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Summary  

Chapter 1 is an introduction to the solution self assembly of amphiphilic polymers. 

Initially focusing on the complexity involved in the formation of these structures, 

followed by a review of the common analysis techniques used to characterise them. 

Chapter 2 reports the synthesis of a Pd containing amphiphilic poly(acrylic acid) 

homopolymer. Its self-assembly in water is studied by SANS and cryo-TEM and its 

catalytic activity is compared to a small molecule analogue for a literature Suzuki-

Mayura coupling reaction. 

Chapter 3 uses a similar synthetic strategy to Chapter 2 in order to produce three 

amphiphilic poly(N-isopropyl acrylamide) homopolymers of different molecular 

weights. Their self-assembly in water is studied by laser light scattering, small angle 

neutron scattering and cryo-TEM. The results from each technique are compared in 

detail and used to asses the effect of polymer molecular weight on the assemblies. 

Chapter 4 investigates the use of graphene oxide as a substrate for multiple 

microscopy techniques in relation to the analysis of polymer aggregates. The images 

are compared to those by more standard techniques and the benefits of using 

graphene oxide are demonstrated through the use of advanced imaging techniques. 

Chapter 5 shows that graphene oxide supports can be used in conjunction with 

cryo-transmission electron microscopy. The benefit of having a stable nearly 

electron transparent support is shown by comparing images to those taken by 

standard cryo-transmission electron microscopy. 
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Chapter 1. Introduction to block 

copolymer self-assembly: their 

structural complexity and detailed 

characterisation 
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1.1 Soft nanomaterials in solution: inspiration from 

Nature 

There has been much interest in the construction of soft nanomaterials in solution
1
 

due to a desire to emulate the exquisite structure and function of Nature’s 

equivalents (e.g. enzymes, viruses, proteins and DNA).
2
 Nature’s soft nanomaterials 

are capable of selectivity, precision and efficiency in areas such as information 

storage and replication, transportation and delivery, and synthesis and catalysis. To 

this end the use of small molecules,
3
 amphiphiles,

4
 colloids,

1
 and polymers

5
 have 

been investigated for the development of advanced materials in myriad fields of 

biomedicine and synthetic chemistry. Two major challenges are faced in this area of 

research: the reproducible, scalable and precise synthesis and the reliable, accurate 

and in-depth analysis of these materials. Chapter 2 of this thesis deals with the 

synthesis and self-assembly of SCS pincer palladium containing polymeric micelles 

for catalysis, in order to improve the efficiency and reactivity of Suzuki type 

reactions. The later chapters focus on the problem of analysing these types of 

materials. This is done by an in-depth characterisation of a SCS pincer polymer 

micelle system and by developing new techniques in order to both simplify the 

performance and increase the value of such analysis. In order to put the work in 

context it is necessary to review the self-assembly of polymeric materials with a 

specific focus on metal containing polymers and nanoreactors, as well as the 

common analysis techniques used for self-assembled polymers in solution. 
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1.2 Solution self-assembly of polymeric materials 

In recent decades, the solution self-assembly of amphiphilic block copolymers 

(BCP)s has attracted significant attention given their potential utility in a variety of 

applications, including drug and gene delivery systems,
6, 7

 nanoreactors,
8
 and in 

nanoelectronics.
9
  Similar to small molecule amphiphiles, amphiphilic BCPs self-

assemble into a variety of structures in solution,
10

 however, the macromolecular 

amphiphiles typically have much lower (or non-existent) critical micelle 

concentrations (CMC)s,
11

 greatly improved kinetic stability,
12, 13

 and demonstrate 

ease of structure modification or functionalisation.
14-16

  These favourable attributes, 

along with significant progress in controlled polymerisation techniques,
17-20

 have led 

to amphiphilic BCPs being extensively studied for applications that necessitate 

aqueous solution self-assembly.
7, 21-24

 

Amphiphilic BCPs have been shown to form structures that are more 

complex than small molecule surfactants, Figure 1 shows some examples of 

structures formed from poly(styrene)-b-poly(acrylic acid) (PS-b-PAA) block 

copolymers in water. In this case, the hydrophobic PS chains will aggregate together 

to exclude water molecules. This forces the hydrophilic PAA chains (which are 

covalently connected to the PS) into close proximity, forming a polymeric corona 

around the PS core making the particle soluble in the aqueous environment. The 

terms ‘core’ and ‘corona’ will be used throughout this thesis to refer to the 

dehydrated hydrophobic polymer blocks or hydrated hydrophilic polymer blocks 

within self-assembled polymer structures respectively.   



 

4 

 

 

Figure 1. Transmission electron microscopy (TEM) micrographs and corresponding 

schematic diagrams of various morphologies formed from amphiphilic PSm-b-PAAn 

copolymers. In the schematic diagrams, red represents hydrophobic PS parts, while 

blue denotes hydrophilic PAA segments. HHHs: hexagonally packed hollow hoops; 

LCMs: large compound micelles, in which inverse micelles consist of a PAA core 

surrounded by PS coronal chains.
24

 

When discussing the self-assembly of polymeric materials it is usual to direct 

polymer synthesis or to predict final morphology based on the packing parameter 

‘p’: where p is related to the volume of the hydrophobic chains (υ), the optimal area 

of the head group (ao) and the length of the hydrophobic tail (lc) by the equation p = 

υ / ao. lc. Subsequently, if p ≤ ⅓ spherical micelles are favoured, ⅓ ≤ p ≥ ½ produces 

cylinders and ½ ≤ p ≤ 1 results in polymersomes (vesicles), Figure 2 .  
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Figure 2. Schematic depicting BCP with different packing parameters (p) and their 

expected morphology upon self-assembly.
5
  

While this can serve as a useful guide, many researchers directly relate this p value 

to the relative block lengths, weights or volumes of the polymers expecting that one 

block copolymer should form one predominant structure. However many examples 

exist of a single block copolymer forming multiple structures based on different 

preparation conditions.  

Eisenberg has shown that PS410-b-PAA13, which has a packing parameter 

indicative of polymersome formation, is capable of forming spheres, polymersomes 

and multilamella structures (called large compound vesicles, [LCV]) by simply 

altering the amount of hydrochloric acid added to the solution during self- assembly 

(Figure 3).
25

 Furthermore Eisenberg showed that the exact nature of the solvent 

mixture, polymer concentration, and other additives (e.g. homopolymer or 

surfactants) can alter the morphology obtained for a single block copolymer.
26
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Figure 3. Aggregates from PS410-b-PAA13 without any additive (A) and with added 

HCl to different final concentrations:  (B) 113 μM; (C) 141 μM; (D) 155 μM; (E) 

170 μM; (F) 200 μM; (G) 225 μM; (H) 253 μM. (I) Schematic picture of the cross-

section of an LCV in (H).
25

 

The reason for this complexity is that a number of factors will affect the morphology 

of the polymer assemblies, including the degree of stretching in the core block, the 

interfacial tension between the micelle core and the solvent outside the core and 

repulsive forces between the corona chains.
27

 Furthermore, as many polymeric 
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micelles can be considered ‘frozen’ (i.e. no exchange of unimers over an appreciable 

time scale) it is therefore possible to kinetically trap various structures depending on 

the preparation method.
27, 28

 Typically, BCP assemblies are performed by dissolving 

the copolymer in a good solvent for both blocks, followed by addition of a selective 

solvent (typically water) in order to induce self-assembly (termed the solvent switch 

method). Eisenberg also showed that for PS310-b-PAA52 either spheres, cylinders, or 

vesicles could be reversibly obtained at concentrations of water, indicating that, in 

the formation of vesicles by this method, spheres and cylinders are formed as 

intermediate structures.
26

  

