the X 

channel. 

The amplitude of the contact pulse or the spin lock pulse are varied over the contact time to 

compensate for imperfections in the setting of the Hartmann-Hahn match condition. At MAS 

frequencies higher than 12 kHz, where the rotor period is a fraction of the length of the 
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contact time, the net cross polarisation averages to zero reducing the effectiveness of the 

Hartmann-Hahn match condition. An additional match condition can be found where 

𝛾𝐻𝐵1(
1𝐻) −  𝛾𝑋𝐵1(𝑋) = ±𝑛𝜔𝑟 (3.15) 

Is true, resulting in the sideband match condition. In this thesis all CP experiments have been 

performed at ωr = 12 kHz, where the match condition still holds. 

3.1.5 Heteronuclear Decoupling 

MAS removes most of the heteronuclear dipolar coupling however some anisotropy remains. 

Decoupling sequences are used to remove any broadening remaining due to dipolar 

coupling. This is most commonly applied to  the 1H channel during the acquisition of FIDs on 

the X channel. 

In an initial system, i.e. CH, where the heteronuclear dipolar interaction is proportional to 

Sz(C)/Iz(H), the proton magnetisation initially lies parallel to the z-axis (Iz)The application of 

an rf pulse on the proton channel rotates the 1H magnetisation to the xy plane then to the – 

z-axis. The proton spin will vary between IZ and -IZ, if this is rapid compared to the experiment 

timescale Iz tends to zero. The heteronuclear dipolar Hamiltonian oscillates between ±IzSz so 

that the average is zero. In order to work the rf field strength has to be greater than the 

strength of the dipolar interaction. Typically, a nutation frequency (ω1) of 100 kHz is used 

however it can cause undesired heating to the sample if the strength is too great. This 

problem has resulted in the development of more efficient sequences such as SPINAL-64 and 

two pulse phase modulated (TPPM).11-12 

3.1.6 The Hahn -Echo Experiment 

The first spin echo experiments was performed by Erwin Hahn.13 It was discovered that using 

successive π/2 pulses which are separated by a short time period (τ) will result in an echo 

like appearance evolved in the signal. The π/2 – τ – π/2 sequence is called the solid echo or 

quadrupolar-echo. 

The original sequence was modified by Carr and Purcell,14 they changed the second π/2 pulse 

into a π pulse. This substitution promotes coherence refocusing and effectively rotates the 

spins around the π axis. The spins are flipped and start to undo any dephasing, this results in 

the faster precessing spins being effectively behind the slower spins. All coherences are 

refocused after a time τ after the π pulse, at which point the FID is collected. 

The Hahn Echo technique is particularly useful for systems with broad resonances and low 

𝑇2
∗. During the dead time after the final pulse no FID is collected, by collecting the signal from 
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the top of the FID the potential loss of crucial information is removed. When used with MAS, 

the pulses are timed so that 𝜏 = 𝑛𝜔𝑟, where n is an integer and ωr represents a full rotor 

cycle. 

The theory for the following sections comes predominantly from ‘Principles of Instrumental 

Analysis’,15 ‘Fundamentals of Analytical Chemistry’16 and ‘The SAXS Guide’.17 

3.2 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is one of the most commonly used thermal analysis 

methods for investigating phase transitions and temperatures, primarily due to its speed and 

simplicity. In DSC a sample undergoes cycles of heating and cooling while the difference in 

heat flow between the sample and a reference pan is measured. When the sample 

undergoes a thermal transition there will be either and exothermic or endothermic event 

occurring, through measuring the heat flow these events can be detected and measured. 

Thermogravimetric analysis is a complementary technique to DSC and measures the loss of 

mass of a material as it is heated, this allows for the determination of phase transitions. TGA 

is particularly useful when determining the processing conditions of a material to avoid  

causing degradation from too high temperatures. A third thermal technique used is dynamic 

mechanical thermal analysis, this technique can be used to test the mechanical properties 

and behaviour of polymers. DMTA is the most sensitive technique for measuring glass 

transition temperatures. 

Typical transitions measured are the glass transition temperature, this especially important 

for polymers. This is when the material goes from a glassy state to a rubbery state as 

polymers will undergo changes in volume and expansion, heat flow and heat capacity. Above 

the glass transition temperature crystallisation can occur if a polymer has enough energy to 

form ordered crystalline arrangements. The third important transition occurring during 

heating is the melting temperature, Tm, which will occur last, as the chains become 

disordered. There are other events that can occur during heat such as evaporation of 

solvents, consequently usually more than one cycle is undertaken so that the second heating 

cycle will show only transitions related to the sample and not any residual solvents. In theory 

on cooling the sample reverts to the same state as before the transitions and therefore a 

sample can be measured as many times as desired. However this will not be the case is the 

sample solidifies to a glassy amorphous state at a fast cooling rate resulting in no melting 

peak occurring on a second heating. 
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The shape of the transition peak can provide additional information about the sample. The 

melting peak can show any impurities, partial crystallinity and decomposition with melting; 

the crystallisation peak can also indicate impurities and indicate the process of 

crystallisation, Figure 3-3. 

 

Figure 3-3. The DSC transition shapes for the crystallisation peak (left) and the melting peak 

(right) under the influence of impurities, partial crystallisation and decomposition.18 

3.3 Electron Paramagnetic Resonance 

The main theory behind electron paramagnetic resonance (EPR) is analogous to the NMR 

theory, the main difference is that EPR probes the electron spins and focuses on the 

interaction between unpaired electrons in a system and the external magnetic field. EPR is 

performed using microwaves in the 3 – 400 GHz range compared to a range of 100 – 1200 

MHz utilised in NMR. One of the limiting factors for EPR is the short relaxation times of 

electron spins which lead to broadening of the spectra; therefore, experiments are often 

performed below 10 K to reduce the motions. EPR is around 1000 times more sensitive than 

NMR which greatly reduces the length of experiments due to the Boltzmann distribution.  
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In EPR there are two magnetic moments, the orbital magnetic moment is induced by an 

electron spinning around the nucleus, while the spin magnetic moment is caused by the 

electron “spinning” around its own axis. The unpaired electron’s spin magnetic moment 

primarily contributes to the magnetic moment 

𝑀𝑆 = ℏ√𝑆(𝑆 + 1) (3.16) 

where MS is the total spin angular momentum and S is the spin quantum number. In the z 

direction Ms becomes 

𝑀𝑆𝑍 = 𝑚𝑠ℏ (3.17) 

where ms can have 2S+1 values, for a single unpaired electron ms can be ±1/2. The magnetic 

moment μe is directly proportional to the spin angular momentum, 

𝜇𝑒 = −𝑔𝑒𝜇𝐵𝑀𝑆 (3.18) 

where ge is the free electron g-factor and the term geμB is the gyromagnetic ratio. The 

magnetic moment of an electron is antiparallel to the spin resulting in the negative sign. The 

Bohr magneton μB is given by 

𝜇𝐵 = ℏ
𝑒

2𝜋𝑚𝑒
 . (3.19) 

For a single unpaired electron, the two possible energy states will be, 

𝐸
±

1
2

= ±
1

2
𝑔𝜇𝐵𝐵 (3.20) 

In the presence of an external magnetic field the difference between the two states will be, 

Δ𝐸 = ℎ𝑣 = 𝑔𝜇𝐵𝐵 (3.21) 

As the intensity of the applied magnetic field increases the energy levels widen until they 

match the microwave radiation which results in absorption of photons. 

Systems studied by EPR often have both orbital and spin angular momentum. A scaling factor 

is used to account for the coupling of the two, this is the g-factor. The g-factor is given by, 

𝑔𝐽 =
𝐽(𝐽 + 1)(𝑔𝐿 + 𝑔𝑆) + (𝐿(𝐿 + 1) − 𝑆(𝑆 + 1))(𝑔𝐿 − 𝑔𝑆)

2𝐽(𝐽 + 1)
 (3.22) 

where gL is the orbital g value and gS is the spin g value, it can be approximated in most 

systems that gL is exactly 1 and gS is exactly 2 and the quantum number J = L+S. This can be 

reduced to the Landé formula, 
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𝑔𝐽 =
3

2
−

𝐿(𝐿 + 1) − 𝑆(𝑆 + 1)

2𝐽(𝐽 + 1)
 (3.23) 

The electronic magnetic dipole now becomes, 

𝜇𝐽 = −𝑔𝐽𝜇𝐵𝐽 (3.24) 

These approximations are not always true as there are systems where J-coupling does not 

occur. The g-factor takes into consideration the local environment of the spin system as well 

as the magnetic dipole moment. Other local magnetic fields, such as those arising from other 

paramagnetic species, magnetic nuclei, electric quadrupoles and ligand fields can all 

influence the effective magnetic field, 

𝐵𝑒𝑓𝑓 = 𝐵0 + 𝐵𝑙𝑜𝑐𝑎𝑙  (3.25) 

The local fields can be both induced by the applied field, having a dependence on B0 or 

permanent and independent of B0. Where the local field is induced by the applied field Beff 

becomes, 

𝐵𝑒𝑓𝑓 = 𝐵0(1 − 𝜎) (3.26) 

where σ is the shielding factor, this can be replaced by the g-factor resulting in 

𝐵𝑒𝑓𝑓 = 𝐵0 ∙
𝑔

𝑔𝑒𝑓𝑓
 . (3.27) 

In cases where L is near zero J becomes approximately S, the g-values are therefore typically 

close to 2, such as in organic radicals and radical ions. Unpaired electron spins in transition 

metal ions and complexes have large L and S values and therefore the g value diverges from 

2. The energy levels of the spins in an applied magnetic field can now be written as 

𝐸𝑚𝑠 = 𝑚𝑠𝑔𝑒𝜇𝐵𝐵 (3.28) 

thus the energy difference becomes, 

Δ𝐸𝑚𝑠 = Δ𝑚𝑠𝑔𝑒𝜇𝐵𝐵 (3.29) 

EPR is performed in perpendicular mode where the magnetic field component of the 

microwave radiation is perpendicular to the magnetic field. The selection rules for the 

allowed EPR transitions is Δms = ±1, the energy difference becomes, 

Δ𝐸𝑚𝑠 = 𝑔𝑒𝜇𝐵𝐵 (3.30) 

Parallel mode EPR can be performed in which case Δms = ±2. 
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In theory in a paramagnetic molecule one spectral line should be observed, this is not the 

case in practice due to the hyperfine interaction. The hyperfine interaction arises from the 

interaction of the magnetic moment of the unpaired electron and the magnetic nuclei. The 

hyperfine pattern allows for elucidation of the spatial structure and identity of a 

paramagnetic species.  

3.4 Raman 

Raman spectroscopy is used to investigate the vibrational modes of bonds, a sample is 

irradiated with a monochromatic beam of energy, hνex, of visible or near infrared 

wavelength. When a molecule absorbs a photon of energy, ground state electrons are 

excited to the excited virtual state, Figure 3-4(b). There are three methods of scattering by 

which a photon is reemitted, Stokes, anti-Stokes and Rayleigh scattering. When the scattered 

energy is lower than the excitation radiation stokes scattering occurs, when the reverse is 

true and the scattered energy is higher than the excitation radiation anti-Stokes scattering 

occurs, this is inelastic scattering. Rayleigh scattering is an elastic scattering that occurs when 

the scattered energy and the excitation energy are the same frequency.  

 

Figure 3-4. (a) A representation of incident radiation being scattered, (b) the Rayleigh and 

Raman scattering and the transitions between the ground electronic state and virtual states 

and (c) the Raman spectra consisting of low-frequency Stokes emissions and higher 

frequency anti-Stokes emissions. 
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Stokes emission is favoured over anti-Stokes due to the relative populations of the two upper 

energy state, additionally Rayleigh scattering has a higher occurrence due to the higher 

probability of energy transfer to molecules in the ground state and reemission by return of 

these molecules to the same ground state. The energy changes from Stokes and anti-Stokes 

radiation differ from the Rayleigh radiation by frequency of ±ΔE, the energy of the first 

ground state vibrational level. 

Raman and Rayleigh scattering can be described using a wave model. A beam of radiation 

with a frequency νes incident to an analyte has an electric field E, 

𝐸 = 𝐸0 cos(2𝜋𝜈𝑒𝑠𝑡) (3.31) 

where E0 is the amplitude of the wave. When the electric field interacts with the electron 

cloud of a bond in the analyte a dipole moment is induced, 

𝑚 = 𝛼𝐸 = 𝛼𝐸0 cos(2𝜋𝜈𝑒𝑥𝑡) (3.32) 

where α is the polarizability of the bond, a measure of the deformability of a bond in an 

electric field. The polarizability is dependent upon the distance between the nuclei. 

𝛼 = 𝛼0 + (𝑟 − 𝑟𝑒𝑞) (
𝑑𝛼

𝑑𝑟
) (3.33) 

where α0 is the polarizability of the bond at the equilibrium internuclear distance req and r is 

the internuclear separation at any instant. The change in separation varies with vibration 

frequency νv. 

𝑟 − 𝑟𝑒𝑞 = 𝑟𝑚 cos(2𝜋𝜈𝑣𝑡) (3.34) 

where rm is the maximum internuclear separation relative to the equilibrium position. 

Substituting eq. 2.44 into eq. 2.43 gives 

𝛼 = 𝛼0 + (𝑟𝑚 cos(2𝜋𝜈𝑣𝑡)) (
𝑑𝛼

𝑑𝑟
) (3.35) 

An expression for the induced dipole moment, m, can then be obtained by combining eq. 

2.45 and eq. 2.42. 

𝑚 = 𝛼0𝐸0 cos(2𝜋𝜈𝑒𝑥𝑡) + 𝐸0𝑟𝑚 (
𝑑𝛼

𝑑𝑟
) cos(2𝜋𝜈𝑣𝑡) cos(2𝜋𝜈𝑒𝑥𝑡) (3.36) 

Using the trigonometric identity for the product of two cosines, 

cos 𝑥 cos 𝑦 = [cos(𝑥 + 𝑦) + cos(𝑥 − 𝑦)] 2⁄ (3.37) 

The equation for the induced dipole moment becomes 

𝑚 = 𝛼0𝐸0 cos(2𝜋𝜈𝑒𝑥𝑡) +
𝐸0

2
𝑟𝑚 (

𝑑𝛼

𝑑𝑟
) cos[2𝜋(𝜈𝑒𝑥 − 𝜈𝑣)𝑡] +

𝐸0

2
𝑟𝑚 (

𝑑𝛼

𝑑𝑟
) cos[2𝜋(𝜈𝑒𝑥 + 𝜈𝑣)𝑡] (3.38)

 

The first term represents the Rayleigh scattering occurring at excitation frequency νex, the 

second and third terms represent the Stokes and anti-Stokes scattering respectively with 
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corresponding frequencies of νex±νv. The excitation frequency is modified by the vibrational 

frequency of the bond. The selection rules for Raman scattering require a change in 

polarizability during vibration, 
𝑑𝛼

𝑑𝑟
 is greater than zero. 

3.5 SAXS/WAXS 

The initial principle of SAXS and Wide-angle X-ray scattering (WAXS) measurements is the 

same as those discussed for Raman spectroscopy, see chapter 3.4, where X-rays are 

scattered by a sample and the scattered radiation is detected, however Thompson scattering 

is used rather than Raman scattering. In SAXS/ WAXS experiments the scattered radiation is 

detected across a range of angles 2θ to the incident light. 

Outgoing light waves from Thompson scattering processes are synchronised with the 

incoming plane waves, consequently they produce interference at the detector. Depending 

on the observation angle, orientation and distance, r, between the light emitting atoms the 

waves can be constructive in phase, destructive out of phase or in between. Constructive 

waves result in a light spot at the detector whereas destructive waves result in a dark spot, 

a 2D interference pattern is produced which is characteristic of the internal structure of the 

material providing information about the orientation and distance of atoms relative to each 

other.  

 

Figure 3-5. A representation of the scattering of X-rays by a material. The scattered X-rays 

are observed at an angle of 2θ to the detector. Constructive waves form light spots and 

deconstructive waves form dark spots. 
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In SAXS every distance is relative to the wavelength, in order to become independent of the 

wavelength scattering patterns are presented as a function of q. 

𝑞 =
4𝜋

𝜆
sin𝜙 (3.39) 

Where φ is the azimuthal angle or 2θ/2, conversion to 2θ values is therefore possible where 

useful for the analysis of WAXS patterns which are often collected simultaneously with SAXS 

measurements. 

The interference pattern oscillates in a characteristic fashion depending on the shape of the 

particle, this is referred to as the form factor. The observed pattern corresponds to the form 

factor of one particle rather than all of the illuminated particles if it meets two conditions; 

firstly, the particles must be identical in shape and size and secondly the particles are far 

away from each other, i.e. the system is dilute. In a dilute system the form factors of all 

particles can be summed, if the particles have different sizes then the form factor is an 

average scattering pattern of the whole sample.  

If the particle system is densely packed and the distance between the particles is the same 

magnitude as the distance within particles, then the pattern will have interference from 

neighbouring particles. This interference pattern multiplies with the form factor and is 

referred to as the structure factor. This is can also be referred to as the lattice factor as it 

contains information about the position of the particles with respect to each other. The 

intensity at small angles can indicate the interaction between the particles, if there is a 

decrease in the intensity there will be a repulsive interaction whereas an increase indicates 

attractive attraction. The wave can develop into a pronounced peak when particles are 

aligned and form highly ordered and periodic arrangements. These peaks are called Bragg 

peaks, the position of the maximum qmax indicates the distance between aligned particles 

using Bragg’s law, 

𝑑𝐵𝑟𝑎𝑔𝑔 =
2𝜋

𝑞𝑝𝑒𝑎𝑘
 (3.40) 

The ratio of the peak positions on the q scale have typical values that indicate the crystal 

symmetry. These are for lamellar symmetry, 1, 2, 3, 4, 5…, cubic symmetry, 1, √2, √3, 2, √5 

…, and hexagonal symmetry, 1, √3, 2, √7, 3, … In addition to the positional order, particles 

can have a preferential orientation to each other especially for a non-spherical particle. This 

orientation can be visualised in a 2D scattering pattern by the amplitude of intensity 

modulation measured in a circle around the primary beam, Figure 3-6. A disperse system or 
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crystal powder will have equal intensities throughout the concentric circles. When the 

system is partially oriented there will be modulations and in a single crystal there will be 

intensive spots. 

To extract useful information from a SAXS pattern a modelling procedure of the data is 

required, from the model the form factor and structure factor can be used to determine 

parameters such as the radius of gyration (Rg), average particle radius and information on 

the particle-particle interaction. There are three important components involved in the 

extraction of information from the intensity of the scattering pattern, I(q), a constant, K, 

representing the particle volume, contrast, concentration etc. The form factor, P(q), from 

which the shape and internal density distribution of the particles can be determined and the 

structure factor, S(q), which carries information relating to particle-particle interactions. 

 

∆𝐼(𝑞) = 𝐾 ∙ 𝑃(𝑞) ∙ 𝑆(𝑞) (3.41) 

The form factor can be approximated at small angles using a Gaussian curve, the curvature 

of the Gaussian is due to the overall size of the particles. 

𝑃(𝑞) = 𝑎0 ∙ 𝑒
−(

𝑅𝐺
2𝑞2

3 )
 (3.42)

 

Where a0 is the extrapolated zero-angle intensity and the size parameter Rg is model 

independent. If the structure of the particles can be assumed, then the average particle size 

can be determined. 

 

𝑅 = √3 5⁄ 𝑅𝐺  (3.43) 

The parameters RG and a0 can be determined by straight-line fitting of the Guinier plot where 

the logarithm of the intensity is plotted versus q2. 

ln[∆𝐼𝑞] = ln[𝑎0]
−(

𝑅𝐺
2𝑞2

3 )
 (3.44) 

Model calculations are needed to determine the relative positions and orientation of the 

subunits and consequently S(q), these consist of calculations of the pair-distance distribution 

function (PDDF) or form factor, refined to the experimental data, the modelling software 

Irena is used in this thesis. The inter-particle forces contribute towards S(q), these include the 

hard-spheres interaction, where particles can move freely but cannot penetrate each other, 

allowing for the determination of hard spheres radius, inter-particle distance and 
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concentration. The other two interactions are the coulomb interaction and Van-der-Waals 

interaction, in this thesis the hard-spheres model is used to fit the data. There are two ways 

of treating the data for modelling S(q), the first is by removing the small angles and interpret 

only the large angles. The second way which is now considered as the better method is to 

simultaneously fit the P(Q) at small angles and the S(Q) at larger angles allowing for both the 

inter-particle and single-particle terms to be taken into account. 

 

Figure 3-6. The 2D scattering patterns of randomly, partial and completely oriented samples, 

such as dispersions and powders, fibres and shear liquids and single crystals respectively. 
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4. Understanding the physical ageing of high-heat polylactide 

4.1 Introduction 

Biodegradable and bioresorbable polymers can be used in a wide range of applications, from 

industrial applications such as packaging container and films, bottles and drink cups to 

medical applications including drug delivery systems,19-20 protein encapsulation and 

delivery,21-22 and scaffold materials.23 Aliphatic polyesters are of great interest and form 

important biodegradable polymers, one of these is Poly(lactide).24 With the development of 

high heat PLA produced from stereo complexes of PLA with melting temperatures of 180-

200 °C, PLA can now be used as a high-performance material for automotive and 

aeronautical applications. 

PLA was first synthesised by polycondensation of lactic acid in 1845, in recent years ring-

opening polymerisation (ROP) of lactide, a cyclic dimer of lactic acid has been used as an 

alternative synthesis route.25-28 ROP is preferable to polycondensation as high-molecular 

weight PLA with narrow distribution can be achieved at lower temperature with shorter 

reaction times; for the production of poly(l-lactic acid) (PLLA) it has become the industry 

standard.29-30 Industrial production methods utilising poly(d-lactic acid) (PDLA) to form 

stereo-complexes are more challenging, current synthesis methods involve synthesis of 

stereo-block polymers of PLLA and PDLA chains.31-35 PLA is often co-polymerised to tailor the 

properties of the end materials, an example of this is poly(lactide-co-glycolide) (PLGA) which 

can be effectively used as a drug delivery system. Synthetic polymers such as PLGA are 

attractive as they can be engineered from monomers to suit the target use. The properties 

of both copolymers are retained and by customising the ratio of the copolymers the 

properties can be further varied, for example increasing the glycolic to lactic acid ratio 

increases hydrophilicity and leads to faster degradation.36-38 The synthesis method for PLGA 

will also affect the properties such as stability and particle size.39 

Bacterial reactions result in lactic acid fermentation; the bacteria are divided into categories 

based on their cell morphology, these are Aerococcus, Coryne, Lactobacillus, Leuconostoc, 

Pediococcus, and Streptococcus.40-41 Most bacteria produce L-lactic acid while some produce 

D- or DL- lactic acid, in ordinary lactic acid fermentation yields for L- and D-lactic acid are 85-

90 % and 70-80 % respectively.32 The fermentation liquor acquired will contain impurities 

such as raw materials, amino acids, carboxylic acids, inorganic salts, proteins and 

saccharides. In the fermentation process lactic acid is neutralised in situ with either calcium 

oxide or ammonia, use of ammonia results in higher purity than calcium salt.42  
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Figure 4-1. The three step synthesis of a pure lactide monomer from lactic acid, via 

polycondensation, depolymerisation and finally purification (top) and the structure of 

polylactide (bottom). 

Pure lactides are synthesised through three stages from lactic acid, the first is 

polycondensation of lactic acid into oligo(lactic acid) (OLLA).42 OLLA is then depolymerised to 

form crude lactide through back-biting mechanism using the -OH terminals as the active 

site.43 Once the crude lactide is obtained it is the purified by either melt crystallisation or 

recrystallisation from solution. 

As stated previously ROP is the preferred method of synthesis of optically pure PLA resulting 

in isotactic homopolymers of PLLA and PDLA. Stereocomplex PLA (scPLA) can be synthesised 

between PLLA and PDLA in several different ways, in solution, in solid state from the melt, 

during polymerisation or during hydrolytic degradation. Stereocomplexation can take place 

in enantiomeric polymer blends and in non-blended stereoblock PLA.44 

Three types of crystallites can be formed in the presence of both L and D PLA chains. The 

first, where there is a strong interaction between chains of opposite configuration, L and D 

chains will be packed side by side. The second configuration is where the interaction between 

identical chains prevails resulting in the formation of two different homo-crystallites.44-45 The 

properties of PLA are highly dependent upon their crystallinity, PLLA crystallises slowly 

allowing for a high tunability of the degree of crystallinity, this is also achieved by changing 

the thermal history. Crystallinity influences the degradation and mechanical properties of 

PLA and is therefore an important factor for the potential applications. Additionally, to the 

crystallinity, the amorphous region has an impact on the properties. The changes of the 

physical properties over time can be linked to the structural relaxation of PLA.46 

The understanding of how PLA degrades, and the control of these processes is important for 

tailoring the properties of the  final materials. There are several pathways and causes of 
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degradation which all have different mechanisms but mainly work on the principle of main 

chain or side chain scission. The main mechanisms are hydrolysis, thermal degradation and 

photodegradation; other methods are microbial and enzymatic degradation however they 

will not be discussed here. 

Chemical hydrolysis is the most likely degradation pathway for this study due to the 

prevalence of moisture in air. The ester groups on the main chain of the polymer are cleaved 

which causes a reduction in molecular weight and the production of soluble oligomers and 

monomers. The hydrolysis process commences with the diffusion of water molecules into 

amorphous regions initiating the cleavage of ester bonds, the degradation then continues 

into the crystalline domains.47-48 Depending on the intended use, hydrolysis can pose more 

of a problem, this is mainly where PLA is used as packaging for fresh produce or a beverage 

container. Not just the transference of moisture but also the pH of any liquid can increase 

the rate of hydrolysis.49 Hydrolysis is catalysed by hydroxide and hydronium ions, H3O+, 

therefore under strong acidic and basic conditions the chains will be more easily degraded. 

PLA bottles used for storing alcohol, have their own set of complications especially once the 

ethanol content exceeds 50 % and at temperatures exceeding 40 °C. Ethanol additionally 

causes the PLA matrix to swell which increases the chain mobility and results in solvent 

induced crystallisation. Another factor that contributes to accelerated hydrolysis is the 

temperature which induces faster chain scission at higher temperatures. In addition to 

moisture other contributing factors towards the reactivity of the hydrolysis process are 

molecular weight, residual lactic acid, particle size and shape, crystallinity and catalyst 

impurities.50-53 

Thermal degradation, which can be measured suing thermal techniques such as differential 

thermal analysis (DTA) and DSC, occurs during processing which leads to inferior final 

products. Hydrolysis initiated by residual water contributes to thermal degradation as well 

as unzipping depolymerisation reactions, random main-chain scission, and 

transesterification. It is of high importance to fully dry PLA resins before processing. The 

thermal degradation process is highly complex and results in many different low molecular 

weight compounds and linear and cyclic oligomers; additionally, CO, CO2, acetaldehyde, and 

methyl ketones have been detected. Many factors influence thermal degradation including 

molecular weight, moisture and residual catalysts and metals; the extrusion time is an 

external factor that will also change the effect of thermal degradation. Countermeasures to 

improve thermal stability include end-protection or chain extenders, protection of the 

hydroxyl group inhibits depolymerisation from the hydroxyls. The acetylation process not 
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only achieves end-protection but also removes residual metals, chain extenders increase the 

onset temperature for degradation by extending the polymer chains and reducing the 

number of active sites on the chain end.54-57 

Photodegradation is where plastic degradation is induced by low wavelength and high-

energy UV radiation. The COO group in PLA absorbs UV radiation at 280 nm which increases 

the susceptibility to photodegradation. The mechanism by which PLA undergoes 

photodegradation is the Norrish II mechanism; this is where chain end scission of the main 

chain occurs and C=C bonds are formed with carboxyl end groups; this is triggered by C=O 

electron transition.58 Main-chain scission occurs randomly however there is a higher 

probability of it occurring in amorphous regions. Other mechanisms have also been 

proposed; one is the breakage of main-chain C-O by photolysis and the other is formation of 

hydroperoxides and degradation into carboxylic acid and diketone end groups by 

photooxidation. Other than UV light, γ-irradiation causes a γ-sterilisation where radicals are 

formed due to scission of the ester bonds and hydrogen abstraction from methane groups, 

this occurs mainly in the amorphous region.59-61 

Several techniques have been used to study PLA, in this particular study solid state NMR, 

powder XRD and DSC will be combined to develop a greater understanding of the physical 

ageing process of PLA. Powder XRD provides information on the structural arrangement of 

crystalline polymers. The crystalline regions in PLA cause diffraction of the X-ray beam, the 

homo-crystallites and stereocomplex crystallites diffract differently so have distinct patterns 

allowing for the detection of each in the XRD powder pattern. XRD is used in this study to 

confirm the absence or presence of the two crystalline components before and after 

annealing and over time.62-64 

Differential scanning calorimetry can also be used to indicate the presence of crystalline 

regions in PLA. The strength of the interactions between identical chains is weaker than those 

of chains with opposite arrangement. The melting point of homo-crystallites is consequently 

lower than that of the stereocomplex crystallites as less energy is required to overcome the 

interactions. Where both crystalline sites are present there will be two melting peaks in the 

DSC.65-66 

Solid state NMR measurements are commonly performed on PLA, standard 1D 13C CPMAS 

measurements are often used for studying the crystallinity and morphology of PLA. The 

different amorphous and crystalline components can be observed, the disordered 

amorphous regions will result in broad resonances  whereas the crystalline regions will have 
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narrower line widths.67-68 In addition to basic determination of crystalline regions, solid state 

NMR has been used to probe helical jump motion using 2D exchange NMR showing large 

scale chain diffusion in crystalline regions.69-70 Measurements of the relaxation times also 

allow for investigation of the differences between amorphous and crystalline regions.71-72 

The crystalline regions will be tightly packed and therefore have restricted molecular 

mobility comparative to the amorphous regions, consequently their relaxation times will be 

longer. 

In this chapter solid state NMR, XRD and DSC measurements will be used to highlight the 

different information provided by each technique for the analysis of PLA and track the 

degradation of different PLLA/PDLA blends. This will be achieved by observing how the 

molecular mobility changes over the course of a year from solid state NMR T1ρ relaxation and 

cross polarisation, TCH, times. This is the related to the WAXS and SAXS patterns as well as 

the average particle size and hard spheres radius. Finally, this will then be compared to the 

changes in the Tm from DSC measurements. 

4. 2 Materials and Methods 

4.2.1 Materials 

The PLA samples were synthesised and supplied by Total Corbion PLA, Netherlands.   These 

samples were low quality stereocomplex poly(D,L-lactide powder (scPLA) used in the heat 

treatment study and high quality stereocomplex poly(D,L-lactide powder (scPLA) used in 

the heat treatment and aging studies; pure PLLA (L105) powder, medical grade (MG) PLA 

pellets and industrial grade (IG) PLLA (PL38) pellets also used in the aging study with. The 

quality of scPLA is defined by the number of homocrystalline regions deconvoluted in the 

13C CPMAS NMR measurements, whereby low quality has two components and high quality 

has one component. 

In the long term aging study samples were measured over the course of a year, being stored 

in three distinct regimes, named ‘room’ where the samples were kept in the laboratory under 

conditions of ambient temperature and humidity; ‘glovebox’ where the samples were stored 

under nitrogen at ambient temperature; ‘freezer’ stored at -18 °C. In the heat treatment 

studies the samples were heated for 12 hours at 200 °C. All samples were measured as 

supplied after heating at 200 °C for 12 hours for all measurements described in 4.2.2. 
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4.2.2 Methods 

All 13C Solid State Nuclear Magnetic Resonance measurements were performed at 9.4 T using 

a Bruker Avance 400 MHz spectrometer operating at 13C Larmor frequency (νo) of 100.59 

MHz. These experiments were performed using a Bruker 4 mm HX probe which enabled a 

MAS frequency of 12 KHz to be implemented. Pulse length calibration was performed on 

alanine(s) from which a π/2 pulse time of 2.5 μs was measured. All measurements were 

undertaken with a π/2 nutation angle along with a delay between subsequent pulses of 10 

s. A cross polarisation contact time of 1500 ms was used with a 70-100 % ramp73 for 13C cross 

polarisation magic angle spinning (CPMAS) experiments.  The T1ρ relaxation experiments 

used spin lock delays from 0.3 to 50 ms, the TCH experiments used contact times of 0.1 to 10 

ms. T1ρ times were calculated using 𝐼 = 𝐼0𝑒𝑥𝑝 (
−𝜏

𝑇1𝜌
), where τ is the spin-lock pulse length, TCH 

build up times were calculated using a single component exponential fit. For the 

determination of the integration of the deconvoluted components and the fitting of the 

subsequent curves were performed using Dynamics Center, Bruker. All data was processed 

using Bruker TopSpin and the initial deconvolutions were performed using OriginPro 2016. 

All 13C chemical shifts were externally referenced against the IUPAC recommended primary 

reference of Me4Si(l) (1 % in CDCl3, δiso = 0.0 ppm), via the secondary solid alanine(s) reference 

(δiso = 20.5 ppm)74. 

Thermal analysis data were measured by differential scanning calorimetry (DSC, Mettler 

Toledo, Leicester, UK). All measurements were performed under nitrogen, heating from 25°C 

to 250 °C at a rate of 10°C/min. Powder X-ray diffraction was performed on a Panalytical X-

Pert Pro MPD Kα1 over a 2θ range of 8-40° under Cu Kα (1.54).  

Small angle X-ray scattering (SAXS) measurements were performed on a Xenocs Xeuss 2.0 

equipped with a micro-focus Cu Kα (1.54) Å source under vacuum. Scattering was measured 

by a Pilatus 300k hybrid photon counting detector with a pixel size of 0.172 mm x 0.172 mm. 

The distance between the detector and the sample was calibrated by using silver behenate 

(AgC22H43O2). Measurements were taken over a q range of 0.004 to 0.16 Å-1. Wide angle X-

ray scattering (WAXS) was performed simultaneously with a q range of 1.31 to 3.26 Å-1, q 

values were converted to 2θ angles using the equation q = 4πsin(θ)/2, where λ is the 

wavelength of Cu, 1.54 Å. SAXS and WAXS data was acquired and processed using Foxtrot 

3.3.4 software.  All SAXS parameters were extracted as described in Chapter 3 section 3.5. 



46 
 

4.3. Results 

4.3.1 Initial studies of stereocomplex PLA 

 Powder XRD produces a pattern of diffraction peaks which can be attributed to different 

crystalline domains. The initial powder pattern of the stereocomplex samples showed many 

peaks that can be attributed to the homocrystalline and stereocomplex domains, Figure 4-2 

(left). After the heat treatment, the number of diffraction peaks are reduced, the peaks that 

have been removed are those produced by homocrystalline domains.  

Differential scanning calorimetry measures the heat output as the temperature increases, 

this allows for determination of the melting points among other thermal characteristics. In 

scPLA as provided there are two melting points for the homocrystalline and stereocomplex 

domains at approximately 180 °C and 230 °C respectively, Figure 4-2 (right). After the heat 

treatment only one melting point is present, at the higher temperature for the 

stereocomplex domain, the DSC results show successful removal of the homocrystalline 

domains, Figure 4-2 (right).  

There are three carbons present in the PLA monomer; COO, CH and methyl functional 

groups, the resonance peaks in the 13C spectrum are at 171, 69 and 16 ppm respectively.  

 

Figure 4-2. The powder X-ray diffraction pattern (left) and differential scanning calorimetry 

(right) results for low quality stereocomplex poly(d,l-lactide) before and after heat treatment 

at 200°C for 24 hours. The starred diffraction peaks are attributed to the stereocomplex 

crystalline component. 
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Figure 4-3. The 13C CPMAS spectra for low quality stereocomplex poly(d,l-lactide) before 

(top) and after (bottom) a heat treatment at 200°C for 24 hours with the individual fitted 

peaks, the cumulative fitted spectrum and the acquired spectrum. 

The resonance peaks can be deconvoluted into three gaussian-lorentzian components, each 

of these can be attributed to the stereocomplex, homocrystalline and amorphous domains, 

Figure 4-3. The fitting procedure was performed on the 13C spectra acquired before and after 

heat treatment, with  three components fitted in each. The three components have different 

intensities before and after heat treatment with the amorphous component broadening, the 

homocrystalline component being reduced and the stereocomplex component increasing.  

 

Figure 4-4. The powder X-ray diffraction pattern (left) and differential scanning calorimetry 

(right) results for high quality stereocomplex poly(d,l-lactide) before and after a heat 

treatment at 200°C for 24 hours. 
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Figure 4-5. The 13C CPMAS spectra for high quality stereocomplex poly(d,l-lactide) before and 

after a heat treatment at 200°C for 24 hours with the individual fitted peaks, the cumulative 

fitted spectrum and the acquired spectrum. 

The experiments from the initial study of PLA were repeated on a second sample of higher 

quality scPLA. The initial XRD showed only diffraction peaks from the sc component and the 

DSC curve showed one melting point at the temperature for the sc component, Figure 4-4. 

The CPMAS NMR spectrum however for high quality scPLA both before and after heating 

showed three components, again attributed to the sc, hc and amorphous components, 

Figure 4-5. 

4.3.3 Long term studies 

After the methodology of combining solid state NMR, XRD and DSC was developed, these 

three techniques with the addition of small-angle X-ray scattering have been implemented 

on four PLA samples. Measurements have been acquired every month over the course of a 

year, the four samples are split into two powders, scPLA and L105 which is pure PLLA, and 

two pellets, medical grade (MG) PLA and industrial grade (IG) PL38 PLLA. The NMR spectra 

of the four samples, whilst all having the same three main resonances, have very different 

splitting’s, Figure 4-6. 

For L105 which is a PLLA powder there is a single component within each resonance, these 

are at the shifts correlating to the amorphous component, as determined from the initial 

studies of scPLA. The two pellets, MG and PL38 both have pronounced splitting’s from the 

different crystalline regions. Unlike scPLA they do not have a broad amorphous component 

and have greater crystallinity and more crystalline regions. None of the crystalline regions 
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will be attributed to stereocomplex sites especially for PL38 as it is pure PLLA. The splittings 

are more pronounced for PL38 showing that it has greater crystallinity than MG PLA. 

The four samples were initial stored in a room under ambient conditions, the T1ρ and TCH 

times have been tracked. The amorphous region in scPLA has the greatest stability in terms 

of molecular mobility over the course of a year, the two crystalline regions fluctuate between 

each month however there is no overall increase or decrease in T1ρ times, Figure 4-7. The TCH 

times, which can be used as an indication of how the interaction strength and distance 

between adjacent PLA chains changes, are stable for the methyl group and have little overall 

change for the COO group. For the CH group there is an increase in TCH over time which would 

suggest that the distance between the PLA chains is increasing, this change is also consistent 

across all three regions, suggesting that the potential rearrangement of the polymer chains 

has no relation to crystallinity and is affecting the entire polymer matrix. 
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Figure 4-6. The 13C CPMAS spectra for stereocomplex scPLA, industrial grade PLLA, L105 and 

medical grade PLLA, MG and PL38. 
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Figure 4-7. The change in T1ρ ( top) and TCH (bottom) times for scPLA stored in room 

conditions for the two crystalline and one amorphous region for CH3 (left), CH (middle) and 

COO (right). 

L105 is a fully amorphous PLLA material and has similar behaviour to the amorphous 

component in scPLA, the TCH times for the methyl group also have the same behaviour as in 

scPLA. The TCH times for CH and COO have a more consistent behaviour than in scPLA with a 

contrasting change of an increase in time for CH and decrease in time for COO, Figure 4-8. 

This converse relationship suggests that there could be a rearrangement of the PLA helix 

resulting in COO having greater proximity to H species, namely from the methyl groups. The 

MG PLA, Figure 4-9 and IG PL38 PLLA, Figure 4-10 have both amorphous and crystalline 

components, across all functional groups all of the components were motionally stable and 

had the same TCH activity as scPLA and L105. This shows that the form the PLA is in, powder 

or chunk, does not affect the ability for helical rearrangement and change of chain distance 

and interaction strength. 
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Figure 4-8. The change in T1ρ and TCH for L105 stored in a glove box (left), freezer (middle) 

and under room conditions (right). All three functional groups are plotted together for the 

single amorphous region. 

 

Figure 4-9. The change in T1ρ ( top) and TCH (bottom) times for medical grade PLA stored in 

room conditions for the two crystalline and one amorphous region for CH3 (left), CH (middle) 

and COO (right). 
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Figure 4-10. The change in T1ρ ( top) and TCH (bottom) times for industrial grade PLLA stored 

in room conditions for the two crystalline and one amorphous region for CH3 (left), CH 

(middle) and COO (right) 

SAXS measurements have been performed over the course of a year for all four different PLA 

materials, Figure 4-11 (right). The SAXS scattering pattern for the MG and PL38 show 

interaction between particles and can be fit using a hard spheres model to determine the 

hard spheres interaction distance. The two powders scPLA and L105 do not show any 

interaction between particles, therefore only an average particle size was able to be 

determined. Along with the particle size distribution, the particle form factor can be 

determined which relates to the structure of the particle, all four PLA samples have a 

spherical shape as determined by the form factor. The structure factor is also determined 

from the SAXS data, this is related to the interparticle forces and the strength of the 

interactions, the structure factor for the powders is dilute and for the pellets is concentrated. 

In a dilute system the particle densities do not have any alternating arrangements of particle 

density suggesting a lack of short range order. It is not possible to determine the degree of 

crystallinity for these samples as an amorphous reference sample is needed. Visually the 

scattering pattern does not change over the course of a year for all of the samples; the only  
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Figure 4-11. The WAXS (left) and SAXS (right) patterns for the four PLA samples stored under 

room conditions over the course of a year. 

changes are in intensity, which are attributed to instrumental fluctuation and inhomogeneity 

in the sample.  

The mean particle size has been determined and tracked over the course of a year, . The two 

powders both have similar particle sizes and regardless of the storage condition the size does 

not change significantly, the slight fluctuations are expected as the powders are not 

homogenous. The particle sizes for MG and PL38 are completely different to each other and 

are either side of the powders. As with the powders the mean particle size fluctuates slightly 

but not significantly enough to be a sign of degradation. Whilst the same chunk of MG and 

PL38 was used each month slight variations in crystal orientation during measurement 

caused this variation. Comparing these measurements there does not appear to be much 

effect from degradation.  
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The only exception is for MG stored under room conditions, where in the last two months 

the mean particle size increased, this results from preferred orientation which would cause 

changes in the particle size distribution and consequently  

 

Figure 4-12. The mean particle size measured from small-angle X-ray scattering experiments 

tracked over the course of a year for all four samples stored under room conditions, in a 

freezer and in a glovebox. 
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Figure 4-13. The hard sphere radius measured from small-angle X-ray scattering experiments 

tracked over the course of a year for all MG PLA and IG PLLA pellets stored under room 

conditions, in a freezer and in a glovebox. 

 

Figure 4-14. The differential scanning calorimetry first heating scans showing the melting 

temperature for three repeats from the same batch of scPLA, L105, MG and PL38 undertaken 

in one session. 
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mean particle size. The difference in hard spheres radius for MG and PL38 mirrors the 

difference between the average particle size. Changes in hard spheres radius is even less 

pronounced than for the mean particle size showing that over time the size of the particles 

is stable regardless of the storage conditions. 

The WAXS patterns have been collected simultaneously with the SAXS patterns, similarly to 

these there is no change in the scattering pattern over the course of the year for the MG and 

PL38 pellets, Figure 4-11 (left). There are however changes in the intensity and baseline for 

the two powders but not 2θ’s. This will be because the samples each month come from the 

same batch but are not the exact same grains each time and will therefore have different 

surface morphology at each timepoint. This along with the SAXS patterns show that over the 

course of a year there is minimal change in the long range order. 

In order to determine whether any changes observed in the DSC will be due to degradation 

or due to the inhomogeneity of the powders or pellets three samples from a single batch 

were measured, Figure 4-14.  

For the two powders the line shape and melting temperatures were consistent across the 

batch, the two pellets however, especially MG PLA, had different line shapes, this suggests 

that whilst degradation could have an impact on the Tm it cannot conclusively be said for the

 

Figure 4-15. DSC for stereocomplex scPLA, industrial grade PLLA, L105 and medical grade 

PLLA, MG and PL38, stored under room conditions at 0, 6 and 12 months. 
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pellets to be so. The lack of change in the T1ρ times and SAXS/WAXS data, especially for MG 

PLA, all suggest that changes will be due to batch inhomogeneities. 