Adams and co-workers studied a similar transition (spheres-cylinders-

polymersomes) during the assembly of poly(ethylene oxide)-b-poly(caprolactone) 

(PEO-b-PCL) BCPs via the solvent switch method.
29

 Furthermore they studied the 

self-assembly mechanism for a polymersome forming pH responsive PEO-b-

poly(N,N-diethylaminoethylmethacrylate) (PEO-b-PDEAEMA) BCP and found that 

forming the polymersomes by a pH switch method resulted in a different formation 

mechanism (through some disordered aggregates), which precluded the 

encapsulation of a hydrophilic guest.
30

 These results indicate that not only can final 

morphology be difficult to predict, but that the mechanism of the self-assembly can 

impact both the final structure and its performance in the desired application. As 

mentioned above many BCP systems are considered frozen, but this is not the case 

for all systems and again this will have an effect on possible applications. Nicolai, 

Colombani and Chassenieux have discussed the nature of ‘frozen’ vs. ‘dynamic’ 

polymer assemblies in detail.
28
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Figure 4. Schematic representation of the escape of a unimer from a polymeric 

micelle. The solvophobic block, which is somewhat stretched within the core (a), 

first has to disentangle from the core and form a condensed blob at the core–corona 

interface (b). Then the polymer has to diffuse through the corona (c) in order to 

completely liberate itself from the micelle (d).
28

 

Figure 4 shows a schematic of a unimer escaping from a polymer micelle and 

highlights the factors affecting this process. If the polymer core is glassy (i.e. the 

temperature is below the polymer Tg) then no exchange will occur, however if the 

polymer core is above its Tg then a number of factors will affect whether or not 

exchange can occur. This includes the interfacial tension between the core block and 

the solvent, the temperature, the core block length and the core block architecture. 

This discussion of dynamics raises an important point on nomenclature; a polymer 

aggregate (umbrella term) should only be called a ‘micelle’ if dynamic equilibrium 

has been reached, whereas ‘nanoparticle’ is more appropriate for a kinetically 

trapped (frozen) system. This thesis will try to abide by these rules, however, 

investigating dynamics is not always simple and for many systems it is unknown 

whether unimers exchange or not.  
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Figure 5. TEM analysis of bicontinuous aggregates. a) Conventional TEM using 

negative staining; b) cryoTEM image of a vitrified film; c) gallery of z slices showing 

different cross sections of a 3D SIRT (simultaneous iterative reconstruction 

technique) reconstruction of a tomographic series recorded from the vitrified film in 

(b); d,e) visualisation of the segmented volume showing d) a cross section of the 

aggregate and e) a view from within the hydrated channels.
31

 

While spheres, cylinders and polymersomes tend to dominate the literature 

for diblock copolymers, other morphologies are possible. For example, Sommerdik 

and co-workers showed the formation of some interesting bicontinuous structures 

from amphiphilic double comb diblock copolymers through the use of cryo-electron 

tomography, Figure 5.
31

 If triblock terpolymer systems (e.g. ABC block 

terpolymers) are used, the formation of many complex morphologies is possible e.g. 

toroids,
32

 discs,
33

 Janus,
34

 and multicompartmental aggregates.
35

 Hillmyer and Lodge 

have shown the formation of a variety of exquisite and complex multicompartment 

structures through assembly of poly(ethylethylene)-b-PEO-b-

poly(perfluoropropylene oxide) triblock terpolymers, (μ-EOF),
36

 and have recently 

reviewed the strategies for multicomparmental micelle production which is shown 

schematically  in Figure 6. The complexity of self-assembled amphiphilic polymers 

can be increased even further through the inclusion / encapsulation of a variety of 

groups such as metal complexes,
37, 38

 enzymes,
39

 or drugs.
14
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Figure 6. A schematic representation of the five principal strategies adopted for 

multicompartment micelle production with an illustrative example of the 

morphology produced.
35

 

Wooley and co-workers recently reported an extremely complex system through the 

hierarchical assembly of cationic shell crosslinked micelles (containing siRNA and 

decorated with a peptide moiety) with anionic  paclitaxel loaded cylinders for dual 

delivery and tracking of the drug and siRNA.
40

 However, the inclusion / 

encapsulation of materials into self-assembled structures is not solely used for 

biomedical applications; as mentioned earlier, Nature’s soft nanomaterials are 

capable of synthetic feats which are beyond the reach of organic chemistry. 
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Synthetic polymer chemists have attempted to emulate this by including catalytically 

active groups into amphiphilic polymers so that self-assembly can subsequently 

produce reactors on the nanoscale. 

1.3 Reactions within self-assembled systems 

There are many examples in the literature of reactions performed within micellar 

systems, both for small molecule surfactants
41

 and amphiphilic polymers.
42

 The 

benefits of such systems are the segregation of reactive components in order to 

perform cascade reactions,
43

 the ability to perform reactions that typically require 

organic solvents in water,
44

 increased local concentration of catalyst,
45

 and simple 

catalyst recovery.
46

 One example includes the elegant work of Van Hest in which a 

cascade reaction was performed by three step enzyme catalysis, facilitated by the 

incorporation of Candida antarctica lipase B (CALB), horseradish peroxidise (HRP), 

and glucose oxidase (GOX) to the surface, the membrane and interior water pool of a 

polymersome (Figure 7).
43, 47

  

 

Figure 7.  Positional assembly of enzymes in a polymersome. A mixture of 

Polystyrene-b-poly(l-isocyanoalanine(2-thiophen-3-yl-ethyl)amide) (PS-b-PIAT) 

functionalised with enzymes, CalB, GOx and HRP.
47
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They showed that segregation of these enzymes was necessary to perform the 

cascade reaction, making this not only an example of the complexity achievable in 

polymer self-assembly, but also an example of how the segregation of catalysts on 

the nanoscale can allow multiple efficient synthetic steps without the need for 

purification. The immobilisation of metal catalysts onto polymer supports has been 

extensively studied and shown to be of great benefit over small molecule 

analogues.
48, 49

 Catalyst separation from products can be achieved by simple 

filtration or precipitation, enabling recovery and recycling of often expensive / 

precious / toxic materials. The activity / reactivity of polymer supported catalysts 

does not always correlate with the solution phase equivalent; an observation which 

has been related to a change in (possibly a more restricted) catalyst environment.
49, 50

 

Therefore the inclusion of metal catalysts into amphiphilic BCPs has also seen 

interest in the literature, as the confinement of catalysts into nanospace may alter 

activity or reactivity even further.
51, 52

 Co(III) (salen) complexes have been 

incorporated into amphiphilic BCPs and self-assembled into Co containing 

nanoreactors. They have been shown to effectively catalyse the transformation of 

epoxides into enantiopure diols.
53

 In a very similar study Weck and co-workers 

synthesised poly(2-oxazoline) based amphiphilic triblock copolymers with Co(III)
 

(salen) functionality which assembled into spherical micelles (Figure 8).
54

 They 

explored the kinetic resolution of a range of epoxides of different hydrophobicities 

and noted that metal leaching occurred upon recycling. They also showed that cross-

linking the micelle corona reduces metal leaching in order to improve recovery and 

reuse over eight cycles. However this also resulted in reduced small molecule 

permeability and therefore reduced catalytic activity. 
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Figure 8. Schematic representation of the synthesis of poly(2-oxazoline) shell 

crosslinked micelles with Co(III) salen-functionalised cores.
54

 