The melting temperature has been shown at 0, 6 and 12 months, whilst there are differences 

between the melting temperature there is no systematic change This can be confidently 

attributed to some batch variation but not to conclusively to degradation therefore for this 

study the DSC is also unreliable for tracking degradation of unprocessed PLA. 

Two main contributors to degradation are temperature and humidity, to investigate the 

effect of these two factors the same measurements were performed on samples stored in a 

freezer and in a glovebox. The T1ρ and TCH times had the same trend as the samples stored 

under room conditions, Figure 4-8, Appendix, Figure A-1, Figure A-2, Figure A-3. The SAXS, 

WAXS and DSC patterns also had no change regardless of the condition in which the sample 

was stored, Appendix, Figure A-4, Figure A-5 and Figure A-6. 

The initial interesting finding from the first studies undertaken on the low quality scPLA 

sample was the contrasting results between XRD, DSC and solid state NMR. The three 

techniques each provide information on different ranges, i.e. XRD shows long range 

periodicity whereas NMR provides information on short range chemical environments. It is 

reasonable to expect scPLA to be comprised of an amorphous component and 

stereocomplex (sc) sites, as is seen in the XRD and DSC results however, as is shown by NMR, 

there is a third component present, the homocrystalline (hc) site. 

The initial studies of low quality scPLA suggest a transition from scPLA with two types of 

crystalline site, sc and hc to a highly stereocomplex PLA after heat treatment. When the 

measurements were performed on an scPLA sample of higher quality the initial XRD and DSC 

experiments showed only sc sites both before and after annealing. The NMR however 

showed the presence of three sites both before and after heating. Annealing scPLA results in 

phase transitions, recently there have been many studies looking at the presence of 

mesophase PLA.75 The mesophase has intermediate ordering between amorphous and 

crystalline phases and limited mobility.76 The assignments of the three different sites was 

based on both the position of the components and the relaxation times. Tsuji et al performed 

13C CPMAS experiments on stereocomplex PLA, the COO resonance was deconvoluted for 

component analysis and the three components then attributed to sc, hc and amorphous 

components.77 The NMR measurements show that there is no mesophase present as a fourth 

component would be present at a T1ρ time between the amorphous and crystalline 

components. This method was used to determine the components for the samples in this 
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study, the component assignment was confirmed using T1ρ relaxation times. Each of the 

three components has a different range of mobility, naturally the amorphous component 

will have the greatest mobility and therefore have the shortest relaxation time. The 

crystalline components have order to them due to the interactions between the chains, the 

homocrystalline component has greater mobility due to weaker interactions between chains 

of the same configuration therefore, the hc component will have a slightly shorter relaxation 

time78-79. Due to the confirmation of the component assignments by T1ρ relaxation it is safe 

to conclude that mesophase PLA is not present in our systems, however a way to further 

confirm this would be to perform Fourier transform infrared studies.80 

During the first long term studies under room conditions, the amorphous component in 

scPLA was stable over the course of a year whereas the two crystalline components T1ρ 

relaxation times fluctuate significantly over time. This shows that the mobility of the 

crystalline chains changes significantly. The mobility is related to the strength of the 

interactions between the chains in the two crystalline sites, the change in mobility therefore 

indicates that the interactions are becoming weaker or stronger between months81.  The 

changes in TCH times were also investigated and fluctuated for all three components for both 

the high and low quality scPLA. If changes are approached from the perspective of changes 

in interaction strength and distance then it appears that the interaction strength is constantly 

changing both on a long and short term basis, and overall after 4 months the helical 

arrangement of PLA becomes distorted affecting the CH and COO regions differently. 

To better understand the cause of the changes in mobility and interaction strength both 

temperature and humidity were investigated. Even though the effect of either temperature 

or humidity were removed the only change over time was the TCH times under both 

conditions for the CH and COO groups, as previously suggested this will be due to changes in 

distance between PLA chains and strength of interaction, the two main contributors to the 

CP process. Based on the different response for the two functional groups there is clearly no 

movement of the chain as a whole rather it is the groups individually, this is why it is 

suggested that there is polymorphic rearrangement or rearrangement of the PLA helix. The 

T1ρ times were unaffected by the storage condition for the three samples other than scPLA, 

the only difference between the samples was the presence of stereocomplex crystalline 

regions, the presence of D-lactide forming stereocomplex regions appears to decrease the 

stability of the molecular motion over time. 



60 
 

Several groups have researched the effect of moisture exposure on the degradation of PLA, 

the studies took a gravimetric analysis approach to the measurement of degradation82. One 

of the major pathways of degradation for PLA is hydrolysis of the ester linkages resulting in 

the production of carboxylic acid end groups. The CPMAS spectra of the samples in this study 

do not change over time suggesting that there is no alteration in the structure of the samples, 

which would be seen if the end groups were changing due to hydrolysis.  

The PLLA powder, L105, was fully amorphous, the amorphous component had the same 

nature as the amorphous component in scPLA, whereby there was no change in the T1ρ times 

over the course of the year for all three storage conditions. Although the trend is the same 

as scPLA the actual times are different, 0.05 - 0.1 s for scPLA and 0.1 - 0.15 s for L105; This 

will be caused by the crystalline regions introducing more order overall and restricting the 

amorphous components.  

The SAXS data shows a great difference between the powders and pellets, the form factor 

shows the greatest difference. The two powders have a dilute form factor whereas the two 

pellets have a concentrated form factor. Concentrated samples have greater order than 

dilute systems, this suggests that the pellets have greater order than the powders, this is also 

reflected in the solid state NMR measurements, in particular the 13C CPMAS spectra. There 

is no change in the SAXS and WAXS patterns for the concentrated systems showing that the 

long range order does not change over time regardless of the storage conditions. The two 

dilute systems also have no change that can be attributed to changes in order but rather is 

caused by inhomogeneities of the powders. The DSC additionally shows that there is no trend 

in the change in Tm over time and that there is batch variation again highlighting the 

inhomogeneity of both the powders and pellets. There is also no change in the average 

particle size for all four systems and hard sphere radius for the two pellets, which combined 

with the rest of the long term data again shows there is no change in the systems over time 

other than the change in TCH times. 

4.4. Conclusion 

The combination of XRD, DSC and solid state NMR has been successful in highlighting the 

advantages and limitations of each of the techniques as well as being able to track motional 

changes and the changes in interaction strength in four different poly(lactide) samples. 

Stereocomplex PLA has been used to highlight the different information that can be 

elucidated from the three techniques and that a multi technique approach is best for this 
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study. The integration of solid state NMR into this study allowed for the identification of 

homocrystalline components in scPLA which were not detected by XRD and DSC. 

Combining all three techniques has not been able to show changes in the mobility of the 

different regions, long range order and particle size and hard spheres radius. The only change 

that occurred was the change in TCH time for two of the functional groups present in PLA, CH 

and COO, which suggests that there could be a rearrangement of the PLA helix which does 

not however effect the overall mobility of any of the functional groups especially or the PLLA 

samples. 
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5. Injection Moulding of Polylactide 

5.1 Introduction 

Injection moulding is a common way of forming end products of poly(lactide), there are 

several stages to the injection moulding process. First, the starting material is fed into the 

injection moulding machine via the hopper. The material is melted in the heated barrel which 

contains the reciprocating screw which provides additional heating via shearing of the 

material. The molten material is then injected under high pressures into the mould. The 

temperature of the mould will affect the crystallinity of the end product. In this study a mould 

temperature of 30 °C produces amorphous PLA bars and a mould temperature of 130 °C 

produces crystalline PLA bars. Following the injection of the molten material a holding phase 

is implemented. When the material cools in the mould it starts to shrink, in the holding phase 

additional material is injected to fill the mould and remove any voids. The holding time and 

pressure is dependent on the material used. The material is then cooled and released from 

the mould.83 

Polymer additives take on the role of tailoring the macromolecular properties to improve the 

processability and end-use properties.84 Additives can take many different forms and is 

influenced by the production method, these include powders, beads, emulsions and spheres. 

The ideal form is highly homogenous spheres that possess suitable mechanical resistance 

and will not segregate in the polymer mixture.85 The properties of PLA end products can be 

modified by adding nucleating agents, plasticisers, fillers, impact modifiers and stabilisers. 

 

Figure 5-1. A schematic of the injection moulding machine, showing the hopper, heated 

barrel with reciprocating screw, mould cavity and mould.86 
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Controlling polymer crystallinity can also help to improve the properties of PLA end products. 

The degree of crystallinity and presence of additives affects the mechanical, thermal, and 

molecular properties of the PLA end product.87 The Young´s modulus is an important 

measure of stiffness of a material, it is mostly affected by additives however below a critical 

particle size the size will start to influence the stiffness.88 The size of the particles in the 

material can also affect the brittleness of the material.89-90 A smaller particle size can result 

in brittleness, the addition of interfacial crystallites on the other hand can strengthen the 

material and increase the toughness. There has been recent work into controlling properties 

using homocomposites of PLA instead of introducing additives. 

Plasticisers are used to increase the flexibility and toughness of a plastic and will reduce the 

Young’s modulus, density, glass transition temperature and melt viscosity of the polymer.91-

92 During the plasticisation process secondary bonds are formed between the plasticiser and 

polymer chains which increases the distance between neighbouring chains consequently 

reducing the interaction and increasing the mobility. Impact modifiers are used to overcome 

the inherent brittleness of most plastics. Impact modifiers tend to be elastomeric and have 

a lower Young’s modulus and low glass transition temperature relative to the polymer 

matrix. Impact modifiers are incorporated either during polymerisation or in processing in 

the form as particles. Nucleating agents are used to shorten the processing time in injection 

moulding, reduce average particle size and improve mechanical properties. Nucleating 

agents can be in many chemical structures, for example minerals such as talc, organics and 

organic salts.93 Fillers will have a range of effects depending on the shape and size, for 

example fibres increase both the tensile and flex strength whereas spheres or cubes have no 

effect on these properties. The size mostly effects the tensile and impact strength, a larger 

size creates greater stress in the polymer matrix. In order to better strengthen the properties 

a uniform particle size is required. Closely related to the particle size another consideration 

for fillers is the surface area which will affect the processibility of the polymer. This is due to 

the degree of wetting, a well-wetted filler will flow more easily, when the surface area is too 

large three will be poor dispersions and no-uniform properties. Unlike the other additives 

which enhance the physical properties, stabilisers are used to prevent degradation.94 

Stabilisers are often used so that they undergo sacrificial reactions to protect the polymer 

matrix. Stabilisers are rejected from crystals during processing as they are soluble in the melt 

consequently they have no effect on the end product.95 

Talc (Mg3Si4O10(OH)2) can be used as both a nucleating agent at < 3 wt% or as a reinforcing 

filler at 10-40 wt%. The effect of talc compared to other nucleating agents has been 
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investigated in PLA and has also been found to increase crystallinity of PLA from 2% up to 

25% with significant improvement to the Young’s modulus.96-97 Talc has Its plate-like 

structure is held together by weak Van der Waal’s forces which allows for delamination at 

low sheer stresses and easy dispersion.97-98 When used as a filler talc increases the tensile 

modulus and stiffness and conversely reduces the strain-to-break and impact strength.87, 99 

When used as a nucleating agent talc, in addition to shortening processing time, increases 

crystallinity and decreases crystallisation times.93  

For semicrystalline polymers the effect of injection moulding on the interfacial crystalline 

arrangements has been investigated. Arias et al. used DSC, XRD and tensile testing amongst 

other techniques to see how homocomposites of PLA are affected by the induction of 

interfacial stereocomplex crystallites.100 Their method was successful in showing that the 

formation of interfacial stereocomplex crystallites enhanced the mechanical properties of 

the materials, as such a similar method will be implemented in this study. 

During the injection moulding process many defects can occur, understanding what these 

are and how they arise is important for overcoming them.101 Wavy patterns called flow lines 

appear on narrow sections and have slight discolouration to them. They may also occur at 

the entrance of the mould and present as rings. These are caused by nonuniformity of 

material cooling; the way to overcome this is to increase injection speed pressure and 

temperature so that the mould is filled before cooling starts. Other lines can appear when 

the initial injection of the molten material solidifies before the mould is filled caused by 

excessive injection pressure. 

When the injection speed is too fast air can be trapped in the mould this can lead to burn 

marks, these marks can also be formed if overheating occurs either at the melt or in the 

mould. If the cooling speed is too rapid the plastic will not cool uniformly and will lead to 

warping. As well as causing burn marks trapped air can form vacuum voids, these can also 

be formed when the material closer to the mould walls cools more quickly than the inside 

which pulls the hot material towards the wall. As well as inadequate injection pressure, the 

viscosity of the material effects the formation of air bubbles. Sink marks have the opposite 

formation process to vacuum voids whereby the material cools quickly in the middle and 

pulls the hot material near the walls inwards.  

The mishandling of the unprocessed material can also cause defects that will be apparent 

after moulding. Discolouration occurs when there are leftover pellets in the hopper, or resin 

in the nozzle or mould from previous use. Delamination is where thin layers of the plastic 
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peel or flake due to inefficient bonding of materials. This is usually caused by contamination 

of the starting material, excess release agents in the mould and moisture due to insufficient 

drying. The mould design and maintenance are also contributing factors to defect formation. 

This study will investigate the relationship of the mechanical and thermal properties of 9 

injection moulded PLA samples with different crystallinities and additives, to the presence of 

crystalline domains from wide angle X-ray scattering and the average particle size and 

interaction distance as measured by small angle X-ray scattering. In the injection moulded 

materials, the “particles” are referring to an individual crystallite within a crystallite domain. 

The molecular mobility of the crystalline domains as determined by solid state NMR 

measurements will also be compared. 

5.2 Materials and Methods 

5.2.1 Materials 

Tensile bars and impact bars were produced by injection moulding at Wangeningen 

University and research, University of Wangeningen, Netherlands. The injection moulding 

samples and parameters are given in Table 5-1. The starting form of LX175, L130 were 

powders, the starting form of PL38, 120318-VI and 120318-VII were pellets. 

5.2.2 Methods 

Tensile tests were performed using a Zwick Z010 all-round line 10 kN mechanical testing 

machine according to ISO 527-1. The Young’s modulus, maximum stress and strain at break 

for each of the injection moulded samples were determined Impact tests were performed 

using a Ceast impact tester according to ISO 179. Impact tests were performed on notched 

and unnotched injection moulded impact bars of each of the samples. Notched tests are used 

to simulate the effect of faults in a sample. Heat Deformation Temperature-B tests were 

performed using a RAY-RAN HDT-VICAT softening point apparatus according to ISO 075 at a 

heating rate of 2 °C/min. The impact bars were submerged in an oil bath and heated and 

placed under a constant pressure until deformation occurred. 

Thermal analysis data was measured by differential scanning calorimetry (DSC, Mettler 

Toledo, Leicester, UK). All measurements were performed under nitrogen, heating from 25°C 

to 250°C at a rate of 10 °C/min. The tensile bars were cut into small pellets to fit into 40 μm 

aluminium pans. 

Small angle X-ray scattering (SAXS) measurements were performed on a Xenocs Xeuss 2.0 

equipped with a micro-focus Cu Kα (1.54) Å source under vacuum. The tensile bars were 
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mounted whole onto the sample holders attached with double sided tape. Scattering was 

measured by a Pilatus 300k hybrid photon counting detector with a pixel size of 0.172 mm x 

0.172 mm. The distance between the detector and the sample was calibrated by using silver 

behenate (AgC22H43O2). Measurements were taken over a q range of 0.004 to 0.16 Å-1. Wide 

angle X-ray scattering (WAXS) was performed simultaneously with a q range of 1.31 to 3.26 

Å-1, q values were converted to 2θ angles using the equation q = 4πsin(θ)/2, where λ is the 

wavelength of Cu, 1.54 Å. SAXS and WAXS data was acquired and processed using Foxtrot 

3.3.4 software. The average crystallite size and hard spheres radius were obtained from the 

experimental data as described in chapter 3 section 3.5. 

All Raman measurements were performed on a Renishaw inVia Raman microscope using a 

785 nm DPSS laser over a wavenumber range of 300-2000 cm-1, Renishaw CCD detector and 

a grating of 1800 lines/mm. A ×20 Olympus objective lens was used to focus the beam into 

the sample. Calibration was performed on diamond and 3 static scans of 3 s at 50 % laser 

power were used for the measurements. Measurements were performed on the as prepared 

tensile bars with no further preparation required. 

All 13C Solid State Nuclear Magnetic Resonance measurements were performed at 9.4 T using 

a Bruker Avance 400 MHz spectrometer operating at 13C Larmor frequency (νo) of 100.59 

MHz. These experiments were performed using a Bruker 4 mm HX probe which enabled a 

MAS frequency of 12 KHz to be implemented. Pulse length calibration was performed on 

alanine(s) from which a π/2 pulse time of 2.5 μs was measured. All measurements were 

undertaken with a π/2 nutation angle along with a delay between subsequent pulses of 10 

s. A cross polarisation contact time of 1500 ms was used with a 70-100 % ramp73 for 13C cross 

polarisation magic angle spinning (CPMAS) experiments.  The T1ρ relaxation experiments 

used spin lock delays from 0.3 to 50 ms. The T1ρ values were obtained from the experimental 

data as described in chapter 4 section 4.2.1. All 13C chemical shifts were externally referenced 

against the IUPAC recommended primary reference of Me4Si(l) (1 % in CDCl3, δiso = 0.0 ppm), 

via the secondary solid alanine(s) reference (δiso = 20.5 ppm)74. 
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Table 5-1. The injection moulding parameters for the PLA dogbones and impact bars. 
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5.3 Results and Discussion 

5.3.1 Visual Differences 

The Raman microscope images allow for the investigation of the homogeneity of the 

injection moulding process, Figure 5-2. The three pellets all have a rough texture, upon 

injection moulding the resulting dog bones are smooth, however there are some striations 

in the direction of the injection and in some cases small indentations. 

The appearance of the L130 materials shows the difference that the mould temperature has 

upon the final dog bones. A mould temperature of 30 °C for the amorphous dog bone 

 

Figure 5-2. The Raman microscope images of the injection moulded materials and starting 

pellets, for the blends (left), L130/LX175 (middle) and PL38 (right). The Raman images show 

imperfections in the injection moulded materials. 
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 resulted in a smooth dog bone with no striations, contrary to this the final dog bone at a 

mould temperature of 103 °C which has several striations in the direction of moulding. The 

final sample where the mould temperature was 30 °C and crystallisation was induced by 

annealing, also has no striations showing that for L130 a lower mould temperature results in 

a smoother end product. The annealed material has some indentations which could be the 

result of the crystallisation process. The mould temperature for LX175 is also 30 °C however 

compared to L130 at this temperature there are light striations, this would be caused by the 

difference in the materials. 

The two mould temperatures for PL38 also produce materials with different appearances, a 

mould temperature of 103 °C produced striations on the surface as with L130. Contrary to 

L130 a mould temperature of 30 °C resulted in a material with some striations and many 

indentations. This difference is due to the starting materials composition and form, PL38 

starts as a pellet where as L130 starts as a powder. 

Continuing with a comparison of 30 °C mould temperature, blend B has no striations as with 

L130, similarly there are striations present at 103 °C. However not to the same extent, which 

could be due to the effect of talc as a nucleating agent resulting in a smoother less flawed 

end product. Blend C with a mould temperature of 103 °C also has no striations in the 

direction of injection however there is a perpendicular striation; again, the effect of talc as a 

nucleating agent has been shown to produce a less flawed material. The dog bones have 

been photographed and shown in Figure 5-3. The melt temperature affects the appearance 

of the injection moulded material, looking at the pure PLA materials 

 

Figure 5-3. The injection moulded Poly(lactide) dog bones for the blends (left), L130/LX175 

(middle) and PL38 (right). The materials are opaque, translucent, and transparent for the 

blends, crystalline materials and amorphous materials respectively. 
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the amorphous materials, mould temperature 30 °C, are clear whereas the crystalline 

materials, mould temperature 103 °C and annealed 105 °C, are white and opaque.  

All three of the blended materials are white and opaque, this is expected for the crystalline 

materials and is caused by the nucleating agent talc for the amorphous material.  

5.3.2 Mechanical Properties 

The results of the mechanical tests are shown in Table 5-2, the Young’s modulus, stress-max 

and strain at break were determined from the tensile tests. Impact tests were performed on 

notched and unnotched injection moulded impact bars of each of the samples. Notched tests 

are used to simulate the effect of faults in a sample. The heat deformation temperature was 

determined for each of the injection moulded samples on impact bars. The Young’s modulus 

is a measure of the elasticity of a material, the stress-strain relationship before deformation 

occurs, a more amorphous material will have a lower Young’s modulus. This is seen with L130 

30 °C which has a smaller Young’s modulus than the 105 °C annealed and L130 103 °C, both 

of which are crystalline, similarly PL38 moulded at 30 °C has a smaller Young’s modulus than 

103 °C. With blend VI at 30 °C the Young’s modulus is higher than 103 °C, this is due to the 

addition of talc, a nucleating agent. 

Comparing the maximum stress a material can take before breaking, the amorphous 

materials have a greater stress-max than the crystalline materials meaning they can be 

stretched further before breaking. The exception to this general statement is the L130 

annealed material which has a higher stress-max than its amorphous counterpart. The blend 

samples have a lower stress-max than all the other PLA materials indicating greater rigidity 

of the materials. 

The strain at break is another characteristic related to the ability of a material to stretch and 

how much strain it can undergo before breaking. As was the case with the stress-max the 

strain at break is greater for the amorphous materials; however, for the blend materials the 

strain at break is greater than the unblended materials. The addition of talc into the blend 

materials results in a greater resistance to strain but lower stress tolerance. 

The unnotched impact tests show that the crystalline materials are more resistant to to 

impact, as with the previous mechanical tests this result is expected. Unlike the other 

measurements there is a significant difference in the impact resistance between amorphous 

L130 and annealed L130. Out of the two blends crystalline blend C shows greater resistance 

to impact than all other materials whereas blend B resulted in a weaker material with regards  



71 
 

Table 5-2, The Young’s Modulus, Stress-Max, strain at break, the notched and unnotched 

impact resistance and the heat deformation temperature B (HDT-B) for the injection 

moulded polylactide samples. 