Moughton and O’Reilly created two hollow nanocages functionalised with 

sulphur-carbon-sulphur (SCS) pincer palladium complexes.
55, 56

 They synthesised 

non-covalently connected block co- and block ter- polymers PS-[Pd]-PAA and 

PS-[Pd]-poly(methyl acrylate)-b-PAA (PS-[Pd]-PMA-b-PAA). In both cases the 

polymers self-assembled into spherical aggregates where the PAA corona could be 

cross-linked in order to stabilise the structures. They exploited the non-covalent 

nature of the block copolymers by disconnecting the link between the palladium and 

the PS block (weakly bound Pd-pyridine complex). This allowed for removal of the 

PS core by dialysis in THF : H2O (1 : 4) over 4 days resulting in Pd functionalised 

nanocages and they proposed their use as nanoreactors for cross-coupling reactions 

(Figure 9).  
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Figure 9. Metallo-block co and terpolymers capable of assembly and modification to 

form nanocages which are capable of encapsulating hydrophilic and hydrophobic 

guests.
55, 56

 (a) self-assembly by solvent switch, (b) shell cross-linking and (c) core 

removal by dialysis in THF : H2O (1 : 4) over 4 days 

This example not only demonstrates powerful synthetic methods that can be utilised 

but raises important issues in analysis when faced with differentiating between 

similar structures which are altered through a series of modifications. Chapter 2 of 

this thesis shows how end group induced assembly can be used to produce SCS 

pincer Pd nanostructures through a synthetically simpler route and the catalytic 

activity of these nanoreactors is explored in comparison to small molecule pincer 

analogues. 

  

a b c

a b c
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1.4 Analysis of polymers assemblies in solution 

As demonstrated above, the self-assembly of BCPs can be used to produce a vast 

array of structures with different sizes and morphologies, some of them extremely 

complex. With the continued improvement of polymerisation techniques,
17-20, 57

 and 

micelle functionalisation strategies,
57-59

 it is now possible to synthesise large arrays 

of functional nanostructures. Of particular interest are the recent developments in 

single electron transfer living radical polymerisation (SET-LRP) where it has been 

demonstrated that due to the extremely high end group fidelity and low dispersities, 

multiblock copolymers and sequence controlled polymers with functional units can 

be readily synthesised.
60, 61

 As polymer synthesis is attempting to attain the precision 

of Nature’s macromolecules, so should we attempt to match the precision and 

functionality of Nature’s solution nanomaterials.  

 However, in order to take advantage of the vast array of synthetic procedures 

and complex self-assembly, it is of paramount importance that the structures can be 

readily and accurately characterised. Furthermore, when these materials are used for 

specific applications it would be desirable to tailor structural properties with minor 

alterations to either structure or assembly conditions; again these small differences 

must be detectable. This is not simple, however, as there are many inherent problems 

with analysing self-assembled polymers in solution compared to hard bulk 

nanomaterials, where atomic analysis is routinely applied.  

While many of the standard analysis techniques available to chemists (e.g. 

NMR, IR, UV) can be used to infer information about polymer assemblies in 



 

16 

 

solution, the most common techniques used for initial analysis are based on 

microscopy or scattering. Typically a combination of microscopy and scattering 

techniques will be used as they provide complementary information about the 

particles. Scattering techniques give good statistics (typically > 10
9
 particles),

62
 and 

analysis can be conducted in solution with minimal effect on the sample. However, 

scattering data gives an average overview of the sample and the data is almost 

always fitted to a model. This means that analysing samples containing multiple 

structures or completely unknown structures can be very problematic. Microscopy is 

complementary in that the sample can be imaged directly, allowing the differences in 

individual particles to be readily observed. However, analysis of many particles can 

be time consuming and microscopy is extremely subjective; the user must not only 

select which areas of the sample to image but must then select which images are 

‘representative’. Furthermore, almost all microscopy techniques involve removing 

the sample from its natural state in solution and therefore image interpretation can be 

difficult. Both the benefits and restrictions of analysis techniques should always be 

kept in mind, and while the appropriate combination of well performed analysis 

techniques should allow accurate characterisation of the sample in question, we 

should always strive to improve analysis and deepen our understanding of such 

systems. In the subsequent sections the most common analysis techniques based on 

scattering and microscopy will be reviewed, detailing their various strengths and 

weaknesses. 
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1.4.1 Scattering techniques for polymeric aggregates 

 

Figure 10. Basic schematic for the experimental setup of scattering experiments 

The most common scattering techniques for soft materials in solution are static and 

dynamic light, small angle X-ray and small angle neutron scattering. A simplified 

schematic of the general scattering experiment is shown in Figure 10. Firstly, 

radiation of known intensity (Io) is directed towards a sample chamber; this can be 

relatively cheap and simple (in the case of light) or extremely expensive and 

complex (in the case of neutrons). The radiation will then interact with the scattering 

centres (particles) within the sample which causes a deviation in trajectory 

(scattering). The intensity of the scattered radiation (Is) is then detected at some 

angle (θ). Changing θ allows for the detection of radiation at different scattering 

vectors (q), where q = 4π Sin (θ)/λ, and λ is wavelength of the radiation.
*
 The 

scattering vector q has units of reciprocal length and can be related to the length 

scale over which the measured radiation has been scattered. Larger q values 

                                                 

*
 For light scattering the refractive index of the solvent (n) must be accounted for resulting in q = 4πn 

Sin (θ)/λ 

Source

Detector

I0

Is

Sample 

Chamber θ
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correspond to smaller length scales and consequently the lengths scales being 

measured can be somewhat tailored by changing both λ or θ. Interpreting scattering 

data can give information about the particles’ size, shape and molecular weight, or if 

the data is collected as a function of time, particle dynamics can be analysed. 

Generally for strongly scattering systems (e.g. polymer micelles), the error in 

parameters obtained by DLS, SLS or SANS is roughly 10-20%,
63

 which can be 

attributed to the accuracies in measuring the standards or backgrounds. As such, in 

this thesis a general error of 10% is applied to all scattering experiments. However, 

when comparing values from the same apparatus under the same conditions, the 

errors can be considered to be significantly smaller and consequently an error of 5% 

can be applied.
63

 While there are many similarities between different scattering 

techniques, there are some important differences, which generally relate to the 

difference in λ or how the radiation interacts differently with matter. 

1.4.2 Laser Light Scattering (LLS) 

The following discussion of LLS highlights some of the uses and limitations of this 

technique in relation to the analysis of polymeric assemblies. For a more detailed 

discussion of LLS the reader is directed to these texts,
62, 64, 65

 which were used 

extensively in producing the following information. Light is made up of oscillating 

electric and magnetic field components. When light interacts with matter (made up 

of positive and negative charges) it therefore has the effect of altering the spatial 

charge distribution within the molecules. The magnitude of this interaction is related 

to how easily these charges can be shifted (the polarisability). This can be 

determined for each sample by measuring the refractive index increment, dn/dc, 
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where n is the refractive index of the solution and c is the sample concentration. For 

BCPs one careful consideration should be the relative contribution of each block to 

the scattered radiation, for example if one block has a very low dn/dc compared to 

the other then this block should be considered ‘invisible’.
66, 67

 Determination of 

particle MW is still possible either by measuring dn/dc directly or calculating it for 

the mixed component system,
68,60 

but care should be taken when interpreting Rg 

values. 