Sample 
Young’s 

Modulus 

Stress-

max 

Strain at 

break 

Impact 

resistance 

(kJ/m2) 

Impact 

resistance 

(kJ/m2) 

HDT-B 

(°C) 

 (MPa) (MPa) (%) Unnotched Notched  

L130 30C 3442 [47] 68.1 [0.4] 4 [1.3] 19.3 [1.3] 2.9 [0.1] 55.8 

L130 30C 

annealed 
4005 [98] 68.8 [0.5] 3.5 [0.6] 41.6 [11.3] 11 [0.6] 116.7 

L130 103C 3939 [179] 66.6 [0.6] 2.7 [0.8] 44.9 [10.7] 4.9 [0.7] 126.1 

LX175 30C 3420 [26] 67.6 [0.5] 38.3 [51.9] 18.2 [2] 2.9 [0.2] 54.5 

Purasorb 

PL38 30C 
3470 [30] 71.1 [0.3] 3.7 [0.6] 20.1 [1.3] 3.5 [0.1] 54.5 

Purasorb 

PL38 103C 
3587 [235] 69 [0.4] 3.3 [0.3] 37.7 [8.4] 5.3 [1.4] 69.5 

120318-VI 

30C 
4724 [53] 52.7 [0.7] 96.6 [17.2] 35.7 [6.6] 3.6 [0.1] 51.6 

120318-VI 

103C 
4555 [250] 47.8 [0.7] 12.2 [2.4] 38.5 [3.8] 4.2 [0.4] 105.2 

120318-VII 

103C 
4111 [40] 42.1 [0.3] 51.6 [7.5] 74.6 [11.5] 13.4 [0.5] 93.1 

 

to impact resistance than the unblended materials. When a flaw is introduced to the impact 

bars blend C is still the most resistant material to impact, annealed L130 again has a much 

greater resistance to amorphous L130 and indeed the other materials both amorphous and 

crystalline. 

The heat deformation temperature-B (HDT-B) is an indication of a materials resistance to 

heat and is an important factor to consider for the uses of a material. The crystalline 

materials have a higher HDT-B temperature than the amorphous materials, which is 

anticipated as a greater amount of heat is required to break crystalline domains than 

amorphous ones. Blend B has a higher HDT-B than blend C however the differences is not as 

dissimilar as the other mechanical properties suggesting that in this case the filler, talc, has 

more of an effect on the stress-strain relationship and impact resistance than the HDT-B. 

Neither of the blends however are as resistant to heat as both crystalline L130 materials. 

The differences in the mechanical properties shows the importance of the formulation to 

achieve the desired properties of a material and in some cases the use of a pure PLA powder 

is more useful than adding fillers such as talc. 
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5.3.3 Thermal Properties 

 

Figure 5-4. The DSC first heating scans for the injection moulded samples and the blend 

starting pellets, to investigate changes caused by processing, for the blends (top), 

L130/LX175 (middle) and PL38 (bottom). The glass transition temperature and melting 

temperature of PLA and talc can be extracted from the scans. 
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The thermal properties are an important characteristic of a material to understand, 

especially when considering the potential applications. The melting temperature (Tm) is very 

restrictive for the uses of materials; therefore, it is necessary to identify how the crystallinity 

and formulation of a material affect this property. The Tm is not the only transition observed 

in the DSC. For the amorphous materials, in addition to the melting temperature the glass 

transition temperature is observed in the amorphous materials and blended materials, a 

crystallisation temperature for the amorphous materials and potential polymorphic 

rearrangement all L130 materials and crystalline PL38. The melting temperatures for the 

materials has been extracted from the first heating scans, Figure 5-4, and are shown in Table 

5-3, for the blended samples there are two melting temperatures due to the presence of an 

additional crystalline site induced by the nucleating effect of talc. The Tm for the three L130 

materials is between 181-183 °C with the melt crystallised material at the higher end. The Tm 

of LX175 is 20 °C lower than L130 30 °C showing that it is a more amorphous material. The 

Tm and the heat output are lower showing that the intermolecular forces are easier to 

overcome. 

Table 5-3. The melting point for the injection moulded polylactide samples. 

 Melting Point 

Sample 

Onset 

°C 

Peak 

°C 
Jg-1  

L130 30 °C 172.49 181.63 -60.42 

L130 30 °C annealed 105 °C 173.72 181.56 -62.42 

L130 103 °C 173.89 182.61 -55.99 

LX175 30 °C 152.79 163.42 -37.67 

PL38 30 °C 176.2 186.14 -61 

PL38 103 °C 177.56 185.95 -58.5 

120318-VI Pellet 167.15 178.65 -40.41 

120318-VI B 30 °C 166.95 178.02 -38.92 

123018-VI B 103 °C 169.43 179.25 -37.93 

120318-VII Pellet 167.95 178.81 -37.44 

120318-VII C 103 °C 170.67 179.15 -30.23 

 Talc 

120318-VI Pellet 225.36 232.03 -12.08 

120318-VI B 30 °C 223.68 231.41 -10.6 

123018-VI B 103 °C 222.5 231.32 -11.83 

120318-VII Pellet 227.8 235.01 -5.24 

120318-VII C 103 °C 217.65 233.4 -10.61 
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The Tm for PL38 is 5 °C higher than for L130 indicating that it is slightly more crystalline. The 

first Tm for the blends, arising from the same crystalline sites as seen in the non blended 

material is between 177-180 °C, which is lower than the other materials additionally, the 

heat output is also lower. The addition of talc into the blend has reduced the first Tm and has 

also resulted in a second Tm at 230 – 235 °C with a much lower heat output. As with the 

mechanical testing, the differences in Tm also highlight the need for careful formulation to 

result in the desired properties.  

The SAXS data for each of the injection moulded samples provided different information for 

each sample. The radius of gyration, Rg, was determined for materials with no interaction 

between neighbouring crystallites, this is a measure of the spread of the mass of a crystallite 

and is estimated from the lowest scattering angles. From this the average radius, Rav, was 

determined using the equation, 𝑅𝑔 = √3 5⁄ 𝑅𝑎𝑣. Samples with interacting crystallites were 

fit using a hard sphere interacting model which enabled a particle radius distribution and 

interaction distance (ID) to be determined. Samples with weak scattering did not allow for 

the determination of any information. The information extracted is shown in Table 5-4. A 

porod slope was fitted for the samples where the scattering was strong enough, Figure 5-5. 

An initial comparison of the Rg for the different materials showed that the two amorphous 

materials had a Rg twice the size of the crystalline materials. Since a smaller Rg allows for 

tighter packing of the particles and a more ordered packing structure, this is to be expected 

of a crystalline material.  

Table 5-4. The radius of gyration, average particle radius and interaction distance for the 

injection moulded samples as determined from small angle X-ray scattering data. 

Sample 
Radius of Gyration Rg 

(nm) 

Average particle radius 

(nm) 

L130 30 °C   

L130 30 °C annealed 105 °C   

L130 103 °C  4 

LX175 30 °C 12.6 2.75 

PL38 Pellet  160 

PL38 30 °C   

PL38 103 °C  6.2 

120318-VI Pellet 6.4 1.96 

120318-VI B 30 °C 12.0 2.68 

123018-VI B 103 °C 7.3 2.09 

120318-VII C Pellet 6.3 1.94 

120318-VII C 103 °C 7.9 2.18 
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The blended materials were measured in a pre and post processing state, the Rg increased 

after injection moulding the materials for both blends by approx. 1 nm. 

5.3.4 Small-Angle X-ray Scattering/Wide-Angle X-ray Scattering 

 

Figure 5-5. The SAXS patterns for the injection moulded polylactide sample for the blended 

samples (top), L130/LX175 (middle) and PL38 (bottom). The volume distribution is shown for 

L130 103 °C, PL38 pellet and PL38 103 °C. 
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Crystalline PL38 and melt crystallised L130 scattered strongly enough to be able to see 

interactions between individual crystallites of PLLA, as such a confident Rav and ID were 

determined 17 and 20 nm respectively. PL38 has a greater Rav than L130 however has a 

shorter ID. The limitations of the molybdenum X-ray source for the SAXS measurements 

mean that the upper limit of particle size detection is 20 nm, which is the ID measured for 

L130. It is not possible to conclusively state that there are therefore no particles of this size 

present in the sample. It is unfortunate that only two samples showed interaction between 

particles and therefore it is not possible to relate ID to the material properties. 

WAXS measurements were taken of all the PLA materials, Figure 5-6, the most notable 

difference across the samples is the presence of sharp scattering peaks in the blends which 

are attributable to talc.102 The best place to start is with the three L130 samples, by having 

the pattern of the amorphous sample it is then possible to detect the crystalline peaks. The 

only clear diffraction peak in both crystalline samples is at ~20˚. This diffraction peak is also 

seen in PL38 103 ˚C and not in PL38 30 ˚C. 

The second set of WAXS patterns to look at are the blends B and C, 120318-VI B 30 ˚C is an 

amorphous material therefore the crystalline peaks will only be attributable to talc. In 

120318-VI B 103 ˚C there are an additional three diffraction peaks at ~20, 21 and 22 ˚. There 

are an additional two crystalline peaks in the blend samples than in the pure PLLA sample 

showing that talc has increased the crystallinity of the material. 120318-VII C 103 ˚C has 

fewer crystalline diffraction peaks than 120318-VI B 103 ˚C suggesting that blend B results in 

a material with greater crystallinity and that talc has a greater nucleating effect on blend B 

than blend C, this is corroborated by the difference in mechanical properties of the materials. 
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Figure 5-6. The WAXS patterns for the injection moulded polylactide samples for the blended 

samples (top), L130/LX175 (middle) and PL38 (bottom). 
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5.3.5 Solid state NMR 

Three solid state NMR experiments were performed on each of the injection moulded 

samples and the starting materials, the 13C CPMAS spectra have been compared, Figure 5-7. 

All the 13C spectra have three resonance peaks at 169, 68 and 17 ppm for the carbonyl, 

methane, and methyl carbons, respectively. The crystallinity of a material affects the nmr 

spectra by causing splitting in the resonance peaks. It is known that for polylactide the 

amorphous component will be present at 169, 68 and 17 ppm, depending on the amount of 

each isomer present two crystalline components can arise, for the materials measured here 

only a homocrystalline component will be present at 171, 69 and 15 ppm.  

L130 and LX175 are PLLA’s, all four materials have a single resonance peak for amorphous 

PLA. L130 has been crystallised via two different methods, crystallisation in the mould and 

annealed post injection moulding, however the 13C CPMAS spectra do not show the 

crystalline component expected. The only PLLA that showed a homocrystalline region was 

PL38. In the blended materials an amorphous component was observed across all materials, 

additionally a homocrystalline component was observed in the crystalline materials and 

starting pellets. An additional splitting was observed in the blended materials at 172 ppm, 

this is potentially attributable to the nucleating effect of talc inducing an additional 

crystalline domain. 

The mobility of polymer chains is related to the crystallinity of the materials, the T1ρ 

relaxation times are a measure of mobility in the kHz regime which is perfect for polymers. 

A shorter T1ρ time means that the chemical environment is more mobile and is therefore 

more amorphous. The T1ρ times for each of the amorphous and crystalline components have 

been determined, Table 5-5. 
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Figure 5-7. The 13C CPMAS NMR data for the injection moulded polylactide samples for the 

blended samples (top), L130/LX175 (middle) and PL38 (bottom) 
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Table 5-5. The T1ρ relaxation times for the injection moulded materials and the blend starting 

materials. 

Sample T1ρ (s) relaxation times 

 Amorphous Crystalline Talc 

 
169 
ppm 

68 
ppm 

17 
ppm 

171 
ppm 

69 
ppm 

15 
ppm 

172 ppm 

L130 30 °C 
0.038±
0.006 

0.062±
0.005 

0.051±
0.006 

    

L130 30 °C 
annealed 105 °C 

0.088±
0.008 

0.091±
0.007 

0.087±
0.005 

    

L130 103 °C 
0.091±
0.007 

0.091±
0.008 

0.088±
0.006 

    

LX175 30 °C 
0.066±

0.01 
0.061±
0.009 

0.055±
0.008 

    

PL38 30 °C 
0.050±
0.006 

0.051±
0.006 

0.054±
0.006 

    

PL38 103 °C 
0.062±

0.01 
0.082±

0.03 
0.07±0

.01 
0.062±

0.02 
0.075±

0.02 
0.082±

0.02 
 

120318-VI B 
Pellet 

0.079±
0.014 

0.071±
0.008 

0.074±
0.006 

0.073±
0.01 

0.087±
0.007 

0.079±
0.008 

0.14±0.1 

120318-VI B 
30 °C 

0.027±
0.004 

0.045±
0.006 

0.044±
0.005 

   0.11±0.05 

123018-VI B 103 
°C 

0.050±
0.01 

0.053±
0.02 

0.063±
0.006 

0.050±
0.02 

0.068±
0.01 

0.060±
0.009 

0.20±0.03 

120318-VII C 
Pellet 

0.080±
0.02 

0.125±
0.02 

0.11±0
.01 

 
0.136±

0.02 
0.11±0

.01 
0.15±0.1 

120318-VII C 
103 °C 

0.053±
0.02 

0.072±
0.04 

0.077±
0.03 

0.047±
0.05 

0.072±
0.04 

0.10±0
.04 

0.074±0.0
8 

 

Overall, the amorphous materials have shorter T1ρ times; the greatest differences are seen 

in the carbonyl region showing that L130 is more mobile than LX175 and PL38, however the 

presence of talc in blend B has resulted in shorter T1ρ times across all environments. Turning 

to the crystalline PLLA materials, crystallising in the melt rather than post processing 

annealing has resulted in longer T1ρ times for the carbonyl region and therefore a slightly 

more rigid amorphous domain. Crystallised PL38 is less mobile across all environments, this 

along with the amorphous PL38 suggest that on the whole the amorphous region of PL38 is 

a more mobile than L130 or LX175.  

Comparing the blended materials showed that blend B had greater mobility in the 

amorphous domains than blend C both pre and post processing. The T1ρ times for the 

homocrystalline component also show that blend B has greater mobility across all 

environments. The talc induced crystalline site is the least mobile for all the materials out of 
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all three components. The starting pellets for both blend B and C have similar T1ρ times 

however crystalline blend C has greater mobility. 

5.3.6 Raman Spectroscopy 

The Raman assignments for the polylactide materials are shown in Figure 5-8. The most 

important raman vibrations are the C-CO vibration at 395 and 410 cm-1 for the amorphous E 

mode and crystalline A mode backbone vibrations respectively. Using the percentage of the 

E mode vibrations a comparison of the amorphicity of the backbone can be performed, 

 

Figure 5-9 (black). 

The higher the percentage of E-mode vibrations the more amorphous the PLA backbone. 

This is confirmed by the IM materials with higher mould temperature having both a lower 

percentage of E mode vibrations and also have less than 50 % E mode showing that there are 

more crystalline A mode vibrations than E mode. The effect of talc on the nucleation of PLA 

is highlighted by 120318-VI B 30 ˚C which has a smaller percentage of E mode vibrations 

lower than 50 % showing that talc has induced crystalline regions even at low mould 

temperatures. 
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Figure 5-8. The Raman assignments for polylactide. 

 

Figure 5-9. The percentage of C-O E mode vibrations (black) and the intensity of the C=O 

stretch (red). 

The C=O stretch at 736 cm-1 allows for investigation into the restriction of the stretching of 

the C=O species, in densely packed regions the C=O stretch will be inhibited to an extent 

which is indicated by a decrease in the intensity of this wavenumber. Whilst there are only 

two pellets to investigate both of them have a lower intensity than the IM materials at each 

mould temperature. During the moulding procedure the PLA chains will be become aligned 
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which will allow for more freedom of stretching than in an entangled system. The MG and IG 

materials have opposite responses to the mould temperatures. For the MG PLA there is a 

greater intensity for the higher mould temperature whereas the converse is true for the IG 

PLA. This difference could be attributed to the presence of small amounts of d-isomer in the 

MG PLA resulting in both stereocrystalline and homocrystalline regions being formed.  

A secondary observation is that the two crystalline samples for L130 have the same intensity 

of C=O stretch, suggesting that annealing the materials or using a higher mould temperature 

makes no difference to the restriction on the C=O stretch when forming the crystalline 
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material. The effect of talc is the same as the MG PLA, talc creates additional crystalline 

regions similar to the D-isomer forming additional crystalline sites. 

 

Figure 5-10. The Raman spectra for the injection moulded polylactide samples and starting 

pellets for, the blends (top), L130/LX175 (middle) and PL38 (bottom). 
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The 1044 and 1128 cm-1 vibrations are also important and are attributed to Cα-C 

stretching/CβH3 rocking and O-Cα stretching/CαHα bending, these are sensitive to 

conformational changes. The three skeletal backbones in PLA are C-O, O-Cα and Cα-C. There 

are four conformations that these can take, tt’t, tg’t, tt’g and tgg’. The dihedral angles are 

160°, -160°, -73° and 48° for t, t’, g and g’ respectively. The relative populations are 5, 72-81, 

5 and 9-18 % respectively, tt’t and tg’t are straight conformers and tt’g and tg’g are bent 

conformers. The raman spectra in the region of 900-1200 cm-1 are different depending on 

the confirmation of the backbone in the amorphous region, therefore can be used to look at 

conformational changes. In the case of the PLA materials here, the region does not match 

for any of the individual regions entirely and therefore more than one conformer exists 

among the PLA helices present. The 300 – 1000 cm-1 region can be indicative of the PLA helix 

arrangement, 21, 31, 41 or 51, for the injection moulded materials, the raman spectra is 

indicative of a 31 helical arrangement, this is common when poly(l-lactic acid) is co-

crystallized with poly(d-lactic acid). There are four possible 31 helices depending on the 

conformational angles, the presence of raman shifts at ~730 and ~410 cm-1 indicate that 

model I is the best fit except for 120318-VII C where both the pellet and the IM material do 

not have a shift at ~730 cm-1. 

5.3.7 Amorphous materials 

There are 4 amorphous materials that can be compared to see how fillers and grade effect 

the properties. There are two industrial grade PLLA samples, one medical grade PLLA and 

one blend (blend B), the second blend is not processable at low enough temperatures to 

produce an amorphous material. 

The mechanical properties of the materials show that the two IG PLLA samples have similar 

Young’s modulus, stress-max, strain at break and therefore elasticities, additionally they 

both have poor resistance to impact and deform at around 55 °C. The MG PLLA material also 

has a similar Young’s modulus however can undergo greater stress before necking. The 

unblended PLLA’s have similar resistance to impact with the MG PLLA retaining greater 

strength when flaws are introduced. The PLLA blend has the greatest resistance to impact 

despite having the highest strain at break, while it is expected that stronger materials should 

be more resistant to stress and break at lower elongations, it is suggested that the talc 

nucleating agent is resulting in the unusual combination of properties. All four amorphous 

materials have similar HDT-Bs. 
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The DSC first heating scans show the presence of the second Tm in the blended material. This 

additional crystalline site goes towards explaining the enhancement in properties. The 

crystalline domains result in stronger intermolecular bonding which enhances the strength, 

however the material is predominantly amorphous which accounts for the increased 

elongation. Comparing the melting temperatures for the for the lower Tm, LX175 has a lower 

melting temperature and has a lower heat output, however this does not appear to affect 

the mechanical properties of the material. 

The results of the SAXS and WAXS measurements are similar across all four materials as is 

the 13C CPMAS data. The WAXS and CPMAS data shows that the materials are fully 

amorphous under ambient conditions, the only difference being the presence of additional 

scattering peaks/resonances caused by talc. The SAXS measurements showed that the Rg is 

also similar, due to this no parallels can be drawn between the WAXS/SAXS/CPMAS data and 

the mechanical properties. The T1ρ relaxation measurements however do go towards 

explaining the differences. 

The carbonyl region is the most indicative of changes in the mobility of the PLLA chains, the 

stronger blend material has greater mobility than the IG and MG PLLA materials, indeed the 

blend material has greater mobility across all groups. A greater mobility means that the 

polymer chains are packed less tightly and are more amorphous in nature. The max stress is 

caused by the ability of the chains to resist the forces applied, if the chains are packed less 

tightly, they will yield sooner as the intermolecular forces are weaker. A more amorphous 

material will additionally be able to elongate further. The blend material has a crystalline 

component as is seen in the DSC, this has much less mobility than the amorphous component 

and will contribute to the enhanced impact resistance when unnotched. Whilst there is a 

difference in the T1ρ relaxation times for the carbonyl region between the two IG PLLA 

materials, the times for the other regions is similar. The mechanical properties are very 

similar and therefore the carbonyl region potentially does not contribute as much to these 

properties. The difference in the melting temperature and the heat output is approx. 20 °C, 

the greater mobility and weaker bonding in the carbonyl region does appear to affect the 

energy required to overcome the intermolecular forces. 

Comparing the C=O shift intensity and the A mode percentage for the amorphous materials 

the amorphicity and restriction of the backbone can be examined. First comparing the two 

IG PLA materials, LX175 and L130, the LX175 has a much greater intensity of C=O stretch and 

E mode percentage indicating that it is more amorphous than L130, the difference between 
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the two IG PLLA’s is different to the results seen in the carbonyl region of the NMR. In the 

NMR the whole carbonyl region is being investigated whereas in the Raman it is just the 

stretching of the C=O, considering that the mobility of the carbonyl region is greater and 

therefore more amorphous for L130 than LX175 it could be suggested that the C=O stretch 

does not contribute in this case to the relaxation processes. The E mode is for the backbone, 

therefore comparisons should be made to the methyl and methine relaxation times, for this 

case the relaxation times are similar, showing that Raman can probe the backbone as a whole 

and provide information that NMR cannot as it probes the individual functional groups rather 

than the whole unit. Continuing on this comparison to the difference between MG and IG 

PLLA two separate comparisons would need to be made for the intensity of the C=O stretch 

MG PLLA is lower than both IG materials whereas there is a greater E mode percentage than 

L130 and less than LX175. Neither of these trends align with the NMR relaxation times, Since 

the addition of talc to the material has reduced the intensity of the C=O stretch and the 

percentage of amorphous E mode is less than 50 %. This is to be expected as previously 

mentioned as talc introduces additional crystalline sites even at lower mould temperatures 

where an amorphous material is expected. 

Comparing the Raman and T1ρ data with the DSC and mechanical data we can see that when 

the molecular mobility is different across all regions we see a change in the mechanical 

properties however when there is only one region that is different only the thermal 

properties are affected. The effect of adding talc as a nucleating agent is very evident across 

the mechanical properties and T1ρ data, in its ability to strengthen the final material through 

the introduction of additional crystalline regions. 

5.3.8 Crystalline 

There are 5 crystalline materials that can be compared to investigate the effect of 

crystallisation method, IG vs MG PLLA and the effect of two different blends. IG PLLA has 

been crystallised in the melt whilst processing and also by post processing annealing. 

Annealing post processing has resulted in greater impact resistance when flaws are 

introduced and a lower resistance to heat, all other mechanical properties are very similar. 

Crystalline MG PLLA has similar mechanical properties to both IG materials within 

experimental error except for the HDT-B temperature which is 50 °C lower.  

The two blends show much greater differences in the mechanical properties, blend VI results 

in a stiffer material that is more resistant to stress and has lower elongation however is less 

resistant to impact. Blend VII resulted in a material that more greatly differed from the 
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unblended materials in terms of elongation and impact resistance. The differences in the 

properties go to show the differences the two formulations have on the materials. 

The DSC of the blended PLLA materials is 3 °C lower than the IG PLLA materials and 7 °C lower 

than the MG PLLA materials, the heat output is additionally lower, this suggests they are 

more amorphous materials; however, the enhanced strength is provided by the second 

crystalline site induced by talc. The SAXS measurements showed that the different blends 

did not affect the radius of gyration, however the MG PLLA had a larger average particle size, 

narrower distribution, and shorter interaction distance. In the case of the SAXS the grade of 

the PLLA material has more affect than blends. The WAXS patterns of both IG PLLA materials 

and MG PLLA showed a single scattering peak at 20 °, the blends added in the extra scattering 

peaks from talc in addition to two extra peaks at 21 and 22 ° showing that the talc caused 

two additional crystalline domains to form, this is also seen by the presence of the additional 

resonances in the CPMAS data. 

The two forms of crystallisation for L130 resulted in similar levels of mobility, which 

correlates with the similarities in mechanical and thermal properties. The mobility of all C 

regions in MG PLLA is greater than IG PLLA in the amorphous region, the large particle sizes 

could contribute to this. There is however an additional crystalline region present indicating 

that the material overall is more crystalline which is seen in the DSC data by the higher Tm. 

Both the blends have greater mobility than the other materials, VI is more mobile than VII 

except for the talc induced crystalline site which is much less mobile. The overall increased 

mobility results in the weaker resistance to impact however the stiffness and resistance to 

stress is improved by the talc induced crystalline site. 

The same comparison can be performed on the crystalline materials as on the amorphous 

ones between the C=O intensity and E mode percentage with the T1ρ relaxation data. The 

intensity of the C=O stretch is greatest for PL38, adding talc increases the intensity compared 

to the IG PLLA materials and in situ or annealing crystallisation results in little difference. The 

E mode percentage has the same differences between the materials, blend C is comparable 

in this situation and has a much greater percentage of E mode being at 65 %. Comparing to 

the T1ρ data the changes match more closely in trend for the C=O intensity than the E mode 

%, these differences again show that the Raman and NMR data provide different information 

and are therefore useful to use in conjunction. 
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5.4 Conclusion 
The properties of polymeric materials can be changed by controlling the crystallinity of the 

material and using blends. Stress-strain testing to determine the Young’s modulus, maximum 

stress point and the strain at break are useful for investigating the elasticity and stiffness of 

a material. Impact testing is important to determine the impact resistance of a material, 

unnotched and notched tests are useful to understand the impact resistance for a pristine 

material and in the presence of flaws. It is also important to determine the HDT-B point of a 

material to investigate the heat resistance. Understanding the thermal properties of 

materials is also useful for determining the potential applications of the final material. 

Combining Raman and NMR allows for an investigation into both the individual functional 

groups and backbone as a whole which provides more information to compare the structure 

and mobility to the thermal and mechanical properties.  

The effect of adding talc as a nucleating agent is evident in the enhancement of the 

mechanical properties in terms of strength. Talc induces additional crystalline regions as 

demonstrated by the NMR data which contributes to the increase in strength of the IM 

material. The difference between industrial grade and medical grade PLLA has also been 

demonstrated for both crystalline and amorphous materials, there is a difference in 

mechanical properties however whether the properties achieved are advantageous is based 

on the desired use as these two materials have vastly different applications.  

The limitation in this study mainly comes from the SAXS measurements, especially with 

regards to the amorphous samples which have weak scattering where crystallite sizes are 

unobtainable and where there are no crystallites interacting resulting in only an average 

particle size being obtained. The particle size and distance does influence the properties, in 

this study a wide range of samples with different crystallinities, blends and applications have 

been compared. For furthering investigation of the final comparison additional techniques 

to measure the particle sizes would need to be applied. 
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6. An MAS NMR and Diffraction Study of Cis/Trans Polymeric 

Materials. 

6.1 Introduction 

Elastomers are polymers, existing above their glass transition temperature, that exhibit high 

elasticity and reversible elongation up to 1500 %. The elasticity is derived from the ability of 

the long macromolecular chains to reconfigure themselves to distribute an applied stress. 

The chains elongate when stress is applied in a preferred direction. Covalent or physical 

cross-links prevent the macromolecular chains from slipping and undergoing permanent 

deformation. Additionally, elastomers are described as viscoelastic polymers and are 

characterized by very weak intermolecular forces, low Young’s modulus and failure strain. 

There are two types of cross-links that exist in elastomers, the first of these are covalent 

cross-links often formed by addition of sulphur at high temperatures forming sulphidic 

bridges between macromolecular chains. These cross-links result in an inability to reprocess 

or recycle the elastomers in dienes. The second type are physical cross-links, these are 

present in phase-separated block copolymers where a disperse phase is presented in a glassy 

crystalline matrix. Thermodynamics plays a role in this form of cross-linking, consequently 

these materials are referred to as thermoplastic elastomers and can be molded, extruded 

and reused while maintaining typical elastic properties. 

There are 5 main structural conditions that must be met to allow an elastomer to have a 

rubbery behavior. The first of these is the presence of long, highly flexible chains, which allow 

for the rearrangement and extension of the chains as a response to stress. Unstrained 

elastomers exist as a random coil of the macromolecular chains, this structure is more 

thermodynamically stable than the fully extended chains as there are infinite arrangements 

of random coils whilst there is only one fully extended chain arrangement. Elastomers 

favourably exist of simple hydrocarbon chains with minimal stiff groups, bulky side chains 

and hydrogen bonding groups to allow for minimal steric hinderance during elongation. The 

network structure is highly important, this is controlled by cross-linking between 

macromolecular chains. The third condition is that there must be weak interchain 

interactions to allow the chains to move freely and reversibly past each other. Thus 

elastomers must exist above their glass transition temperature to allow for segmental 

motion. The final consideration is the amorphous structure, any crystalline domains present 
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cannot contribute to elastic properties; to prevent crystallinity irregularity is required in the 

molecular structure.103 

Elastomers unique properties result in a multitude of uses depending on their physical 

properties. General purpose elastomers are comprised of hydrocarbon polymers, commonly 

polybutadiene and polyisopropene rubbers. The primary application of general purpose 

elastomers is as automotive and truck tyres, due to their high strength, abrasion resistance, 

low hysteresis and high resilience. Special purpose rubbers are made in smaller quantities 

and have tailored resistance to heat and solvent resistance. Neoprene is one such example 

of a special purpose rubber due to its resistance to weather and ozone, as a consequence it 

is used where fire resistance is required. Nitrile based rubbers are often used in engineering 

as oil seals, o-rings and fuel and oil hoses Finally fluorocarbon rubbers are used in aircraft, 

aerospace and automotive applications due to its superior oil and heat resistance. 

There are two categories that rubbers can be broadly placed into, thermosets and 

thermoplastics. Thermosets are 3D molecular networks held together by chemical bonds. 

Thermoplastics are comprised of chains connected by physical aggregation of hard domains; 

thermoplastic elastomers (TPEs) will be focused upon here. TPEs can be modified to suit the 

needs of the application and are predominantly manufactured by extrusion and injection 

molding. TPEs are used for footwear, wire insulation and adhesives for polymer blending, 

their resistance to solvents and deformation at high temperatures restrict their uses. 

The key characteristics of TPEs are similar to other elastomers, nominally that the must 

possess the ability to stretch and returned to their original shape, in addition to being 

processed as a melt at high temperatures and have the absence of significant creep, which 

is the tendency of a polymer to distort under external loads. A TPE is a two-phase material, 

each molecule must consist of a soft elastomeric part and are hard domain that forms the 

physical cross-links. A TPE can be classified as either a block copolymer or an elastomer 

blend. Block copolymers exist as hard/soft alternating domains within the same 

macromolecular chain, in the case of polyester/polyamide based TPEs a multiblock motif is 

seen of A-B-A-B… In an elastomer blend there is a mixing of hard and soft phases under 

intensive shear conditions, this method is simpler than the production of block copolymers. 

In a phase separated system the characteristics of the individual polymers are seen, with 

each phase undergoing a separate glass transition temperature and melting temperature. 

The temperature at which a TPE undergoes transitions of its physical properties is dependent 

upon the thermal characteristics of both phases. To control the characteristics several 
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parameters can be controlled such as the molecular weight, proportion of each phase and 

the choice of the hard and soft phases.103-104 The hard segments determine the degree of 

crystallinity and consequent mechanical strength of the TPE, whereas the soft segments 

control the elastomers chemical resistance, thermal oxidative stability, hydrolytic stability 

and low temperature flexibility. 

The stereochemical orientation of double bonds in the elastomer backbone is also crucial to 

controlling the properties of elastomers; this is exemplified by natural elastomers, such as 

natural rubber and gutta percha, where the properties are enhanced by the superior chain 

packing of poly(cis-isopropene) over poly(trans-isopropene). Double bond stereochemical 

control is challenging in synthetic methods however careful consideration of catalyst and 

solvent in organobase-catalysed addition reactions combined with step-growth 

polymerisation and click chemistry can allow for control of double bond stereochemistry and 

molecular mass.105-107 The ‘click’ chemistry method is used to synthesise the materials used 

in this chapter. 

The term ‘click’ chemistry was coined by Sharpless to describe a stepwise Huisgen 

cycloaddition process however the concept was originally developed by Huisgen in 1950.108 

The term ‘click’ chemistry is applied to describe reactions that are high yielding, create only 

byproducts that can be removed without chromatography, are simple, sterospecific and 

conducted in solvents that are either benign or easily removable. The applications of click 

chemistry are ever increasing and recently have been used for thiol-yne reactions.106, 109-110 

105, 111 Click reactions proceed without eliminating a small molecule, consequently creating 

no by-products and are classified as a polyaddition polymerisation. There are many benefits 

to click reactions; in addition to the lack of by-products there is high reactant specificity and 

tolerance of other functional groups. These reactions occur with high conversions in any 

solvent at relatively low temperatures, making this approach advantageous for the synthesis 

of polyesters. There are some disadvantages to click methodologies including poor solubility 

of the final product and difficulties in removing the metal catalysts, however the benefits 

outweigh these disadvantages. 

A powerful technique for studying block copolymers is solid state NMR, one of the main areas 

of research both historically and recently has been on domain sizes and the implementation 

of spin diffusion techniques.112-121 Spin diffusion is a selective technique that is affected by 

homonuclear dipolar couplings and is sensitive to the distances between nuclei and 

molecular mobilities, consequently it is useful for investigating the domains in block 
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copolymers. Molecular mobility can also be investigated using relaxation methods, many 

studies have involved the use of T1,116, 118, 120, 122 T2
114, 123-125 and T1ρ

118, 120, 122, 124 relaxation 

measurements for both 1H and 13C nuclei to probe the differences between the hard and soft 

domains. Solid state NMR has relevantly been implemented on polyamides and particularly 

nylon-6 especially with regards to the strength of hydrogen bonding between the 

intermolecular chains and structural configuration. 126-128 129 

In addition to Solid state NMR techniques, small angle X-ray scattering (SAXS) has been used 

to study block copolymers.104, 116, 118, 130 Many studies have been undertaken on polyurethane 

(PU) elastomers to investigate the nature of polymers with hard-soft domains and how they 

relate to the morphology and properties of Pus.131-134 SAXS measurements have also been 

used to investigate the mechanical properties of elastomers and how they are affected by 

crosslinking and fillers.104, 135 

In this chapter a series of polyester and polyamide TPEs synthesized by ‘click’ chemistry and 

thiol-yne reactions are investigated by a multi technique approach. The effect of cis/trans 

ratio and molecular weight is investigated; the physical properties, in this case the Young’s 

modulus, are then related to the crystallinity, molecular mobility and melting temperature 

of the TPEs. 

6.2 Materials and Methods 

6.2.1 Materials 

All elastomers were synthesized at the University of Birmingham by Dr. Joshua Worch via the 

following procedures.  

General procedure for thiol-yne step growth ester. 1,6-Hexanedithiol was added to a 20 mL 

scintillation vial. To this, propane-1,3-diyl dipropiolate was added by quantitative transfer 

with CHCl3 (6 mL). The solution was then cooled to -15 °C with stirring for 5 min before a base 

was added, 1,8-Diazabicycloundec-7-ene (DBU) or NEt3 for the high cis and high trans 

materials respectively, was added in one portion. The addition of the base produced an 

exotherm and after 2 min of stirring, the reaction was warmed to room temperature and 

stirred. After 1 hr the solution was then precipitated into diethyl ether and collected by 

decanting the supernatant. The esters were then dried in vacuo at room temperature for 24 

hrs and the oligomers were then dried for an additional 2 hrs at 60 °C in vacuo. The molecular 

weight of the polyesters was controlled by the CHCl3/DMF solvent ratio. Four polyesters of 

15 %, 57 %, 67 % and 82 % cis content, four oligomers of 20 % cis and 80 % cis content and 

two dimers of 18 % and 80 % cis content have been synthesised by the above method,  
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Scheme 1. The synthesis of the ester materials via thiol-yne step growth polymerisation. 

Scheme 1 . All polyesters were provided in powder form, the oligomers and dimer of 80 % 

cis content were also in powder form, the two oligomers of 20 % cis content were provided 

in a rubbery form and the dimer was provided as a liquid. 

General procedure for thiol-yne step growth polyamide. 1,6-Hexanedithiol was added to a 

100 mL round bottom flask. To this, N,N'-(propane-1,3-diyl)dipropiolamide was added by 

quantitative transfer with DMSO/MeOH/CHCl3, the solvent ratio was used to control the 

cis:trans ratio. The solution was temperature controlled in a 15 °C water bath before DBU 

(32.9 μL, 0.22 mmol, 0.01 equiv) was added in one portion. 

The addition of DBU produced an exotherm which was mitigated by heat transfer to the 

water bath. After 2 min of stirring, the reaction flask was sealed, removed from the bath and 

stirred at 50 °C or 65 °C for the high cis and high trans polyamides respectively, in order to 

increase the solubility of the polymer product. After 2 h the reaction was quenched with 1-

dodecanethiol to end-cap any alkyne chain-ends and stirred for 30 min. Then, the solution 

was diluted with DMSO and BHT was added in order to prevent crosslinking during the 

precipitation step. The polymer solution was then precipitated into methanol and collected 

by decanting the supernatant. The polymer was dried in vacuo at 100−110 °C overnight (ca. 

16 h) in order to remove any residual DMSO. Four polyamides of 35 %, 46 %, 73 % and 82 % 

 

Scheme 2. Synthesis of the amide materials via thiol-yne step growth polymerisation. 
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cis content, have been synthesised by the above method, Scheme 2, the four polyamides 

were provided in a powder form. 

The double bond stereochemistry was determined by integration of the resonances in the 

1H solution state NMR spectrum that are attributed to cis and trans double bond isomers 

respectively. These signals typically appeared at ca. δ = 5.9 and 7.1 ppm for the cis isomer 

and δ = 5.8 and 7.6 ppm for the trans isomer (in CDCl3). Critically, they can be distinguished 

from their different coupling constants (cis: 3JH-H = 10.2 Hz, trans: 3JH-H = 15.2 Hz). 

6.2.2 Methods 

Gel Permeation Chromatography (GPC) measurements were performed on an Agilent 1260 

Infinity II Multi-Detector GPC/SEC System fitted with RI and ultraviolet (UV) detectors (λ = 

309 nm) and PLGel 3 μm (50 × 7.5 mm) guard column and two PLGel 5 μm (300 × 7.5 mm) 

mixed-C columns. For polyamides, DMF with 5 mM NH4BF4 was the eluent (flow rate 1 

mL/min, 50 °C) and a 12-point calibration based on poly(methyl methacrylate) standards 

(PMMA, Easivial PM, Agilent) was applied for determination of molecular weights. For 

polyesters, CHCl3 with 0.5% NEt3 was the eluent (flow rate 1 mL/min, 40 °C) and a 12-point 

calibration based on poly(styrene) standards (PS, Easivial PS, Agilent) was applied for 

determination of molecular weights. 

All 13C Solid State Nuclear Magnetic Resonance measurements were performed at 9.4 T using 

a Bruker Avance 400 MHz spectrometer operating at 13C Larmor frequency (νo) of 100.59 

MHz. These experiments were performed using a Bruker 4 mm HX probe which enabled a 

MAS frequency of 12 KHz to be implemented. Pulse length calibration was performed on 

alanine(s) from which a π/2 pulse time of 2.5 μs was measured. All measurements were 

undertaken with a π/2 nutation angle along with a delay between subsequent pulses of 10 s. 

A cross polarisation contact time of 1500 ms was used with a 70-100 % ramp73 for 13C cross 

polarisation magic angle spinning (CPMAS) experiments.  The T1ρ relaxation experiments 

used spin lock delays from 0.3 to 50 ms, the TCH experiments used contact times of 0.1 to 10 

ms. The T1ρ and TCH values were obtained from the experimental data as described in chapter 

4 section 4.2.1. 

All 1H MAS NMR measurements were performed at 11.7 T using a Bruker Avance 500 MHz 

spectrometer operating at 1H Larmor frequency (νo) of 500 MHz. These experiments were 

performed using a Bruker 1.3 mm HXY probe which enabled a MAS spinning frequency of 60 

kHz to be implemented. Flip angle calibration was performed on alanine(s) from which a π/2 

pulse time of 2.5 μs was measured. All measurements were undertaken with a π/2 tip angle 
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along with a delay between subsequent pulses of 10 s. 2D 1H single quantum (SQ) spin-

diffusion (NOESY-type) and 2D 1H double quantum (DQ) BaBa recoupling136-138 experiments 

were performed they each employed a rotor synchronised t1 increment of 20.27 μs. The spin 

diffusion spectrum was acquired with 4 coadded transients for each 164 t1 FIDs using a 

recycle of 10 s and a spin-diffusion mixing time of 3 ms. The 1H DQ spectrum was acquired 

with 4 coadded transients for each of 380 t1 FIDs using a recycle delay of 10 s.  

A 2D hCH HETCOR spectrum and a 2D frequency switched Lee-Goldburg (FSLG) HETCOR 

measurements were performed at 11.7 T using a Bruker Avance 500 MHz spectrometer 

operating at 1H Larmor frequency (νo) of 500 MHz and a 13C larmor frequency of 125.8 MHz, 

with 128 transients coadded for each of 73 t1 FIDs and 137 t1 FIDs respectively, using a recycle 

delay of 10 s. A t1 increment of 29.45 μs and 2 CP contact times of 1000 μs with a 70-100 %  

ramp were used for the hCH HETCOR. A t1 increment of 25.07 μs and a CP contact time of 

200 μs with a 70-100 % ramp was used for the FSLG HETCOR. The FSLG HETCOR experiments 

were performed using a Bruker 4 mm HXY probe which enabled a MAS spinning frequency 

of 12 kHz to be implemented and the hCH HETCPR experiments were performed using a 

Bruker 1.3 mm HXY probe which enabled a MAS spinning frequency of 60 kHz to be 

implemented. 

All 13C chemical shifts were externally referenced against the IUPAC recommended primary 

reference of Me4Si(l) (1 % in CDCl3, δiso = 0.0 ppm), via the secondary alanine(s) reference (δiso 

= 20.5 ppm)74. All 1H chemical shifts were externally referenced against the IUPAC 

recommended primary reference of Me4Si(l) (1 % in CDCl3, δiso = 0.0 ppm), via the secondary 

alanine(s) reference (δiso = 1.1 ppm)74.  

Small angle X-ray scattering (SAXS) measurements were performed on a Xeuss 2.0 Cu Kα 

(1.54) Å with a q range of 0.004 to 0.16 Å-1. SAXS data was analysed using modelling II of 

Irena package139. Wide angle X-ray scattering (WAXS) was performed simultaneously with a 

q range of 1.31 to 3.26 Å-1, q values were converted to 2θ angles using the equation 𝑞 =

(
4𝜋

𝛾
sin𝜃⁄ ) where λ is the wavelength of Cu, 1.54 Å. Particle size distribution was determined 

as described in chapter 3 section 3.5.  

Powder X-ray diffraction was performed on a Panalytical X’Pert Pro MPD equipped with a 

curved Ge Johansson monochromator, giving pure Cu Kα1 radiation (1.54 Å) and a solid state 

PiXcel detector. The powder was mounted on a zero-background offcut-Si holder, spinning 

at 30 rpm with a step size of 0.013° and a time per step of ~ 100 s with a 2θ range from 2° to 

40°. 
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Differential scanning calorimetry (DSC, Mettler Toledo) measurements were performed 

under nitrogen heating from -50 °C to 150 °C at a scanning rate of 10 °C/min. 

Thin films of each polymer were fabricated using a vacuum compression machine (TMP, 

Technical Machine Products Corp.). The machine was preheated to 170 °C. Then polymer 

was added into the 50 × 50 × 0.5 mm mould and put into the compression machine with 

vacuum on. After 15 minutes of melting, the system was degassed three times. Next, 10 

lbs*1000, 15 lbs*1000, 20 lbs*1000, 25 lbs*1000 of pressure were applied for 2 minutes 

respectively. After that, the mould was cooled down with 1000 psi of pressure to prevent 

the wrinkle on the film’s surface. Dumbbell-shaped samples were cut using a custom ASTM 

Die D-638 Type V. 