Small particles (radius, R < λ/20) obey Rayleigh scattering and emit light 

isotropically. For larger particles (R > λ/20) there is sufficient distance between 

scattering centres within individual particles such that the scattered radiation can be 

of a sufficiently different phase to cause interference with each other.
62

 This leads to 

anisotropic emission and consequently Mie theory is used to model the scattering.
62

 

These theories of light scattering are discussed in detail elsewhere,
65

 but a few 

important consequences arise which must be kept in mind when analysing polymer 

nanoparticles in solution. Firstly, the intensity of light scattered (Is) is proportional to 

at least the third power with respect to particle size. This can be explained by 

considering the relationship between Is, molecular weight (MW) and size for a 3D 

object. From the Zimm equation,
62

 Is   MW, MW   volume (equations 1) and 

volume   L
3
 for a 3D object, where L is some length and NA is Avogadro’s number 

  

  
                     

(1) 

Consequently, even the very low concentration impurities (e.g. dust / aggregates of 

particles), should they be sufficiently large, can cause a significant error in the 
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measurement. Secondly, for the particles obeying Mie scattering, the larger the 

particle, the more it scatters in the forward direction. This can have serious 

consequences when trying to measure highly disperse samples or samples that 

contain multiple size distributions. Both these issues are encountered in Chapter 3 

and are dealt with by the use of multi angle DLS in combination with SLS. 

When scattered photons reach the detector the number of photons per unit 

time is measured. If the time constant is in the range of microseconds then the 

solution dynamics of the particles play a role in the evolving data set (dynamic light 

scattering) and if the time constant is in the range of seconds then the solution 

dynamics are lost and only the average scattered intensity is considered (static light 

scattering). These two experiments, dynamic light scattering (DLS) and static light 

scattering (SLS) form the two basic LLS techniques used for analysing assembled 

polymers in solution using light. 

Dynamic light scattering (DLS) 

Particles in solution move under Brownian motion and their speed can be related to 

their (hydrodynamic) size by the Stokes-Einstein equation (equation 2).  

   
   

    
 (2) 

Where kB is the Boltzmann constant, T is the temperature and n in the refractive 

index of the solvent. The consequence of this is that the hydrodynamic radius (RH) 

reported by DLS is the theoretical radius of a perfect hard sphere which moves with 

the same translational diffusion coefficient (D) as the particle being measured. In 

order to determine D it is necessary to determine the electric field auto correlation 
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function, g1(q,t). This is effectively a measure of how quickly the electric field 

changes with time. Note: it is the electric field component of light which interacts 

with the particles and the superpostition of all the scattered electric fields will have 

some value, E0. The electric field auto correlation function, g1(q,t) can therefore be 

determined by equation 3 (i.e. comparing the E0 with E0+Δt, where Δt is a small 

change in time, for many iterations of Δt). 

  (   )  
〈  (   )     (   )〉

 〈  (   )〉 
 

(3) 

However, light scattering detectors do not measure electric fields, they measure light 

intensity. The Siegert equation,
62

 shows that the electric auto correlation function, 

g1(q,t) can be related to the intensity auto correlation function (g2(q,t)) by the 

equation 4. 

                                               (   )      (   )
                              (4) 

The intensity auto correlation function (g2(q,t)) can easily be measured by equation 5 

which is analogous to equation (3). 

  (   )  
〈  (   )     (   )〉

 〈  (   )〉 
 (5) 

For a single population of monodisperse spheres it has been shown that 

  (   )   
 
 
  

(6) 

Where τ is the relaxation time. Equation 7 then can be used to determine the 

apparent diffusion coefficient (Dapp).  
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         (7) 

The most common DLS instrument is the Zetasizer range from Malvern,
69

 the small 

bench top apparatus is easy to use a provides a quick assessment of particle size 

distributions. Typically for these setups θ = 173 ° (termed ‘back scatter’ detectors) in 

order to avoid scattering larger impurities such as dust. While these instruments are 

simple to use they are fairly limited in that they can only collect data at one angle.  

Although it is common to perform DLS experiments at one angle, and while this will 

give a reasonable indication of particle size, it is more accurate to determine Dapp 

from measurements at multiple angles and plot τ
-1

 vs q
2
. Furthermore, for systems 

which are not monodisperse (essentially all polymeric assemblies) and obey Mie 

scattering, there will be a differing contribution from particles of different sizes at 

different angles due to the anisotropic scattering behaviour of particles obeying Mie 

theory. Once an angular independent Dapp is obtained, measuring this for various 

concentrations will allow extrapolation of Dapp to zero concentration. This accounts 

for interparticle interactions and a true diffusion coefficient D can be obtained. These 

interactions are related to the second virial coefficient (A2), which is discussed 

further in relation to static light scattering. As previously mentioned D can then be 

used to determine RH using the Stokes-Einstein equation (equation 2). Due to the 

scaling of scattering intensity with size, RH values from DLS can be considered as 

Z-averages,〈  〉 ;
62

  

〈  〉  
     

 

     
 
 

       (8) 
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Where, ni is the number of particles with radius i. This will be particularly important 

when comparing sizes obtained by different techniques. For spherical aggregates RH 

depends on the maximum chain length (Lmax) of the BCP and the degree of polymer 

chain stretching (ω). Lmax can be determined from the degree of polymerisation of 

both blocks (Ncore + corona) and the monomer length (LM) (equation 9) (For vinyl 

monomers LM = 0.25 nm).
63

 ω can then be determined by equation 10.  

                           (9) 

  
  
    

        (10) 

Note: some researchers determine chain stretching by comparing RH to the length of 

the unperturbed polymer in dilute solution,
70, 71

 while this gives a better indication of 

how confined and restricted the chains are within the aggregate, the ω values given 

here are a better representation of whether or not the measured RH values are 

realistic. For example, spherical micelles cannot have an ω value > 1. Furthermore, it 

would be surprising if a micelle radius approached this maximum value as typically 

the chains are not fully stretched.  

Forster and co-workers measured RH for a library of PS-b-poly(4-

vinylpyridine) (PS-P4VP) BCPs in toluene which gave ω values between 0.19 and 

0.46.
70

 Lowe and McCormick studied a series of poly(dimethyl acrylate)-b-poly(N-

isopropyl acrylamide) (PDMA-b-PNIPAM) BCPs which formed micelles upon 

heating, and gave ω values between 0.18 and 0.27.
72

 Comombani and co-workers 

studied a series of poly(n-butyl acrylate)-b-PAA (PnBA-b-PAA) BCP micelles at 
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different ionisation degrees and salt concentrations which gave ω values between 

0.21 and 0.36.
73

 

Static light scattering (SLS) 

Averaging the scattered light intensity measurements over time scales > 1 second 

results in loss of solution dynamics and consequently the information is based on 

particle size and shape. The Zimm equation stated in the form below (equation 11) 

reveals the information that can be obtained from SLS measurements performed at 

multiple angles (θ) and concentrations (c). The average scattered intensity of the 

sample (Isample) is measured in relation to the average scattered intensity of the 

solvent (Isolvent) and a standard (I standard). This is used to determine the Rayeigh Ratio 

(Rθ) for the sample, based on the known Rayleigh Ratio of the standard (Rθ,standard), 

equation 11. Kc/Rθ can then be determined using equations (12) and (13) taking into 

account the wavelength of the laser (λ), the refractive index of the solvent (nsolvent), 

the dn/dc of the sample and Avogadro’s number (NA) . Plotting Kc/Rθ vs. q
2
 allows 

for the determination of the radius of gyration (Rg) from the slope and Kc/Rθ at zero 

angle (zero q) by the intercept.  