Tensile tests were carried out using Instron (Instron 5543 Universal Testing Machine) at room 

temperature (25 ± 1 °C). The gauge length was set as 7 mm and the crosshead speed was set 

as 10 mm/min. The dimensions of the neck of the specimens were 7.11 mm in length, 1.70 

mm in width and 0.50 mm in thickness. The elastic moduli were calculated using the slope of 

linear fitting of the data from strain of 0 to 0.1 %. The reported results are average values 

from three individual measurements. 

6.3 Results and Discussion 

6.3.1 Structural determination 

The assignment of the 1H and 13C resonance is important for understanding the structure of 

novel materials on which SSNMR measurements have not been previously performed, Figure 

6-2. The confident assignment of the chemical shifts is achieved by combining 1D 1H MAS 

and 13C CPMAS and 2D 1H-13C HETCOR, 1H-1H NOESY and 1H-1H BABA experiments. Two 1H-

13C HETCOR experiments have been used.  
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Figure 6-1. The (a) hCH HETCOR, B0 = 11.7 T, νr = 60 kHz, (b) Frequency Switch Lee-Goldburg 

HETCOR, B0 = 11.7 T, νr = 12 kHz for the polyester (left) and the polyamide (right). 
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Figure 6-2. The 2D NMR spectra of 80% cis, 7.6 kDa ester, a) hCH HETCOR, B0 = 11.7 T, νr = 60 

kHz, b) FSLG HETCOR, B0 = 9.4 T, νr = 12 kHz, c) 1H-1H NOESY, spin-diffusion mixing time = 3 

ms and d) 1H-1H double quantum BABA for the 80 % polyester (left) and 82 % polyamide(right) 

The hCH HETCOR for the polyester does show several correlations between the C and H 

species however the resolution in the CH2 region of the spectrum is not great enough to be 

able to assign the individual CH2 species in the aliphatic chain. The FSLG HETCOR provides 

greater resolution allowing for the assignment of each of the aliphatic CH2’s. The hCH 

spectrum for the polyamide shows four distinct H environments between 0 – 3 ppm 

correlating to the CH2 region, between ~ 0 - 40 ppm, in the 13C dimension, Figure 6-1  

The corresponding region in the polyester contains three environments with the fourth 

appearing at ~ 60 ppm. The 13C CPMAS spectra of both forms of nylon-6 shows that there is 

no resonance peak at 60 ppm129, this helps to confirm the assignments here.  

The FSLG HETCOR for the polyamide additionally shows that there are two environments at 

150 ppm similarly to the polyester showing that there are still two environments under the 

broad resonance.  

 

Figure 6-3. The assignment of the Carbon and Proton resonance peaks for the polyester (top) 

and polyamide (bottom). The Carbon atoms are assigned the numbers in red and the 

corresponding bonded protons are numbered in blue. 
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The 1H-1H NOESY for the polyester shows a greater number of correlations between the CH2 

group 3,5 and additional CH2 groups, in particular those in the aliphatic chain. The 1H-1H BABA 

showed only correlations between the CH2 3,5 and the neighbouring CH2 4, and the double 

bond CH’s. This potentially suggests, due to the different distances at which the NOESY and 

BABA experiments produce correlations at that the BABA is only seeing H species within the 

same repeat unit or in neighbouring chains and the NOESY is potentially seeing H species on 

folded chains where the aliphatic chain is aligned with the ester groups.   

The 1H-1H NOESY for the polyamide shows a correlation between the aliphatic chain and 

amide region, the correlation is not as strong as the polyester suggesting the distance 

between the folded chains is greater and the material is more amorphous and less tightly 

held. The 1H-1H BABA for the polyamide additionally shows fewer correlations than the 

polyester. The final peak assignments are shown in Figure 6-3 

6.3.2 Changing cis content 

13C cross polarisation magic angle spinning measurements have been performed on the four 

polyesters and four polyamides, Figure 6-4. A higher cis % results in greater splittings of the 

CH2 resonance peak which shows greater crystallinity of the elastomeric materials. There is 

a very pronounced change in the 13C CPMAS spectra at 57 % cis content which shows the 

change to a more amorphous material. The 1H MAS NMR spectra also show an increase in 

crystallinity with increasing cis content as the resolution decreases with an increase in cis 

content. The 13C CPMAS spectra of the polyamide, does not change with increasing cis 

content, this shows that the cis/trans ratio does not affect the crystallinity of these materials, 

this could be due to the hydrogen bonding present in the polyamides. The 1H MAS NMR data 

for the polyamides does however shows a change in resolution and transition from a more 

amorphous material to crystalline material with increasing cis content.  

The T1ρ relaxation times have been plotted as a function of cis content % for the polyesters, 

Figure 6-5 (left) and compared to the change in network Young’s modulus. As the cis content 

increases so does the relaxation time. A longer relaxation time means that the polymer 

chains are less mobile and is another indication of increased crystallinity. The sharp increase 

in T1ρ relaxation times between 57 % and 67 % cis also shows the change to a more 

amorphous material. The trends in T1ρ relaxation times of the polyesters and polyamides 

confirm the differences already seen in the 13C CPMAS data. There is no trend in the change 

in T1ρ relaxation of the polyamides, Figure 6-5 (right) which indicates there is no trend in 

mobility and consequently crystallinity. The correlation between the cross polarisation time 
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constant (TCH) and dynamic moduli has been investigated previously on a series of 

polyurethane elastomers.140-141 The work by Marcinko and Parker140 showed that TCH 

measurements and macroscopic moduli are influenced by similar distributions of molecular 

motions. The trend in the TCH times have been investigated here, Figure 6-6, the resonance 

peaks at 31 ppm and 59.9 ppm show an inverse trend to the T1ρ times.  

This shows an increase in intermolecular interaction strength and decrease in distance 

between the polymer chains as the cis content increases correlating with an increase in the 

Young’s modulus and crystallinity of the polyesters. The C environments with fewer 

surrounding H’s, e.g. 112 ppm, do not follow this inverse trend. As with the T1ρ times for the 

polyamides there is no trend in the TCH times. The TCH times for the polyamides are shorter 

than those of the polyester, indicating a greater cross polarisation efficiency, whereas 

replacement of the ester group with an amide group results in increased hydrogen bonding 

and improves cross polarisation. 
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Figure 6-4. a) The 13C CPMAS NMR spectra b) the 13C CPMAS expanded CH2 region c) the 1H 

MAS NMR spectra for 82%, 67%, 57% and 15% Cis content polyesters, with C (red) and H 

(blue) assignments for the polyester (left) and polyamide (right). 
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Figure 6-5. The T1ρ times as a function of cis content for a) the aliphatic CH2 chain, b) the S-

CH2 and c) the ester C’s and d) the melting point and DSC output as a function of cis content 

for the polyesters (left) and polyamides (right). 
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Figure 6-6. The a) T1ρ relaxation times and b) TCH times for each of the carbon resonances for 

the polyester (top) and polyamide (bottom). 

The change in T1ρ and TCH times have been compared to the change in Young’s modulus for 

the polyamides. There is an increase in Young’s modulus with increasing cis content however 

this is only a 16.4 % increase compared to a 1976 % increase for the polyesters between the 

lowest and highest cis content. The increase for the polyamides is not large enough to affect 

the T1ρ times or TCH times and show a change in molecular mobility or distance and 

interaction strength between polymer chains. The Young’s modulus does increase sharply 

between 46 % and 73 % cis content, this is reflected in the 1H MAS NMR data where the 

resolution of the spectra greatly changes between 46 % and 73 % cis content showing a 

transition from an amorphous material to a more crystalline material.  

The T1ρ times of the 13C environments within each sample can also be compared to 

distinguish between ‘hard’ and ‘soft’, Figure 6-6. The T1ρ relaxation times for the aliphatic 

CH2 chain, especially C’s 11, 12, 13 and 14 are much shorter than CH2’s 4, 5 and 6 next to the 

ester groups.  
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Figure 6-7. The SAXS and WAXS measurements for the 82 %, 67 %, 57 % and 15 % cis 

polyesters, a) the SAXS pattern, b) the hard spheres model of the SAXS pattern, c) the particle 

size distribution for the four polyesters, d) the particle size distribution for 82 %, 67 % and 

57 % cis polyesters and e) WAXS  patterns. 

This, along with the longer T1ρ times of the ester and CH, suggests that there is a ‘soft’ more 

mobile domain of CH2’s alternating with a ‘hard’ more rigid domain containing the esters and 

double bond regions. This pattern is the case for all four of the cis content percentages for 

the polyesters however is more noticeable in 82 % and 67 % cis content which are more 

crystalline and less mobile across all C’s.  The other point of consideration in the T1ρ times is 

the much shorter relaxation time of the double bond C’s in the 67 % cis, this could potentially 

be to do with the changing mobility from the more amorphous 57 % cis to the highly 

crystalline 82 % cis. The TCH times have been determined for each of the cis contents however 
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there is no trend between them in the same way as the T1ρ times. The T1ρ and TCH times for 

the polyamide do not show the same pattern as the polyesters indicating uniform mobility 

across the repeat unit. The T1ρ and TCH times for the COO group, 167 ppm, polyesters cannot 

be compared with the trend as a relaxation time was unable to be obtained for 15 % and 57 

% cis content. This is due to the motional nature of the samples resulting in an inability to 

efficiently cross polarisation the esters, therefore being unable to detect it during T1ρ 

experiments.  

The SAXS and WAXS measurements for the polyesters, Figure 6-7, both show the difference 

in crystallinity of the four polyester cis percentages. The 15 % cis is clearly an amorphous 

material which is also seen in the solid state NMR 13C CPMAS spectra and with the shorter 

T1ρ relaxation times. The SAXS and WAXS measurements for the polyamides, Figure 6-8, also 

show the similarity of the different cis percentages, however there is a single diffraction peak 

for 73 % and 82 % cis content in the WAXS pattern showing some crystallinity. The WAXS 

pattern for 35 % and 46 % cis content have a similar appearance to the α-form of nylon 6 

whilst the 73 % and 82% cis polyamides have a diffraction peak characteristic of the γ-form  

 

Figure 6-8. The SAXS, WAXS measurements for the 82 %, 73 %, 46 % and 35 % cis polyamides, 

(a) the SAXS pattern, (b) the hard spheres model of the SAXS pattern, (c) the particle size 

distribution and (d) the WAXS patterns. 
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 of nylon 6.129 Due to the weak scattering of the amorphous 15 % cis polyester sample the 

volume distribution was harder to obtain, it was possible however the distribution extends 

to much higher sizes. When comparing only 57 %, 67 % and 82 % there is a clear trend in 

volume distribution and therefore particle size, as the cis content increases the particle size 

decreases and the distribution also narrows. There is no trend in volume distribution and 

consequent particle size for the polyamides, there is a distinction between the higher two cis 

percentages 73 % and 82 %, which have larger average particle sizes and wider volume 

distribution, and the lower two cis percentages 35 % and 46 %, which have smaller sizes and 

a narrower distribution. As previously stated, 73 % and 82 % cis polyamide are potentially in 

the α form, this form has weaker hydrogen bonding and greater intermolecular distances.  

 

Figure 6-9. The DSC for the a) polyesters and b) polyamides (solid = first scan, dashed = second 

scan). 
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The wider distribution and larger average particle size would result in greater irregularity in 

the packing of the polyamide chains leading to weaker hydrogen bonding and larger 

intermolecular distances compared to 35 % and 46 % cis polyamide. 

The DSC first heating scans show one exotherm for the polyesters and two for the 

polyamides, Figure 6-9. The higher exotherm, TIII, is attributable to the melting of crystalline 

regions, the lower exotherm, TII, is attributed to the destruction of long range order and the 

onset of intersegmental mixing.142 The polyester shows only one exotherm which increases 

with increasing cis content, the temperature at which this peak occurs would suggest that it 

is TII and the Tm has not been reached. A higher cis content results in greater order, as is 

demonstrated by the SAXS and WAXS measurements, therefore a larger amount of energy 

will be required to destroy the long-range order resulting in a higher temperature and 

greater heat output. This trend matches that of the mechanical properties and T1ρ relaxation 

times. The 15 % cis polyester has no exotherms, the WAXS pattern demonstrates that it is 

amorphous and would therefore be in a disordered state at both low and high temperatures. 

The polyamides have two exotherms, both TII and TIII, the heat output for 82 % and 73 % cis 

content is greater than 46 % and 35 % cis; the weaker hydrogen bonding in the α form 

polyamides would result in less energy being required to destroy the long range order and 

allow for intersegmental mixing as well as causing melting of crystalline regions. 

6.3.3 Changing Molecular weight 

Two ester oligomers of 80 % cis content with two molecular weights, 14.7 kDa and 7.6 kDa, 

with a dispersity of 2.49 and 1.99 respectively, have been compared to the corresponding 

polyester of 82 % cis content and a dimer of 82 % cis content. Two ester oligomers of 20 % 

cis content with molecular weights, 9.6 kDa and 12.6 kDa, with a dispersity of 2.42 and 2.89 

respectively, have been compared to the corresponding polyester of 15 % cis content and a 

dimer of 20 % cis content.  

The 13C CPMAS spectra of all four 80 % cis materials, Figure 6-10 (top), are highly crystalline, 

the crystallinity increases with decreasing molecular weight. A comparison of the resonance 

peaks at 111 ppm and 150 ppm, C’s 1,7/2,6 and 3,5 respectively show the difference in 

symmetry of the four materials. The dimer has a single resonance peak for each of the pairs 

of C’s showing that they exist in the exact same environment and the dimer is therefore 

symmetrical. The same resonance peaks in both oligomers are split into two distinct peaks 

which shows that the C’s are in two separate environments and therefore do not possess 

any symmetry. The resonance peak in the polymer has a shoulder to it which shows that the 
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environments are not completely equivalent. The 13C CPMAS spectra of the four 20 % cis 

materials, Figure 6-10 (bottom), are more amorphous and the resolution between the 

polymer and two oligomers does not vary. The 20 % cis dimer is less comparable as it is a 

liquid consequently a single pulse experiment was implemented with no spinning; due to the 

liquid state of the material the resolution is increased. The 13C spectra for both dimers have 

an additional resonance peak at 14 ppm attributable to the CH3 end chain group. The T1ρ 

relaxation and TCH times for the 80% cis materials have been measured, Figure 6-11 (top), 

the T1ρ relaxation times are a factor of 10 longer for the dimer than the other three materials. 

There is a direct correlation of the TCH times with greater mw as they are affected by 

interaction strength and distance as well as mobility. The longer T1ρ relaxation times of the 

dimer contributes to the shorter TCH time and greater cross polarisation efficiency however 

the TCH times are not a factor of 10 shorter than the oligomer and polymers suggesting that 

in the case of the polymers interaction strength and distance have a greater role. The T1ρ and 

TCH times for the 20 % cis materials have also been measured, Figure 6-11 (bottom), it was 

not possible to measure the dimer as it is a liquid and no Hartmann-Hahn condition is 

possible.  

While the T1ρ relaxation times do not change as a function of molecular weight the TCH times 

are shorter for the oligomers. This difference in trend suggests that the distance between 

the molecules is greater and results in a weaker interaction strength is weaker for the 

oligomers. The highly amorphous nature of the dimers and polymers resulted in inefficient 

cross polarisation, leading to greater noise in the spectra, and consequently larger errors in 

the T1ρ and TCH measurements for the 20 % cis content despite an increase in scans. 

Interestingly the increase of TCH with greater molecular weight is inverse for the 80 % cis 

materials. 
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Figure 6-10. (a) The 13C CPMAS NMR spectra (b) the 13C CPMAS expanded CH2 region (c) the 

1H MAS NMR spectra, with C (red) and H (blue) assignments, for the 80 % cis esters of 

molecular weight 141.7 kDa, 14.7 kDa 7.6 kDa and the dimer (top) and the 20 % cis esters of 

molecular weight 105.9 kDa, 9.6 kDa, 12.6 kDa and the dimer (bottom). 
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Figure 6-11. The T1ρ and TCH times as a function of molecular weight  for the 80 % cis (top) 

and 20 % cis (bottom) 
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Figure 6-12. The SAXS and WAXS measurements for the 80 % cis esters, a) the SAXS pattern, 

b) the hard spheres model of the SAXS pattern, c) the WAXS patterns, d) powder XRD pattern 

and e) the particle size distribution. 

SAXS/WAXS measurements have been performed on the 20 % cis, Figure 6-13, and 80 % cis, 

Figure 6-12, polyesters. The 20 % cis materials have SAXS/WAXS patterns characteristic of 

amorphous materials, as such it was not possible to fit the SAXS pattern and determine a 

volume distribution. The 80 % cis materials all have characteristically crystalline patterns with 

strong scattering allowing for a volume distribution to be determined. The average particle 

radius is larger for the dimer than the polymer and oligomers and has a wider distribution. 

Full powder patterns have been acquired for the two oligomers and the dimer, the dimer has 

a greater number of diffraction peaks in the WAXS and powder patterns.  
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Figure 6-13. a) The SAXS and b) WAXS measurements for the 20 % cis esters 

The dimer has a shorter chain length and can therefore have a larger number of orientations 

which leads to a different unit cell to the oligomers, the dimer also appears to be more 

crystalline and ordered.  

The DSC first heating scans of the 80 % and 20 % cis content polyesters confirm that the 

20 % cis polyesters are amorphous, and the 80 % cis polyesters are crystalline,

 

Figure 6-14. The decrease in the endotherm output at the melting point follows the change 

in mobility shown by the T1ρ measurements, showing the higher crystallinity of the dimer. 

The trend in melting point mirrors the change in TCH with an increase in melting 

temperature; additionally, the dimer has a second melting point, indicating a second 

crystalline phase which is observed in the PXRD. This secondary crystalline phase 
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contributes to the significant reduction of mobility of the chains in the dimer and leads to 

increased long- and short-range order. 

6.4. Conclusion 

The stress-strain measurements on the four polyesters showed that a lower cis content 

resulted in a more amorphous material, this was confirmed by the SSNMR measurements 

which showed that a lower cis content had greater mobility and a 13C CPMAS spectra 

characteristic of amorphous materials. The SAXS and WAXS measurements also showed that 

the lower cis content polymers are more amorphous, the particle size distribution also 

suggested that the higher cis content materials were capable of tighter packing due to the 

smaller average particle size and narrower distribution of the high cis content materials. The 

polyamides showed that replacing the dialkyne with an amide results in a material with 

stable crystallinity and mobility with a change in cis content, likely due to the increased 

hydrogen bonding present. 

 

 

Figure 6-14. The differential scanning calorimetry for the 80 % and 20 % cis esters, a) the DSC 

scans (solid = first scan, dashed = second scan) for the 80 % cis esters, b) the melting 

temperature (black) and heat output (red) as a function of molecular weight for the esters, 

c) the DSC scans (solid = first scan, dashed = second scan) for the 20 % cis esters. 

SSNMR, SAXS and WAXS has also been used to compare the crystallinity and molecular 

mobility of high and low cis content polyesters and ester oligomers. The 80% cis materials 

showed how SSNMR can be used to determine levels of symmetry in dimers, oligomers and 
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polymers demonstrated by the different splittings of the resonance peaks in the 13C CPMAS 

spectra. There is a greater difference between the materials with 80 % cis content than the 

20 % cis content. The 80 % cis dimer had longer relaxation times than the oligomers and 

polymers, there is little difference between the two different molecular weight oligomers. 

The powder XRD pattern showed that the dimer has a larger number of orientations and is 

more ordered this correlates with the reduced mobility as shown by the T1ρ relaxation times. 

A combined approach of SSNMR, SAXS/WAXS and DSC allows for a greater understanding of 

how crystallinity and mobility affect the mechanical properties of polymeric materials and 

how it relates to the cis content and molecular weight of the polymers. 
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7. A Study on the Effect of Copper Doping on Calcium 

Phosphate Bioactive Glasses 

7.1 Introduction 

Bioactive glasses have a wide range of applications and compositions.143 The first bioactive 

glass was developed by Hench et al. in 1969 using a Na2O-CaO-SiO2-P2O5 system.144 The 

development of early compositions such as Bioglass 45S5® were found to form strong bonds 

with bones that could only be removed by breaking the bone.145 This research stimulated the 

formation of many other bioactive materials, such as bioactive glasses with alternative and 

tuned compositions,143 glass-ceramics146 and synthetic hydroxyapatites.147 Bioactive glass 

research has diversified greatly and now assumes many compositions silicate-based systems 

(analogous to the Bioglass® 45S5 family),148-149 borate-based systems,150 and phosphate-

based glasses.151 Many studies have demonstrated that phosphate-based glasses exhibit 

superior properties over silicate and borate-based analogues as they have lower glass 

transition temperatures and higher thermal expansion, in addition to the fact that they 

contain elements that are natural constituent of the human body that are easily resorbed 

under physiological pH conditions.152 153 The enhanced properties of phosphate-based 

bioactive glasses lead to many potential applications focussing on disc,154-155 microtube,156 

microsphere157-159 and fibrous shaped devices.160-162 Phosphate glass fibres are used for cell 

transportation devices,157 as nerve conduits153 and as scaffolds for muscle regeneration.163 

The scaffolds can be improved when the fibres used for microtubes are combined with 

various polymers which aid in diffusion of nutrients and ingrowth of vascularisation.164 

Phosphate glasses microspheres have fewer uses than fibres but can most importantly be 

used for radiotherapy165 by preventing tissue damage by providing a stable surface for cells 

to attach and proliferate.159 

In addition to the morphological diversity that phosphate glass structures can offer, they also 

are able to chemically accommodate many different metal ions, such as Ti4+,155, 159, 166 Ga3+,167-

168 Ag+,169-170 and Cu+/2+,151, 171-172 into the network to improve mechanical strength and 

antibacterial and anti-inflammatory response. In particular, Cu has been recognised 

throughout history to have effective antimicrobial and antibacterial properties.173 Several 

studies have demonstrated that Cu ions are beneficial to endothelial cells,173-174 with its 

presence promoting angiogenesis and blood vessel maturation.175-176 Other specific 

applications include the incorporation of Cu ions into phosphate glass fibre networks used 

for wound dressing meshes in the treatment of leg ulcers and severe burns.177  In particular, 
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Cu2+ ions have been shown to help with bone remodelling due to inhibiting osteoclast 

activity.178 The stable addition of copper into biomaterials, such as phosphate bioactive 

glasses and hydroxyapatites has been well established.151, 171, 177, 179 

From a structural perspective, many studies have demonstrated that the phosphate group 

speciation comprising bioactive glass systems assumes several different arrangements 

depending on the number and type of directly bonded O atoms on the immediate 

coordination environment (see Figure 7-1 below). The Qn terminology has been introduced 

to describe polymeric phosphate systems and denote the degree of condensation of each 

phosphate species based on the number of bridging O atoms linking each unit. Hence, Qn 

represents the number of directly bonded bridging O species only leading to a polymeric 

glass network.180-181 Furthermore, Cu+ and Cu2+ ions can be introduced into the bioactive 

phosphate glass network with the method of incorporation determining the final distribution 

between these oxidation state(s) and different material properties.151, 171, 177, 182-184 The 

structural moieties needed to accommodate the different oxidation states are an important 

consideration when proposing the method of incorporation into the structure. As depicted 

in Figure 2(a), the Cu+ cation can be incorporated through bonding to bridging O (BO) and 

chain end OH species, resulting in termination of the phosphate chain. Alternatively, Cu 

cations can also bond to two BOs as shown in Figure 7-2(b), or two Cu cations can bond to 

two BOs attached to the same P positions as shown in Figure 7-2(c); these representations 

yield quasi-linear arrangements thus restricting the oxidation state of the Cu metal centre to 

be Cu2+.185 In addition, Cu cations can bond to BOs that bridge or crosslink across multiple 

polymeric chain to form tetrahedral and tetragonally distorted octahedral arrangements 

around the Cu cations (see Figure 7-2(d) and (e)). These scenarios promotes both Cu+ and 

Cu2+ oxidation states, however the Cu2+ cation characterised by a smaller ionic radius is 

preferred as the shorter Cu-O bond lengths accommodates more sterically crowded 

arrangements with variable structural distortion around the immediate octahedrally 

coordinated environment.185 It is well-established that Cu+ and Cu2+ cations have different 

stabilities depending on the geometry of the coordination environment.186-187  

Cu+ and Cu2+ cations will exhibit different preferential arrangements depending on the 

respective d9 or d10 electronic structures of these systems and their crystal field 

degeneracies. The stabilities of the ions will be different; Cu2+ ions are more stable than Cu+ 

ions as they have a greater charge density than Cu+ consequently forming stronger bonds. 