  

  
 
     

   
 

 

  
      

(11) 

   
                

         
            

(12) 

  
          (

  
  
)
 

    
 

(13) 
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Plotting Kc/Rθ at zero angle vs. concentration has the result of removing the q
2
 term 

from the equation and therefore 

  

  
 

 

  
      

(14) 

This allows for the determination of the molecular weight (MW), from the intercept 

and the second virial coefficient (A2) from the slope. Figure 11 shows a Zimm plot 

for PS-b-Poly(vinyl benzyl thiamine) (PS-b-PVBT) spherical aggregates and 

indicates how the different parameters can be obtained. Zimm plots are a good way 

to represent all the collected data on one graph, however an arbitrary constant (c), it 

typically applied to make the plot aesthetically pleasing. 

 

Figure 11. Zimm plot for PS-b-PVBT spherical aggregate. The figure indicates how 

the different parameters can be determined.  Rg from the slope of each measured 

Kc/Rθ values (black, red, blue and pink squares). A2 from the slope of the zero angle 

Kc/Rθ values (open green squares). MW from the intercept of the zero concentration 

Kc/Rθ values (open black squares). Figure adapted from.
74
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Figure 12. Schematic depicting how different morphologies would display a 

different Rg/Rh ratio where Rg is the radius indicated by the dashed black line and RH 

is the radius indicated by the solid black line. 

Static light scattering has been used widely in the investigation of polymer 

aggregates in solution. Rg values are effectively the mean distance of one scattering 

centre within the particle, from the centre of the particle as a whole and consequently 

the ratio of Rg / RH can be used as a guideline to assess particle morphology. 

Table 1. Rg/RH values and how they can be related to particle morphology 

Rg/RH Topology Morphology  inferred 

0.775 Homogeneous sphere Spherical aggregate 

1 Hollow sphere Polymersomes 

> 1 Extended structure Cylinders 

 

For polymer assemblies particle MW is almost always used to determine the 

aggregation number of the assembly by the equation  

RH

Rg
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(15) 

As the molecular weight obtained from SLS is a weight average molecular weight, it 

is more appropriate to use the weight average molecular weight of the polymer (Mw), 

rather than the number average (Mn).  

Table 2 shows typical Nagg values for various BCPs and morphologies. The data 

shows that spheres can have a range of Nagg values from less than ten to a few 

hundred, for cylinders this will of course be related to the length and can either be in 

the range of spheres or much larger, for polymersomes Nagg values are typically very 

large. 

Table 2. Summary of Nagg values from SLS for various BCP assemblies 

Polymer Morphology Nagg by SLS 

PnBA-b-PAA
73

 Spheres 270 - 440 

DMA-b-NIPAM
72

 Spheres 68 - 213 

PS-b-P4VP
70

 Spheres 6 - 217 

PS-b-Poly(l-lysine)
75

  Cylinders 60 - 600 

PEO-b-PCL
29, 76

 Polymersomes 2,200 - 109,00 

 

If the bulk density (ρ) of the core block polymer is known then Nagg can also be used 

to determine micelle core radius (Rcore) through equation 16, making the assumption 

the core block is completely dehydrated. 
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(16) 

Colombani and co-workers used this approach to determine Rcore for their PnBA-b-

PAA micelles in order to determine the radius of the PAA corona (Rcorona) by the 

equation  

                 (17) 

This allowed for a direct examination of the change in stretching of the PAA corona 

with changes in ionisation and salt concentrations and showed that ω values of up to 

0.9 could be obtained.
63

 Charged polymer coronas will have strong repulsive forces 

therefore ionised PAA chains should be considered extremely extended in relation to 

other polymer coronas.  

The second virial coefficient (A2) is effectively measuring the change in 

overall scattering intensity in relation to concentration and therefore gives 

information about interparticle interactions; these are more dominant at higher 

concentrations and it is this effect which necessitates extrapolation to zero 

concentration for the determination of particle MW. If the particles repel each other 

the overall scattering intensity is reduced and positive A2 values are seen. If the 

overall particle-particle interactions are favoured over particle-solvent interactions 

then negative A2 values are seen. Most polymer assemblies show positive A2 values 

and for micelles these are on the order of 10
4 

or 10
5
 mL mol g

-2
.
77, 78

  

 In summary Laser Light Scattering, if performed thoroughly can be a very 

useful tool for the investigation of assembled polymers in solution. With the 
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combination of DLS and SLS it should be possible to obtain the size of the core and 

corona, aggregation numbers as well as information on particle morphology and 

interparticle interactions. 

1.4.3 Small Angle Neutron and Small Angle X-ray Scattering (SANS and 

SAXS) 

The following discussion of SANS and SAXS highlights some of the uses and 

limitations of these techniques in relation to the analysis of polymeric assemblies. 

For a more detailed discussion the reader is directed to these texts,
78, 79

 which were 

used extensively in producing the following information. SANS and SAXS are 

similar and complementary techniques;
79, 80

 in relation to light, both neutrons and X-

rays have much smaller wavelengths (typically 0.1 nm) and consequently they can 

probe much smaller length scales (higher q values). One major problem with SANS 

and SAXS compared to LS is the accessibility of the equipment. LS equipment is 

relatively cheap and can be contained on the bench top, while neutron and x-ray 

sources require more complex radiation sorces, e.g. they require reactors or particle 

accelerators. Although many X-ray experiments can performed using ‘bench top’ 

setups, for SAXS measurements of polymer assemblies in solution (i.e. carbon based 

samples in dilute solutions) these setups do not have high enough intensities to make 

appreciable measurements on realistic time scales. This is mainly due to the fact that 

X-rays are scattered by the electron cloud and the intensity of scattering is 

proportional to atomic number squared (Z
2
).

80
 SAXS is therefore particularly 

sensitive to heavier elements and this is possibly why it is less frequently used for 

the study of polymers assemblies in solution. Neutrons however, are scattered by the 
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nucleus and the intensity of scattering is dependent on the nuclear scattering length 

density (SLD). This is more complex than in the case of X-rays and does not scale 

with atomic number; fortunately SLDs can be readily determined for each sample 

from the chemical formula and density of the material.
80, 81

 

Although not utilised in this thesis one important consequence of the SLD is 

that hydrogen and deuterium scatter neutrons completely differently. This principle 

forms the basis of many SANS experiments for polymeric aggregates as deuterating 

polymers can be used to selectively scatter from certain parts of the assembly.
1, 79, 80, 

82
 Due to the improved resolution in comparison to LLS experiments, the models for 

SANS and SAXS can be more complicated and many different models exist.
79, 80

 

However, this is generally not a problem for inexperienced users as (due to the 

limited availability of SANS and SAXS equipment) it is essentially impossible to 

perform the experiments without technical assistance from experts in the field.  

 

Figure 13. SANS model showing Is vs q for a disperse spherical particle with a core-

shell structure. Adapted from reference.
83
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 Figure 13 shows one example of a SANS model which is suitable for spherical 

micelles in order to demonstrate how some information about the particles can be 

obtained. The Guinier region of the plot can give information about the overall size 

of the particle (larger particles will begin to plateau at lower q). Plotting ln(Is) vs. q
2
 

for the points in this region (a Guinier plot) gives a linear fit where the slope =  

Rg
0.66

. The Porod region corresponds to the scattering from local structure within the 

particle (i.e. morphology information). Plotting log(Is) vs. log(q) should give a linear 

plot for this region where the slope of the curve gives information about the 

morphology of the sample. Hollow structures will give a q
-2

 dependence whereas 

solid structures will show q
-4

. Turning points at high q are indicative of scattering 

from smaller structures. For a core-shell particle (where the core and shell have 

sufficiently different SLDs) the q value for this ‘hump’ can give core radius (R) 

information by equation 18. 