Additionally, the full outer shell of Cu2+ results in greater stability than Cu+ ions which have 

one less electron, this is the difference between the d10 and d9 electronic structure. 
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Figure 7-1. The established 31P chemical shifts ranges corresponding to Qn species, where n 

is the number of directly bonded bridging oxygen atoms. 

The Jahn-Teller effect, which is a measure of the geometric distortion of non-linear transition 

metal systems that simultaneously reduces the symmetry and total energy, is a prominent 

interaction that governs the final structural arrangements of the Cu cations in bioactive 

glasses188-189. The d9/d10 electronic structures result in very different coordination 

environments; the Cu+ systems are characterised by higher energies for the 3dxy, 3dxz and 

3dyz orbitals over their 3dx
2

-y
2 and 3dz

2 counterparts, while the converse occurs for Cu2+ 

systems. A tetrahedral arrangement is preferred for Cu+ systems possessing four negatively 

charged ligands (i.e. such as O), as depicted in Figure 7-2(d) below.187 In contrast, the d9 

electronic structure of the Cu2+ is dominated by octahedral geometries,190 however square 

planar and tetrahedrally coordinated systems can occur.187 Octahedrally coordinated Cu2+ 

systems are often tetragonally distorted (i.e. a lengthening of two bonds, see Figure 7-2(e)) 

as a consequence of the Jahn-Teller effect,188 and these arrangements clearly dominate the 

Cu2+ speciation in bioactive calcium phosphate glasses as demonstrated by previous EPR 

studies.172, 182 

Techniques such as X-ray diffraction (XRD),127, 151, 191 differential scanning calorimetry 

(DSC),184, 191-193 solid state NMR (SSNMR),151-152, 194 electron paramagnetic resonance (EPR),183, 

195 and Raman spectroscopy,151, 171, 196 have all been used to investigate the incorporation of 

Cu into the calcium phosphate network. Despite the use of many techniques, there is little 

consistency in the outcomes and descriptions of how Cu is introduced into these 

biomaterials. It is widely accepted that Cu2+ ions are incorporated into the glass structure, 

however the structural descriptions vary from its simplistic function as a crosslinker151, 171, 183 

to more in-depth postulates involving the formation of octahedrally coordinated Cu2+ cations 

(with tetragonal distortions) bridging the phosphate chains.172, 182, 191 EPR studies directly 

interrogate the paramagnetic Cu2+ centres; based on the measurement of g factors, a g‖ > g┴ 

scenario indicates the occurrence of Cu2+ cations assuming tetragonally distorted octahedral 

geometries between the phosphate chains.183, 195, 197-198 However, the EPR technique is 
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insensitive to diamagnetic Cu+ species that can also adopt octahedrally coordinated 

environments at high levels of Cu incorporation, greater than 60 weight % CuO, as reported 

by Bae et al.,182 Koo et al.,36 and Debnath et al.199 using ICP and complexometric titrations, 

Raman spectroscopy and UV absorption and emission, respectively.  

A precise structural characterisation of Cu incorporation into calcium phosphate 

biomaterials has been reported for hydroxyapatite (HA) systems.179, 200-201 These studies 

demonstrated that the Cu oxidation state was dominated by the Cu+ species which adopts a 

linear coordination environment within the HA channels. However, a much greater structural 

diversity exists for positioning of Cu+ and Cu2+ cations within the disordered calcium 

phosphate bioactive glass network; in addition, the incorporation of Cu can also induce other 

significant effects upon the network such as the depolymerisation of the phosphate chains. 

In many studies, only the method of incorporation has been considered, and the overall 

effect on the network structure is overlooked,172, 182-183 however, early work reported by  Koo 

et al. demonstrated that depolymerisation was observed to occur with increasing Cu 

incorporation, suggesting that Cu+ chain ends are formed which thus inhibit chain formation. 

171 

 

Figure 7-2. The potential arrangements of Cu+ and Cu2+ cations incorporated into calcium 

phosphate bioactive glass systems as represented by (a) chain end Cu+ species, (b) and (c) 

quasi-linear oxo coordinated arrangements, (d) tetrahedral oxo coordination Cu+ 

arrangements, and (e) tetragonally distorted octahedral Cu2+ and trigonally distorted 

octahedral Cu+ arrangements. 
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In order to fully rationalise the methods of Cu incorporation and the effect on the network 

structure a fully comprehensive study comprising of multiple techniques is required. 

Furthermore, the quantities of Cu added into the bioactive glass system causes alterations 

to the materials properties and thermal characteristics of the system. The effect of Cu on the 

glass transition temperature has been studied on many bioactive glass systems, and the Tg is 

shown to decrease with an increase in Cu content with several different explanations 

given.184, 192-193 

The high resolution 31P and 1H solid state NMR (SSNMR) techniques can probe the immediate 

short-range environments and chemical speciation comprising highly disordered systems, 

and quantitatively measure the presence of the Qn speciation of the system under different 

degrees of perturbation and chemical change.151, 194 Crucially, chemical shifts of the Qn 

species schematically represented in Figure 1 are influenced by the identity of the nearest 

neighbour atoms such as Ca and Cu.202-203 The addition of Cu into a bioactive glass system 

can potentially influence the 31P (and 1H) MAS NMR data in several ways. Initially, intensity 

changes in the resonances assigned to Qn species can emerge as increased depolymerisation 

of the phosphate chains and chain-end species develop. Secondly, additional line 

broadenings will become apparent as the addition of diamagnetic Cu+ cations introduce 

increased structural disorder and chemical shift dispersion as Cu-O-P linkages develop, while 

the presence of Cu2+ cations can induce very large paramagnetic shifts and broadenings.  

The therapeutic effect of Cu2+ is greater than Cu+, especially when incorporated in an 

arrangement which is less tightly bound allowing for greater deposition of Cu. The 

therapeutic effect of Cu+ is highlighted in hydroxyapatites where Cu exists as predominantly 

Cu+.179, 204 In bioactive glasses Cu exists in both states however Cu2+ is desired in order to 

enhance the properties. It has been shown many times that larger amounts of Cu2+ result in 

a greater therapeutic effect.151, 205-207 In order to enhance and control the therapeutic effect 

of copper doped bioactive glasses a thorough understanding of how Cu2+ ions are 

incorporated is required. It is especially important to be able to differentiate between the 

potential methods of incorporation as they will have different amounts of enhancement of 

the therapeutic effect. 

This study will investigate the incorporation of Cu+ and Cu2+ cations into a series of calcium 

phosphate bioactive glasses ranging from 0 - 25 weight % total Cu content using a 

comprehensive range of analytical techniques including SSNMR, EPR, DSC, Raman, XRF and 

SAXS/WAXS to elucidate the structural consequences of the glass network modification. In 
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particular, this work is underpinned by a variable B0 field and variable temperature SSNMR 

approaches. Very low field (2.35 T) 31P MAS NMR focuses on the detection of species 

influenced by strong paramagnetic broadenings, with analogous measurements at higher 

field strengths (11.7 T) emphasizing higher resolution data from regions of the glass network 

exhibiting reduced (or no) paramagnetic influence.208 These measurements are implemented 

in conjunction with variable temperature 31P MAS NMR studies to exploit the Curie-Weiss 

relationship in order to probe the existence of paramagnetic influences on specific P and H 

species.209 

7.2 Materials and Methods 

7.2.1 Materials 

The phosphate glasses were provided by Song-Yi Baek (UCL), who had prepared them as 

follows. Copper containing phosphate based glasses were prepared by combining sodium 

dihydrogen phosphate (NaH2PO4), calcium carbonate (CaCO3), phosphorous pentoxide (P2O5) 

and copper sulphate (CuSO4) in a Pt/10 % Rh crucible. The glasses were placed in a pre-

heated furnace at 700 °C for half an hour and further heated at 1100 °C for 1 h. The molten 

glass was poured into 15 mm diameter graphite moulds that were preheated to 400 °C. These 

moulds were maintained at 400 °C for 1 hour for annealing, and then slowly cooled to room 

temperature. The resulting glass rods were sectioned with a diamond saw into 2 mm thick 

glass discs using water as the cutting fluid. 

7.2.2 Experimental Methods 

All of the experimental measurements were undertaken on powdered samples heated for 

12 hours at 200 °C to remove water in the samples. The samples were stored under nitrogen 

in a glove box.  

The solid state 31P single pulse, magic-angle-spinning (MAS) NMR and cross-polarisation, 

magic-angle-spinning (CPMAS) NMR measurements were performed at 11.7 T using a Bruker 

Avance III-500 spectrometer operating at a 31P Larmor frequency (νo) of 202.4 MHz. These 

experiments were performed using a Bruker 3.2 mm HX probe which enabled a MAS 

frequency of 20 kHz to be implemented. Pulse length calibration was performed on solid 

ammonium dihydrogen phosphate ((NH4)H2PO4) from which a π/2 pulse time of 3 µs was 

measured. All single pulse measurements were undertaken using a π/4 nutation angle 

together with a recycle delay of 40 s. For the analogous 31P CPMAS measurements, a MAS 

frequency of 12 kHz was implemented with an initial 1H π/2 pulse length of 3 µs, a 1H-31P 

contact time of 1.5 ms, a CP ramp from 50 - 100 % and a recycle delay of 10 s were 
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implemented. For both the 31P single MAS pulse and CPMAS experiments strong 

heteronuclear 1H decoupling (100 kHz in strength) was applied during the acquisition of all 

FIDs. Variable temperature 31P single pulse MAS NMR measurements were performed from 

258.1 K to 298.1 K. 

The corresponding low field 31P Hahn-Echo MAS NMR measurements were performed at 

2.35 T using a Bruker Avance III HD-100 spectrometer operating at a 31P Larmor frequency 

(ν0) of 40.5 MHz. These experiments were undertaken using a Bruker 1.3 mm HX probe that 

enabled MAS frequencies of 60 kHz to be achieved. Pulse length calibration was performed 

on solid ammonium dihydrogen phosphate ((NH4)H2PO4) from which a π/2 pulse time of 1 µs 

was measured. All measurements were undertaken using a rotor-synchronised Hahn-echo 

MAS (π/2 - τ - π - acquire) experiment with a recycle delay of 40 s to match the quantitative 

studied undertaken at higher field. Variable temperature 31P Hahn-echo MAS NMR 

measurements were performed over a 258 - 298 K range. All 31P chemical shifts measured at 

11.7 and 2.35 T were externally referenced against the IUPAC recommended primary 

reference of 85% H3PO4(aq) (iso = 0.0 ppm) via the secondary solid (NH4)H2PO4 reference (iso 

= 0.99 ppm). 

All 1H MAS NMR measurements were performed at 11.7 T using a Bruker Avance III-500 

spectrometer operating at a Larmor frequency (ν0) of 500.13 MHz. These experiments were 

performed using a Bruker 1.3 mm HXY probe which enabled a MAS frequency of 50 kHz to 

be implemented. Pulse calibration was performed on solid alanine from which a π/2 pulse 

time of 2 μs was measured. All measurements were undertaken with a π/2 nutation angle 

together with a recycle delay of 35 s. All 1H chemical shifts were externally referenced against 

the IUPAC recommended primary reference Me4Si(aq) (1% in CDCl3) via the secondary solid 

alanine (δiso = 1.1 ppm).74 Data collection and processing was performed using TopSpin® 

software (Bruker). All deconvolutions were performed in Origin(Pro)210 using a 

Gaussian/Lorentzian fit. 

Continuous wave EPR measurements were performed on a Bruker E580 X-band 

spectrometer operating nominally at 9.4 GHz with a Bruker HS cylindrical cavity. Non-

saturating microwave power was used along with field modulated lock-in detection. An 

Oxford Instruments ESR-900 cryostat and 503 intelligent temperature controller were used 

which enabled temperatures of ~5 K to be approached and maintained using liquid helium 

flow. All samples were flame sealed and evacuated in 20 mm EPR tubes. Simulations of the 
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EPR patterns were performed using EasySpin211  in MatLab R2017b, a two component fit was 

used from which the g and A values were extracted. 

Small angle X-ray scattering (SAXS) measurements were performed using a Xenocs Xeuss 2.0 

equipped with a micro-focus Cu Kα (1.54) Å source under vacuum. Scattering was measured 

by a Pilatus 300k hybrid photon counting detector with a pixel size of 0.172 mm x 0.172 mm. 

The distance between the detector and the sample was calibrated by using silver behenate 

(AgC22H43O2). Measurements were taken over a q range of 0.004 to 0.16 Å-1. Wide angle X-

ray scattering (WAXS) was performed simultaneously with a q range of 1.31 to 3.26 Å-1, q 

values were converted to 2θ angles using the equation q = 4πsin(θ)/2, where λ is the 

wavelength of Cu, 1.54 Å. SAXS and WAXS data was acquired and processed using Foxtrot 

3.3.4 software. 

All DSC measurements were undertaken using a Discovery DSC-25 manufactured by TA 

Instruments which monitored the modulated heat flow under continuous heating rates of 

10 °C /min up to 550 °C. The thermal scanning process used helium gas at 50 ml/min with a 

nitrogen base purge of 300 ml/min, and the glass transition temperatures (Tg) were 

calculated directly from the measured data.  

The corresponding Raman data were acquired using a Renishaw inVia Raman microscope 

using a 514 nm DPSS laser operating over a 500 - 1500 cm-1 wavenumber range, a Renishaw 

CCD detector and a grating of 2400 lines/mm. A ×20 Olympus objective lens was employed 

to focus the beam into the sample. Calibration was performed on diamond and 3 static scans 

of 3 s each at 50 % laser power were used for all measurements. 

X-ray fluorescence measurements were performed on a Rigaku Primus IV WD-XRF 

spectrometer using a helium seal under vacuum. A 20 mm sample holder was used with a 

polypropylene film to prevent sample loss in the vacuum. A 30 μm rhodium tube was used 

allowing for detection of elements from sodium through to uranium, with the rhodium tube 

lines present at 15 - 20 °. AEZ analysis software was used for collection and processing of the 

data. 

7.3 Results and Discussion 

7.3.1 Glass Characterisation 

X-ray fluorescence measurements have been performed to determine the mass percentage 

of each heavy element weighted to oxygen content, Figure 7-3 (a), Table 7-1. The mass % is 

different to the nominal composition, however the mass% of copper relative to Cu 1 does  
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Table 7-1. The nominal composition and shorthand notation, the mass % of phosphorous, 

calcium, sodium and copper weighted to oxygen, the actual composition of the bioactive 

glasses and, the peak and onset of the glass transition temperature. 

Nominal 
composition 

(Shorthand notation) 

P Ca Na Cu 
Measured 

composition 

Tg 
Peak 

°C 

Tg 
Onset 

°C 

P50Ca40Na10        
(Cu 0) 

59.5 28.1 12.4 0 P60Ca28Na12 449 436 

P50Ca39Na10Cu1 
(Cu 1) 

59.6 26.7 12.4 1.4 
P60Ca27Na12

Cu1 
435 419 

P50Ca35Na10Cu5 
(Cu 5) 

56.8 24.0 12.3 6.9 
P57Ca24Na12

Cu7 
425 409 

P50Ca30Na10Cu10 
(Cu 10) 

54.2 20.9 12.1 12.8 
P54Ca21Na12

Cu13 
416 401 

P50Ca20Na10Cu20 
(Cu 20) 

50.5 13.4 11.1 25.0 
P51Ca13Na11

Cu25 
415 399 

 

approximately follow the desired Cu proportions of 0:1:5:10:20, Figure 7-3 (b). In the nominal 

compositions the copper is predicted to be incorporated at the expense of Ca. The XRF 

measurements show that whilst the Ca content is reduced it is not as great as predicted, the 

P content is additionally reduced to facilitate the incorporation of Cu. The reduction in P 

suggests that Cu is causing some depolymerisation rather than solely  reducing the amount 

of network forming Ca. The SAXS/WAXS measurements of Figure 7-3 (c) and (d) are 

characteristic of bioactive glass systems demonstrating that the systems are fully 

amorphous, and that no crystalline component(s) have emerged with increasing Cu 

incorporation; i.e. the full Cu inventory of each preparation has been assimilated into the 

glass network. 

The DSC first heating scans, show a single transition between 414 °C and 450 °C, this is 

assigned to the glass transition temperature, Tg, Figure 7-4 (a), as the level of Cu doping 

increases the Tg decreases, Figure 7-4 (b). The trend in Tg with Cu content has been compared 

to those found in the literature, Figure 7-4 (c). Where there is a decrease in Ca content there 

will also be a decrease in Tg, Cu2+ ions can replace Ca2+ ions which causes a reduction in 

thermal resistance, additionally a decrease in Ca will decrease the internal strain of the glass 

structure.184, 193 A decrease in Tg is also observed when CuO bonds are formed at the expense 
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of POP. CuO bonds are more ionic and weaker than the covalent POP consequently the Tg 

decreases as more CuO bonds are formed.192  

The effect of CuO formation has also been shown to cause an increase in the Tg when CuO 

replaces Na2O rather than POP and strengthening the POP bonds.212 Compared to the 

samples in the literature the change in Tg is relatively smaller however does follow the trends 

where Ca content decreases and Na content remains the same. This shows that in the 

samples studied here there is little overall change to the network, there will be 

depolymerisation due to the formation of CuO end chain species and the formation of linear 

Q2-Cu species causing repolymerisation, consequently there will be no net depolymerisation. 

The plateau in Tg at Cu content above 10% is reflected in the literature.184  

 

Figure 7-3. (a) The mass percentage of each element weighted to oxygen content and (b) the 

ratio of each element with respect to P50Ca40Na10 for P, Ca and Na and to P50Ca39Na10Cu1 

for Cu, (c) the small angle X-ray scattering patterns and (d) the wide angle X-ray scattering 

patterns  
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Figure 7-4. The (a) DSC first heating scans for the Cu doped calcium phosphate bioactive 

glasses, (b) the Tg minima and onset as a function of Cu content, and (c) a comparison of the 

measured Tg (peak and onset) values relative to literature values for similar bioactive glass 

compositions. 

7.3.2 Copper Incorporation 

Combining solid state NMR, EPR and Raman measurements, the incorporation of Cu+ ions, 

Cu2+ ions and the effect on the phosphate chains can be determined. Solid state NMR 

measurements allow for quantitative determination of the Q species comprising the 

phosphate network. The network is initially comprised of long phosphate chains of Q1 and 

Q2 species with some Q0 species at low doping levels, the absence of Q3 species shows that 

there are no branching chains, Figure 7-5 (a). The incorporation of Cu into the systems 

resulted in the presence of a third species in the MAS spectra in the range of ~ –35 - –43  
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Figure 7-5.The (a) 31P CPMAS NMR data (B0 = 11.7 T, νr = 20 kHz), (b) 31P MAS NMR data (B0 

= 11.7 T, νr = 20 kHz), and (c) the 31P Hahn-Echo MAS NMR spectra (B0 = 2.35 T, νr = 60 kHz) 

for Cu doped calcium phosphate bioactive glasses. 
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Figure 7-6. Analyses of the 31P MAS NMR data showing, (a) the change in chemical shift with 

increasing Cu content (B0 = 11.7 T, νr = 20 kHz) (the next nearest neighbour P (Cu-O-P-O-P) is 

observed at ~ –35 - –43 ppm), (b) the change in 31P chemical shift with increasing Cu content 

(B0 = 2.35 T, νr = 60 kHz) (the nearest neighbour (Cu-O-P)) is observed, (c) the change in 31P 

chemical shift with increasing temperature for Cu 20 sample (B0 = 11.7 T, νr = 20 kHz), (d) the 

change in 31P chemical shift with increasing temperature for Cu 20 sample (B0 = 2.35 T, νr = 

60 kHz), (e) the change in 31P integrated intensity with increasing Cu content (B0 = 11.7 T, νr 

= 20 kHz), and (f) the change in integrated intensity with increasing Cu content for the nearest 

neighbour (Cu-O-P) species (2.35 T) and the next nearest neighbour (Cu-O-P-O-P) species 

(11.7 T). 
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Table 7-2. The chemical shift and percentage of each of the simulated resonances in the 31P 

MAS NMR data (B0 = 11.7 T, νr = 20 kHz) and (B0 = 2.35 T, νr = 60 kHz). 