  

 
    

(18) 

Pedersen and co-workers utilised SANS and SAXS to study spherical micelles of 

PS-b-poly(isoprene) (PS-b-PI) in decane. The models used to treat the data assumed 

a solid spherical core and a corona of semi flexible chains. They were able to 

determine not only aggregation numbers and micelle diameters, analogous to the 

information obtainable by light scattering, but also information on the core size and 

corona profile (size and shape). Epps and Kelley used a similar SANS model to 

determine the core size and corona profile for poly(1,2-butadiene-b-PEO) (PB-b-

PEO) aggregates in various ratios of D2O and THF-d8, Figure 14.
84
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Figure 14. Radial composition profile in PEO corona in PB-PEO micelles in 

D2O/THF-d8 mixtures as determined from SANS data fitting.
84

  

They showed that with increasing THF content (good solvent for both blocks) both 

the core and corona size decreased while the concentration of unimers in solution 

increased (from effectively zero to about 50 %) making the aggregates dynamic. The 

same arguments for determining micelle size in relation to polymer block lengths in 

LLS also apply for SANS and SAXS. Colombani’s PnBA-b-PAA micelles discussed 

in the LLS section were also analysed by SANS, which allowed for the 

determination of Nagg, Rcore and Rcorona, and they showed the data was in rough 

agreement with that obtained by the LLS experiments.
63

 Adams and co-workers 

utilised SAXS to study their PEO-b-PCL polymersomes, and were able to measure 

the membrane thickness as a function of PCL block length.
29

 

In summary SANS and SAXS are extremely valuable tools for the 

investigation of polymer assemblies in solution. Both techniques have excellent 

resolutions capable of measuring differences between the core and the corona as well 
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as inter chain interactions. In the case of SANS the possibility of selectively 

scattering from different blocks by deuterium labelling allows multiple data sets to 

be fitted simultaneously which can improve the quality of the models. 

1.4.4 Microscopy techniques for polymeric nanoparticles 

The following discussion of microscopy techniques highlights some of the uses and 

limitations of this technique in relation to analysis of polymeric assemblies. For a 

more detailed discussion the reader is directed to these texts,
85-90

 which were used 

extensively in producing the following information. Microscopy techniques 

complement scattering data as they directly image individual particles, typically 

when dried to a substrate or a support. Microscope types are numerous but can be 

broadly divided into two categories: optical
†
 and scanning.

85
 Optical microscopes 

use a beam of radiation (e.g. light or electrons) which is projected onto the object in 

order to form an image of that object. Scanning microscopes use a probe which 

scans each point of the object serially in order to form an image of that object. The 

use of italics for ‘an image’ is meant as a reminder that an image is not the object 

itself, but merely a representation of the object, and furthermore, one object can be 

represented by many different types of images.  

The most common types of optical microscopes are the light microscope and 

the transmission electron microscope, the latter of which is used extensively in this 

work and will be discussed in detail. Scanning microscopes are extremely numerous, 

                                                 

†
 Technically, optical means using light, however the term is also applied to images formed using 

electrons. 
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but for those working with soft nanomaterials, scanning electron microscopy (SEM), 

scanning transmission electron microscopy (STEM) and atomic force microscopy 

(AFM) are the most commonly used. As these only feature in Chapter 4 of this 

thesis, they will be discussed more briefly. The main differences in microscopy 

techniques come from a difference in how the image is formed. For example, images 

formed though transmission of radiation (e.g. TEM and STEM) show a projection of 

the internal structure, whereas many other types of microscopy (e.g. SEM and 

AFM), are only sensitive to surface (or near surface) structure and give an image 

which is more akin to that formed by the eye.
85

 

Before discussing the various types of microscope used for the analysis of 

polymer aggregates in solution it is worth briefly discussing absolute resolution (r) 

of the light microscope and why this technique is not applicable for analysis on the 

nanoscale. For the light microscope (r) can be determined using equation 19 where λ 

is the wavelength of light, n is the refractive index of the material and α is the angle 

formed between the object and the lens (Figure 15).  

 

 

Figure 15. Schematic showing the definition of the angle α, subtended by an 

aperture. 

α

Objective lens

Objective aperture
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(19) 

Consequently resolution can be increased by decreasing λ or increasing n or sin α. In 

practice this limits the resolution of the light microscope (λ = 200 nm for UV light) 

to about 150 nm and as such renders the technique of little use to those working on 

the nanoscale.
85

 For the electron microscope the equation for absolute resolution is 

slightly simpler as electromagnetic lenses have a negligible effect on electron speed 

and α is always very small (a few degrees) such that,
85

  

  
     

 
 

(20) 

Of course the major difference between light and electron microscopes is related to 

λ, which for electrons can be > 100,000 times smaller resulting in an absolute 

resolution of 0.003 nm (3.3 pm for 200 keV electrons). This is much smaller than the 

atomic radii of H (0.025 nm). While is it not quite possible to reach this resolution 

limit, due to aberrations caused by the electromagnetic lenses, imaging on the atomic 

scale for hard materials is routinely applied and even when using older, less 

advanced microscopes, researchers working on the nanoscale should not be 

concerned with the resolution limit of the microscope. The resolution for scanning 

microscopes varies from technique to technique, but generally they are either directly 

related to the size of the probe used, or to the degree in which a change in the probe 

(e.g. position or voltage) can be detected, the latter of which commonly results in 

atomic resolution. 
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1.4.5 Transmission Electron Microscopy (TEM) 

TEM is one of the most powerful methods for analysing nanomaterials. The 

extremely high spatial resolution is more than sufficient for anyone working on the 

nanoscale, and through transmission electron tomography,
91

 it is also possible to get 

3D images and infer information about internal structure. Furthermore, with the use 

of analytical TEM techniques such as energy-filtered TEM (EF-TEM), energy-

dispersive x-ray spectroscopy (EDX) and electron energy loss spectroscopy 

(EELS),
85

 it is now possible to chemically map out nanomaterials with atomic 

precision. It would seem then that the transmission electron microscope should be all 

that is needed to image polymer assemblies in solution. There are however, some 

complications with TEM which have thus far limited its full potential for analysis in 

this area.  

At ambient pressures an electron beam (200 keV) will only travel a few mm 

before being completely scattered by gas molecules, therefore in order to operate 

effectively, the transmission electron microscope must have an internal pressure of 

< 10
-10

 Pa.
85

 Consequently liquid samples cannot be easily imaged by TEM due to 

evaporation of the solvent, which means one of three approaches must be taken to 

particles in solution.  

1) Samples can be dried to a substrate (dry state TEM)  

2) Samples can be imaged at cryogenic temperatures, where evaporation of 

the solvent is minimised (Cryo-TEM) 

3) Samples can be injected into a sealed TEM chamber (liquid-TEM) 
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There is an increasing complexity from 1 → 3, both in expense / availability of 

equipment and time taken to perform the analysis. Furthermore there is a decrease 

(from 1 → 3) in resolution and contrast, which limits the size of structures that can 

be analysed and the detail that can be obtained.  While liquid-TEM is a very exciting 

method there has currently been only one report for carbon based nanomaterials, 

where nanolipoprotein disc stacks were imaged,
92

 and therefore this technique will 

not be discussed further.  It should also be noted that ionic liquids have been used to 

image soft nanomaterials at room temperature (due to their lack of vapour 

pressure),
93

 however this is a specific example which, while interesting, is not 

relevant to the majority of the BCP assemblies in the literature. Dry state TEM and 

cryo-TEM are however extremely prevalent in the literature, and these are the central 

focus in Chapters 4 and 5 respectively where new methodologies which improve the 

imaging of soft nanomaterials are presented and evaluated.  

Dry state TEM for polymer aggregates 

This approach requires drying samples to a thin substrate (TEM-grid) and imaging 

them while dehydrated. Clearly all polymer aggregates will be affected by this 

drying process, which can cause changes in particle size, morphology or even 

complete destruction of the particles.
94

 Any hydrated polymers in solution (e.g. 

micelle coronas) will completely change their shape upon dehydration, however 

polymers which are dehydrated in solution, particularly those with high a Tg (e.g. a 

PS core at room temperature), will be much less affected. The nature and length of 

the core and corona blocks should always be kept in mind when imaging in the dry 

state, particularly if the results are being compared to those obtained in solution. For 
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example, the PS410-b-PAA13 spheres in Figure 3 would likely show a very similar 

size by DLS and TEM as their size will be dominated by the large PS block which 

will not be greatly distorted upon drying. Conversely if Colombani’s PnBA90-b-

PAA100 micelles were analysed by dry state TEM, their size would undoubtedly be a 

lot smaller than the measurements made by DLS, as their RH will be greatly affected 

by the long hydrated PAA,
63

 which will collapse upon drying.  

The substrate to which to particles are dried is the source of another 

complication. Image contrast in TEM comes from either differences in the number of 

scattered electrons (termed mass-thickness or z-contrast) or from changes to the 

phase of the electron waves (termed phase contrast). For mass-thickness contrast the 

number of electrons scattered depends on sample thickness and electron density 

(thicker or more electron dense materials will scatter more electrons). To observe 

particles easily the sample must scatter significantly more electrons than the support; 

otherwise the scattering from the support will dominate the image. Typical TEM 

grids contain carbon based films which are roughly 40 nm thick, therefore, any 

carbon based sample approaching this size will be difficult to image on these grids. 

Although much thinner grids can be purchased (ca. 5 nm) their higher price and 

delicate nature has limited their use. Phase contrast mechanisms are much more 

complex than mass-thickness contrast, but essentially, by adjusting focus, phase 

contrast can be used to increase the contrast of the particles being imaged. This is 

discussed in more detail in Chapter 4, and although phase contrast is used widely in 

cryo-TEM,
95

 this approach is generally not sufficient to image carbon nanostructures 

on conventional TEM grids. 
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A more common approach has been to apply high atomic number stains (e.g. 

osmium tetroxide, ruthenium tetroxide, uranyl acetate, and phosphotungstic acid) 

which will selectively bind to the grid (negative staining) or the particle (positive 

staining), enhancing the contrast difference between them.
89

  As scattering intensity 

is proportional to Z
2
, these stains appear extremely dark in comparison to either the 

support or the small carbon based particles. Figure 16 shows polymersomes formed 

from PEO-b-poly(1,2-butylene oxide) (PEO-b-PBO) stained with uranyl acetate.
96

 

As the polymersome membrane appears dark this can be considered positive 

staining. In this work the authors compared the membrane sizes by staining, cryo-

TEM and SAXS finding good agreement in all cases. Although uranyl acetate acted 

as a positive stain in this case, the nature of staining (positive or negative) will be 

dependent on the relative affinity for the polymer and the substrate. Generally 

speaking it has been shown that uranyl acetate interacts strongly with PAA, whereas 

osmium tetroxide and ruthenium tetroxide are known to interact with unsaturated 

bonds and aromatics.
89

 

 

Figure 16. Transmission electron micrograph of PEO50-b-PBO70 (a) and PEO16-b-

PBO22 (b) polymersomes stained with uranyl acetate.
96
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However, these are only guides as to which stain might be an appropriate choice for 

the sample in question and not only must stains be selected with care (or screened) 

but the application of stain to the grid must also be optimised. If too much stain is 

applied then the electron beam will not be able to penetrate the sample; if too little 

stain is applied then particle contrast will not be sufficiently enhanced. While, the 

staining method has proven extremely useful, it has been well known for a long time 

that these stains can cause artifacts, limit resolution and obscure internal structure 

information.
94, 95

 Furthermore the screening and optimisation processes mentioned 

above can be very time consuming and frustrating.  

With that in mind research has been conducted into creating the thinnest 

possible supports, so that smaller, more weakly scattering particles can be imaged 

without the need for staining. The thinnest conceivable support is a single atomically 

thin sheet of graphene, which at 0.34 nm is almost electron transparent.
97, 98

 Meyer 

and co-workers demonstrated the potential of imaging on graphene by the 

observation of both carbon and hydrogen adatoms (Figure 17).
98

 These 

extraordinary images demonstrated the potential TEM can bring to the analysis of 

soft materials when low contrast supports are used. Graphene supports have recently 

been used to image various structures in the dry state including DNA tetrahedra
99

 

and silicon nanocrystals.
100
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Figure 17. Adatom images. (a) Carbon adatom (indicated by black arrow), (b) 

Intensity profiles from several images of the carbon adatom (black traces), and a 

simulated profile (red trace). Inset, simulated image. (c) Carbon adatom 

configuration, (d) Hydrogen adatoms on the same sample (dark grey spots), a 

selection of which are indicated by red arrows. Black arrow again indicates the 

carbon adatom. (e) Profile plots of selected hydrogen adatoms from d (black traces). 

Red line is the simulated profile for a hydrogen adatom. (f) Hydrogen adatom 

configuration, All scale bars, 2 nm. 
98

 

However, graphene TEM-grids can be difficult to prepare and the functionality of 

graphene means that applying samples from aqueous solution can often be 

problematic. In comparison, heavily oxidised graphene (or graphene oxide) is readily 

available in large quantities,
101

 it is water dispersible and is also robust and nearly 

electron transparent. Wilson and co-workers reported the first use of graphene oxide 

(GO) as a support for TEM in 2009 through analysis of the protein complex ferritin 

(Figure 18).
102

 While these examples demonstrate the potential for analysing carbon 

nanomaterials in the dry state without staining, none of these substrates have been 

used widely for the analysis of carbon nanomaterials and there have been no reports 

of the analysis of BCP assemblies.  
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Figure 18. TEM image of ferritin (dark particles) on GO.
102

 

Chapter 4 of this thesis shows that using GO-TEM grids allows an unambiguous 

determination of polymer assemblies in the dry state by the use of multiple TEM 

techniques. Furthermore it is shown that GO-TEM grids are compatible with other 

microscopy techniques (e.g. AFM and SEM) which allows for thorough and 

complementary analysis. Of course, one caveat applies to all dry state microscopy 

techniques: if the sample cannot survive the drying process, it cannot be analysed in 

the dry state. In this case imaging must be performed in solution, which is typically 

achieved through the use of cryo-TEM. 
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Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

 

Figure 19. Schematic of cryo-TEM sample preparation: (A) Side view of a liquid 

containing particles (●) being applied to a perforated carbon TEM grid; (B) removal 

of excess solution by blotting grid with filter paper; (C) formation of vitrified thin 

film after rapidly plunging into a suitable cryogen; (D) expanded side view of 

vitrified grid showing the path of the electron beam when viewed in a TEM column; 

(E) size segregation may occur during sample preparation, with larger particles at the 

edges of the holes and smaller particles at the centre of the thin film. Large particles 

may also protrude from the film.
103

 

The primary drawback with dry state TEM analysis is the necessity for sample 

dehydration before analysis. This can be avoided by the use of cryo-TEM.
95, 104

 

Figure 19 shows a schematic for the preparation of cryo-TEM grids. A small volume 

of sample solution (typically 3 µL) is applied to a perforated TEM grid. The grid is 

blotted to remove almost all of the solution, creating a thin film (< 300 nm) on the 

grid.
103

 The grid is then rapidly plunged into a vitrification solvent (typically liquid 

ethane) in order to trap the sample in solution. Once vitrified, the grids are kept at 

liquid nitrogen temperatures during transfer to the microscope. This ensures that the 

sample remains frozen in solution and prevents evaporation while in the microscope. 