 

Sample B0 = 11.7 T, νr = 20 kHz 

 δiso [ppm] I [%] δiso [ppm] I [%] δiso [ppm] I [%] 

Cu 0 -8.86 5.0 -25.1 95.0   

Cu 1 -8.15 8.7 -25.1 91.3   

Cu 5 -8.18 13.0 -25.0 71.4 -35.8 15.5 

Cu 10 -8.04 10.7 -24.5 74.8 -36.9 14.4 

Cu 20 -8.87 13.4 -25.9 44.7 -43.5 41.9 

 B0 = 2.35 T, νr = 60 kHz 

Cu 0   -30.6 18.8 -28.1 81.2 

Cu 1 42.6 2.7 0.40 4.9 -28.2 92.4 

Cu 5 78.4 28.3 0.40 12.3 -27.7 59.4 

Cu 10 155 34.8 0.50 11.9 -30.4 53.3 

Cu 20 562 75.5 0.20 12.2 -35.3 12.3 

 

ppm, which increases in intensity with an increase in Cu content, indicating that it is 

associated with Cu next to Q2 species. Upon incorporation of copper there are two Q1 species 

observed in the CPMAS data, the new resonance at ~  –5 ppm is attributable to Cu+ next to 

Q1 species, caused by the formation of Cu-O end chain species, Figure 7-5 (b). The presence 

of Cu+ ions is confirmed in the NMR data as if only Cu2+ ions were present then there would 

be no observable NMR signal as their paramagnetic nature would cause the spectra to be 

extensively broadened. The change in intensity of the Q1 and Q2 species has been 

investigated as a function of Cu content, Figure 7-6 (e). Greater incorporation of copper 

results in a direct exchange of Q2 and Q2-Cu with minimal change in the Q1 species. There is 

no plateau in the increase in Q2-Cu species showing that Cu is continually incorporated into 

the system and has not become fully saturated. Quantitation of the Q1 species shows that 

there is no net depolymerisation of the phosphate chains as the increase in Q1 is minimal 

especially compared to the exchange of Q2 species. The incorporation of Cu results in a 

change in chemical shift for Q2-Cu from ~ –35 - 45 ppm, this helps to confirm the identity of 

this resonance, Figure 7-6 (a).  
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The 31P MAS NMR measurements have been repeated at a lower field, allowing for the 

paramagnetic effect of Cu2+ to be fully observed. In addition to the species observed at 11.7 

T, an additional broad component is detected that shifts from ~40 ppm to ~560 ppm with 

increasing copper, Figure 7-5(a) and Figure 7-6 (b). This additional component also does not 

reach a saturation point as with the high field measurements Figure 7-6 (f). At a lower field 

the 1st coordination sphere, Cu-O-P, P species can be detected, whereas at a higher field only 

the 2nd coordination sphere, Cu-O-P-O-P, P species can be detected. The final evidence of 

paramagnetic Cu2+ is from the variable temperature measurements, Figure 7-6 (c), (d), at 

both fields there is a linear relationship between 1/T and chemical shift for the Cu induced 

species which is the characteristic Curie-Weiss relationship. 

The 1H NMR spectra have 5 components, Figure 7-7 (a) and Table 7-3, three of the 

components, δ ~ 0.9,  attributable to OH end chain species, ~4 and ~6.5 ppm, attributed to 

water residing between and adsorbed to phosphate chains respectively, are characterised in 

other calcium phosphate systems213-214. The additional two components at δ ~ –0.15 - 1 and 

10 - 12 ppm, could be attributable to secondary regions of OH chain species and adsorbed 

water respectively which are affected by Cu. These two components also shift on 

incorporation of greater amounts of copper confirming that they reside near to copper, 

Figure 7-7 (b). These components also broaden with increased copper indicative of increased 

disorder in these regions.  

The intensity of ~9 - 12 ppm changes with incorporation of copper, Figure 7-7 (c), there is an 

initial increase until 5 % Cu which indicates greater adsorption of water into the network. 

Copper residing between the phosphate chains cause a dilation and allows for water 

adsorption.  

Table 7-3. The chemical shift and percentage of each of the fitted components in the 1H MAS 

NMR data (B0 = 11.7 T, vr=50 kHz). 

Sample 
δiso 

[ppm] 

I 

[%] 

δiso 

[ppm] 

I 

[%] 

δiso 

[ppm] 

I 

[%] 

δiso 

[ppm] 

I 

[%] 

δiso 

[ppm] 

I 

[%] 

Cu 0 0.45 22.3 0.90 5.4 3.60 11.2 6.59 38.5 8.72 22.7 

Cu 1 0.25 19.1 0.83 4.7 3.60 9.1 6.59 33.7 9.68 33.4 

Cu 5 -0.12 20.9 0.81 4.2 3.60 13.6 6.66 30.3 11.1 31.0 

Cu 10 -0.32 27.4 0.81 3.7 3.57 11.7 6.66 36.5 10.5 20.7 

Cu 20 -0.10 30.4 0.91 5.2 3.68 8.6 6.66 30.2 10.6 25.6 
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Figure 7-7. The (a) 1H MAS NMR data (B0= 11.7 T, νr = 60 kHz), (b) the change in 1H chemical 

shift with increasing Cu content, and (c) the change in integrated intensity with Cu content 

for ~0.9-0.95 and ~10-12 ppm resonances, as measured from the Cu doped calcium 

phosphate bioactive glasses. 
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Figure 7-8. (a) The EPR spectra for the copper doped phosphate glasses. (b) The number of 

spins per gram as a function of copper content and the predicted range of spins/g for Cu 20 

by extrapolation if the whole signal was collected and (c) the covalency parameters for the 

tetragonally distorted octahedral coordination and the linear arrangements of Cu2+. 
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The intensity then decreases in 10% and 20% Cu, as the 31P NMR measurements show that 

Cu is continuously incorporated this decrease is most likely caused by broadening of this 

resonance due to the high amounts of copper. There is a decrease in the intensity of ~0.9 - 

0.95 ppm which shows that there is a reduction in the number of OH- chain ends, these are 

replaced by Cu-O chain end species and linear Q2-Cu. Solid state NMR measurements confirm 

the presence of Cu2+ ions however they cannot differentiate between the different 

arrangements that can Cu2+ can take. EPR measurements have been performed first to 

further confirm the presence of paramagnetic Cu2+, second to quantify the amount of Cu2+ 

spins and finally to identify different forms of Cu2+ arrangements. 

The EPR data acquired from the entire range of Cu-doped bioactive glass samples is shown 

in Figure 7-8(a). These measurements were undertaken at 5 K to reduce the motional effect 

of Cu2+ and reduce broadening of the signal. The EPR signal is significantly broadened as the 

Cu doping increases; this is attributed to the shortening of the electronic T2 time with the 

increasing content of the paramagnetic Cu2+ species. A two-component fit was performed 

on the EPR data for all samples, with the two components assigned to the commonly 

observed tetragonally distorted octahedral coordination and to quasi-linear Cu2+ 

arrangements.195, 198, 215-218 Furthermore, these data are accompanied by a quantitative 

estimate of the increasing Cu2+ paramagnetic content (measured as spins/g) as depicted in 

Figure 7-8(b). As summarised in Table 7-4, the EPR measurements have shown that Cu2+ ions 

induce a distortion of the g tensor as observed from the two discrete g+ values, thus 

indicating a departure from  axial symmetry.183 To confirm the difference between the two 

structural realisations accommodating the Cu2+ species, the covalency parameters (α) for 

each sample have been determined from the g and A values, and the electron g factor ge (= 

2.0024), using the following equation:172 

                     ∝2= (𝐴∥/0.36) + (𝑔∥ − 𝑔𝑒) + (
3

7
× (𝑔⊥ − 𝑔𝑒)) + 0.04                    (8.1) 

The covalency parameter is a measure of the strength of the Cu-O covalent character forming 

the immediate nearest-neighbour environment comprising each coordination arrangement, 

and Figure 7-8(c) and Table 7-4 illustrate the change α with increasing Cu concentration for  

the two proposed Cu2+ coordination arrangements.197 Figure 7-8(c) clearly demonstrates that 

one component is unambiguously of lower covalency than the other, subsequently allowing 

for a clear discrimination between these Cu2+ coordination environments. Covalency 

parameters will exhibit higher values when there is a greater coordination number; in these 

particular cases the tetragonally distorted octahedral coordination (coordination no. = 6) will 
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have an increased covalency in comparison to its quasi-linear counterpart (coordination no. 

= 2).218-220 The assignment of the two data sets in Figure 7-8(c) underpins this rationale, and 

these assignments are also corroborated by the assignments of the coordination 

arrangements in Figure 7-8(a) based solely on g values. 

Figure 7-8(b) shows a diagrammatic representation of the Cu2+ spin counting (in spins/g) 

extracted from the EPR data in Figure 7-8(a). While there is a general increase in the spins/g 

trend, the increase falls well below the line or proportionality delineating the occurrence 

that all Cu is introduced as the Cu2+ oxidation state. There are two main reasons for this 

discrepancy. Firstly, this simply confirms that not all Cu will be present as Cu2+ since the Cu+ 

oxidation state will also be represented. This is clearly demonstrated in the high resolution 

31P MAS NMR data acquired at 11.7 T which exhibits the tendency for Cu+ species to 

participate in the depolymerisation/repolymerisation process leading to no net change in 

phosphate chain length. Secondly, the Cu 20 data point (in spins/g) on Figure 7-8(b) falls well 

below the line of best fit for that series of data, and additionally the signal/noise of the Cu 

20 EPR signal is reduced in comparison to those signals observed from the lower Cu 

concentration samples. These observations suggest that the entire Cu2+ EPR signal is not 

captured due to very large paramagnetic line broadening effects. This contrasts with the low 

field 31P MAS NMR data acquired at 2.35 T (see Figure 7-5(c) and Figure 7-6(f)) indicating 

continuously increasing contributions from the presence of Cu2+ species.  

Table 7-4. The g‖, g+, A and covalency parameters determined from the EPR data from the 

suite of Cu-containing bioactive glasses. 

Sample g‖ g+ g+ A‖ A+ Covalency,α 

Tetragonally distorted octahedral coordination 

Cu 1 2.10 2.16 2.48 99.5 200 115 

Cu 5 2.24 2.04 2.40 207 433 576 

Cu 10 2.07 2.63 2.63 200 335 555 

Cu 20 1.19 1.89 2.37 177 347 491 

Quasi-linear coordination 

Cu 1 2.08 2.08 2.46 0.023 400 71.6 

Cu 5 2.15 2.11 2.28 156 212 436 

Cu 10 2.22 2.26 2.26 93.1 479 259 

Cu 20 2.02 2.20 2.85 128 598 355 
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These apparent contradictions are rationalised by distance considerations to the 

paramagnetic centre. The nearest P species to the Cu2+ species are two bond lengths away 

from the paramagnetic centre; hence, the low field 31P MAS NMR data will reflect an 

attenuated broadening due to the 1/r6 dependence of both the Fermi contact and electron-

nuclear dipolar contributions.  In contrast, the EPR measurements of each Cu2+ centre 

represent the full strength of the paramagnetic interaction that can evade the bandwidth 

and detection limits of the technique, thus resulting in signal loss and inaccurate quantitation 

(see the artificial plateau effect formed after the Cu 10 sample in Figure 7-8(b)). In Figure 

7-8(b), a range of spins/g values has been estimated for the Cu 20 sample via extrapolation. 

Solid state NMR have been used to observe Q1 and Q2 species near to Cu and EPR 

measurements directly observe Cu2+. The Raman measurements observe phosphorous and 

oxygen species and the effect of copper can be observed through changes to the POP and 

PO2 species especially changes to symmetrical POP species. Raman spectroscopy 

measurements have been performed on all the samples, Figure 7-9 (b), there are five bands 

present in all samples at  693 and 725 cm-1 for symmetric POP, 1140 cm-1 which is tentatively 

assigned to POP species near Cu, 1172 cm-1 for symmetric PO2 and 1258 cm-1 for asymmetric 

PO2.171, 196, 221  

The ratio of νs(POP)/νs(PO2),222 Figure 7-9(c) and Table 7-5, have been calculated to 

investigate how the amount of POP and PO2 groups changes with copper incorporation.  The 

incorporation of copper results in a decrease in νs(POP) groups relative to νs(PO2) groups. 

There are two explanations for this change the first is the formation of tetrahedrally distorted 

octahedral coordination’s with Cu2+ which causes distortion of the phosphate chains and 

therefore a decrease in symmetrical POP species. This is also shown by an increase in the 

νs(POP) position which is caused by a decrease in bond angle, Figure 7-9(c).  

The second reason is the increase in tentative νs/as(POP)Cu, Figure 7-9(c), which increases 

consistently with greater Cu incorporation. The formation of Cu-O chain end species as Cu+ 

and linear Q2-Cu as well as tetrahedrally distorted octahedral coordination’s with Cu2+ 

contribute to the intensity change and also change in wavenumber. 

Each of the individual techniques provides information on the presence and arrangement of 

Cu+ and Cu2+, and how this effects the phosphate chains. As previously mentioned, the initial 

system is comprised of long and short phosphate chains, with terminal hydroxyl species. Cu 

is incorporated as both Cu+ and Cu2+, as confirmed by the EPR. Cu+ ions terminate the  
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Figure 7-9. (a) The Raman spectra for the bioactive glasses, (b) the change in wavenumber 

for the νs,(POP), tentative νs/as(POP)Cu, νs(PO2) and νas(PO2) stretches and (c) the ratio of 

νs(POP)/νs(PO2) species and intensity of tentative νs/as(POP)Cu. 

phosphate chains forming Q1-Cu end species seen in the 31P CPMAS NMR data. This is also 

confirmed by the reduction in OH species elucidated for the 1H MAS NMR data. Whilst these 

would cause depolymerisation there is an opposing repolymerisation of linear Q2-Cu species, 

state I’, resulting in no net depolymerisation. In addition to the linear arrangement, Cu2+ is 

incorporated as tetragonally distorted octahedral coordination. The incorporation of Cu 

causes distortion of the phosphate chains shown by the decrease in νs(POP) and increase in 

tentative νs/as(POP)Cu. The addition also causes a dilation of the network, which results in 

the adsorption of water between the phosphate chains, observed  
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Table 7-5. The Raman wavenumber for the νs,(POP), νs/as(POP)Cu (tentative), νs(PO2) and 

νas(PO2) stretches, and the ratio of I[νs(POP)]/I[νs(PO2)]. 

Sample 

νs(POP) 
(cm-1) 

± 2 

νs(POP) 
(cm-1) 

± 2 

νs/as(POP)C
u (cm-1) 

± 2 

νs(PO2) 
(cm-1) 

± 2 

νas(PO2) 
(cm-1) 

± 2 

I[νs(POP)]/ 

I[νs(PO2)] 

± 0.05 

Cu 0 695 728 1149 1172 1265 0.77 

Cu 1 701 727 1147 1173 1265 0.65 

Cu 5 704 725 1141 1170 1258 0.56 

Cu 10 706 735 1137 1166 1257 0.51 

Cu 20 706 741 1111 1155 1244 0.48 

in the 1H MAS NMR data by the increase in intensity for δ ~10 - 12 ppm. The dilation of the 

network structure is beneficial as it allows for a greater amount of Cu2+ species to be 

incorporated which increases the therapeutic effect of the bioactive glasses. The 

incorporation of Cu does not reach a saturation point, which was shown by the continuous 

increase in Q2-Cu species from the MAS NMR data and tentative νs/as(POP)Cu stretch from 

the Raman data. 

7.4 Conclusions 

Through the combination of multiple techniques, the incorporation of Cu into the phosphate 

bioactive glasses has been comprehensively investigated. The initial solid state NMR data 

showed that Cu is incorporated as Cu+ and Cu2+ ions due to the observation of paramagnetic 

broadening from Cu2+ and still having acquisition of the spectra due to the Cu+ ions. There 

was a direct exchange of Q2 and Q2-Cu species which showed that there was no net 

depolymerisation. The Cu2+ ions have been shown to have two incorporation methods, in 

addition to the formation of a tetragonally distorted octahedral Cu2+ coordination there is a 

secondary incorporation resulting in quasi linear arrangements causing repolymerisation. 

Due to the absence of net depolymerisation there was a minimal change in the Tg 

comparatively to other studies. It was also shown that Raman spectroscopy can show how 

copper incorporation causes distortion in the phosphate chains and increase in the stretch 

at ~ 1100 cm-1 which can now be tentatively assigned to both symmetric and asymmetric 

POP species next to Cu. The greater understanding of how Cu ions are incorporated into the 

bioactive glass systems, especially Cu2+, and how the overall network is affected will help to 

improve incorporation of Cu2+ ions to produce bioactive glasses with superior therapeutic 

effects.  
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8. Summary and Outlook 

Across all of the studies presented in this thesis the theme of using a multi analytical 

technique to comprehensively understand material systems and processes is present 

throughout. Despite the actual systems being fairly disparate all of them benefit from this 

same approach. It has been successfully demonstrated in this thesis that using many 

analytical techniques is superior to using only one or two for the understanding of how 

materials behave. There is however a point where too much information can be collected 

and either the important details become overlooked or the picture as a whole is missed 

among the minutia. The choice of techniques to combine is also important to make sure that 

no information is missed but there is not unnecessary repetition which adds to both the 

financial and time costs. 

8.1 Understanding the physical ageing of high-heat polylactide 

The first thing this study showed was how combining NMR and SAXS/WAXS allows for the 

elucidation of long and short range order of PLA powders and about the molecular mobility 

and interaction strength between PLA chains in three different regions, amorphous, 

stereocomplex and homocrystalline sites. The change in molecular mobility and interaction 

strength has been tracked over a year to study how degradation occurs with respect to the 

mobility of the function groups within PLA. 

The study was performed on four different PLA samples MG PLLA, IG PLLA and scPLA under 

three different storage conditions, room temperature, glove box and freezer; there was 

found to be no significant difference between the storage conditions and all four samples 

were stable over the course of a year with no change to the molecular mobility and 

SAXS/WAXS, the only change was the rearrangement of the PLA helix. There are many other 

techniques that can be incorporated into future studies on degradation including Raman 

spectroscopy to investigate the PLA back bone as a whole, gravimetric measurements and 

also looking at the effect high temperatures play on degradation. 

8.2 Injection Moulding of polylactide 

No matter what the form of a material is the same techniques can be applied, this has been 

demonstrated in this chapter where the same analytical techniques with the addition of 

Raman spectroscopy were used to determine the cause for the differences in the mechanical 

properties of injection moulded PLA materials with different mould temperatures, grades 

and additives. 
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The mix of NMR T1ρ measurements and Raman spectroscopy data, in particular relating to 

the C=O stretch and backbone, showed that combining the two is useful to understand both 

the individual function groups and their mobility (NMR) but also the backbone as a whole 

unit (Raman). The stress, strain, impact resistance and thermal characteristics can all be 

correlated to the crystallinity or amorphicity of the material and how the molecular mobility 

results from this. 

8.3 An MAS NMR and Diffraction Study of Cis/Trans Polymeric Materials. 

In addition to PLA in this chapter the multi technique was applied to two different novel 

elastomers, one polyester and one polyamide to investigate the correlation between 

cis/trans ratio, Young’s modulus, molecular mobility, and crystallinity. The NMR 

measurements showed that an increase in cis content for PE resulted in an increase in 

crystallinity which was not observed in the PA’s. The molecular mobility directly correlated 

to the change in Young’s modulus showing that it is intrinsically linked to crystallinity. The 

PA’s had a much reduced difference in Young’s modulus which also showed in the T1ρ 

measurements. For the PA the only difference between cis content was shown in the WAXS 

data where two different forms, α and γ, where observed. 

The molecular weight was also investigated in relation to the crystallinity and molecular 

mobility of the polyesters. Molecular weight was found to have no effect on the crystallinity 

or molecular mobility for both high and low molecular weight PE. In addition to the 

observations about the correlation between Young’s modulus and molecular mobility, the 

T1ρ relaxation times were also able to demonstrate that the elastomers are comprised of 

alternating hard and soft domains. 

8.4 A Study on the Effect of Copper Doping on Calcium Phosphate Bioactive 

Glasses 

In this chapter it has been shown that the same multi technique approach can be utilised for 

the analysis of materials other than polymers, in this case copper doped bioactive glasses. 

Due to the addition of copper paramagnetic effects will be felt by the system, adding EPR to 

the suite of techniques allowed for the direct probing of paramagnetic Cu2+ ions. 

The incorporation of copper into these BG’s has been proven to be as both Cu2+ and Cu+, 

depending on the oxidation state the site in which copper resides is different. There was 

found to be no net depolymerisation as Cu2+ ions form quasi linear arrangements as well as 

tetragonally distorted octahedral coordination’s which offset the depolymerisation effect of 



140 
 

terminal Cu+ species. The main aim for incorporating copper is to enhance the therapeutic 

effects of the bioactive glasses consequently it would be useful in the future to undertake 

biological studies to probe the efficacy of the copper doped bioactive glasses. 
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A. Appendix Understanding the Physical Ageing of High-heat 

Polylactide 

 

Figure A-1. The change in T1ρ ( top) and TCH (bottom) times for scPLA PLA stored in room 

conditions for the two crystalline and one amorphous region for CH3 (left), CH (middle)and 

COO (right), under room conditions (top) , stored in a freezer (middle) ands tored in a 

glovebox (bottom). 
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Figure A-2. The change in T1ρ ( top) and TCH (bottom) times for medical grade PLA for CH3 

(left), CH (middle)and COO (right), under room conditions (top) , stored in a freezer (middle) 

and stored in a glovebox (bottom). 
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Figure A-3. The change in T1ρ ( top) and TCH (bottom) times for industrial grade PLLA for CH3 

(left), CH (middle)and COO (right), under room conditions (top) , stored in a freezer (middle) 

and stored in a glovebox (bottom). 
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Figure A-4. The small-angle X-ray scattering patterns for the four PLA samples over a year, 

stored in room conditions (left), in a freezer (middle) and in a glove box (right). 
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Figure A-5. The wide-angle X-ray scattering patterns for the four PLA samples over a year, 

stored in room conditions (left), in a freezer (middle) and in a glove box (right). 
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Figure A-6. The DSC scans at 0, 6 and 12 months for the four PLA samples over a year, stored 

in room conditions (left), in a freezer (middle) and in a glove box (right). 
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