With this procedure it should be possible to get a snapshot of the particles in 
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solution. As such, cryo-TEM has proven to be an extremely powerful technique for 

the analysis of polymer assemblies in solution.  

The work of Adams and co-workers, discussed in section 1.2, which 

investigated the mechanism of polymersome formation utilised cryo-TEM,
29, 30

 as 

did the work of Epps and Kelley,
84

 and that of Colombani and co-workers,
63

 

discussed in the scattering section. The latter of these is shown in Figure 20 where it 

can be seen that the spherical micelles are easily visualised against the background 

of the vitreous ice, without the need for staining techniques. As the polymer corona 

(PAA in this case) remains hydrated, it is not typically visible in cryo-TEM and 

therefore the measured particle radii correspond to the radius of the core. Assuming 

the core of the assembly is completely spherical, equation 16 can be used to 

determine Nagg of the assemblies and subsequently the MW of the particles. This is 

essentially the reverse of the calculation discussed in the LLS section. Indeed, this 

was done by Colombani and co-workers for the PnBA-b-PAA micelles, and again 

the core sizes and Naggs were in rough agreement with those from LLS and SANS.
63

 

 

Figure 20. Cryo-TEM of PnBA90-b-PAA300. The scale bar corresponds to 200 nm.
63
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These examples have been used throughout this introduction, not only because they 

effectively demonstrate what information can be obtained by the various analysis 

techniques, but also because they demonstrate the power and confidence gained 

when using multiple techniques (importantly combining scattering and microscopy) 

to verify and correlate results. This is the central focus of Chapter 3 in which LS, 

SANS and cryo-TEM are used for the structural characterisation of amphiphilic 

homopolymer assemblies, where it is shown for the first time that the corona profiles 

obtained from cryo-TEM can be correlated to those obtained by SANS.  

The disadvantages of cryo-TEM are typically associated with an increase in 

the time required to analyse samples and the increased cost and skills associated with 

grid preparation. The blotting and vitrification process mentioned above must take 

place in a 100 % humidity environment, to ensure that no evaporation will occur 

before vitrification (so that the sample is not concentrated and no cooling occurs).
95

 

This can be done manually or by the use of a controlled environment vitrification 

system (CEVS),
105

 which can be particularly useful as incorrect grid preparation can 

lead to a variety of artifacts.
95, 103

 Figure 21 shows some typical artifacts found on 

cryo-TEM grids. Figure 21C and D show the effect of overblotting and unsuccessful 

vitrification (possibly by not plunging the grid into the vitrification solvent quickly 

enough) respectively.  
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Figure 21. Artifacts of different ice forms: (A) Large ice (frost) crystals; (B) 

hexagonal and truncated ice crystals. Some crystals seem extremely dark due to 

Bragg scattering of electrons; (C) porous dry films of vitrified water, most likely due 

to overblotting. (D) regular polygonal ice-crystal arrangement formed upon 

unsuccessful vitrification. All scale bars represent 200 nm.
101

 

Furthermore any exposure of the grid to air after vitrification (which is essentially 

unavoidable) will result in moisture from the air forming ice crystals on the cold 

surface of the grid. Figure 21A and B show examples of these ice crystals (they can 

also be seen in Figure 20), and demonstrate why this can be problematic while 

imaging as it can obscure the view of the particles, and in some cases it can be hard 

to distinguish between ice and particles. Furthermore, when cryo-TEM samples are 

inserted into the microscope an appropriate amount of time must be left before 

imaging in order for the beam to stabilise due to temperature fluctuations. This 

typically limits the number of samples which can be analysed to about six per day 



 

47 

 

for an experienced user. Extra care must also be taken when imaging as extended 

beam irradiation can damage both the ice and the particles, and consequently low 

dose techniques must be applied.
95

 Another limitation for cryo-TEM, although rarely 

discussed, is the size limit for which particles can be detected. As shown in Figure 

21C if the ice layer becomes too thin then it will be both mechanically and electron 

beam unstable. Consequently there must be a size limitation for carbon based 

structures, where particles below this size are not observable due to the 

comparatively thick ice layer. Furthermore, if the particles are too big, then they will 

be excluded from the ice layer during blotting and therefore particles > ca. 300 nm 

will be difficult to analyse by cryo-TEM. This is the central focus of Chapter 5 

where it is shown that the use of GO-TEM grids in combination with cryo-TEM 

(termed GO-cryo-TEM) allows for the creation of ‘super-thin’ ice layers in order to 

image particles of a size which is not accessible by conventional cryo-TEM. One 

further limitation for cryo-TEM is that dedicated cryo-TEM instruments are often 

not equipped with the additional features that are routinely available on the modern 

TEM; for example scanning coils, which are used for imaging by STEM. 

1.4.6 Scanning Transmission Electron Microscopy (STEM) 

If a TEM is equipped with scanning coils, then these microscopes are usually called 

TEM/STEM microscopes. Instead of forming images by illuminating the object as a 

whole, in STEM mode images are formed by a raster scan using a small beam of 

electrons. The spatial resolution in STEM is therefore directly related to the size of 

this electron beam and for modern STEMs this can be as low as 0.08 nm. The main 

advantage of STEM over TEM arises from its use as a chemical analysis tool.
85
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Figure 22. Schematic showing the types of information which can be obtained by 

STEM 

In STEM it is possible to collect chemical information from using an EELS or EDX 

detector for each pixel in the image (Figure 22). EELS and EDX are complementary 

because X-rays are sensitive to high Z elements and EELS is more sensitive to lower 

Z elements.
85, 90

 Another benefit of STEM is the ability to image using a high angle 

annular dark field (HAADF) detector (Figure 22). This imaging mode is often 

referred to as mass-thickness contrast imaging as image contrast is directly related to 

the electron density of the specimen (i.e. no contribution from phase contrast). 

Specimen

Annular Dark Field Detector

EELS Detector

EDX Detector

CCD Camera

Electron Beam
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Figure 23. (a) bright field cryo-TEM and (b) HAADF image of the TMV virus, scale 

bar is 100 nm
90, 106

  

Figure 23 shows a comparison between a bright field TEM image and a HAADF 

image of the tobacco mosaic virus (TMV).
90, 106

 Bright field images (Figure 23a) are 

formed by collecting the transmitted electron beam (e.g. using a charge coupled 

device [CCD] camera, Figure 22); consequently areas which scatter more electrons 

(in this case the TMV) will appear dark. Dark field images (Figure 23b) are formed 

by collecting the scattered electrons (e.g. using an ADF detector, Figure 22) and 

therefore areas which scatter more electrons (again the TMV) will appear bright. 

As they are performed in the same instrument, all the complications with 

sample preparation for TEM also apply to STEM, however, staining techniques are 

generally not used in conjunction with STEM as the benefits gained from the 

analytical tools are typically lost.
90

 While the analytical tools of STEM can be 

particularly useful, some of these techniques can be obtained using far less expensive 

equipment, e.g. a scanning electron microscope.
85

 

a ba
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1.4.7 Scanning Electron Microscopy (SEM) 

SEM images are formed by raster scan using a small beam of electrons (similar to 

STEM), however, the electrons generally have much lower energies (typically 

1 - 30 keV) than those used for TEM or STEM (typically 100 – 300 keV). The beam 

sizes are typically much larger than those in STEM and therefore the spatial 

resolution is limited to about 5 nm.
85

 This low resolution in comparison to TEM / 

STEM is probably the main reason why SEM has been less widely used for the 

characterisation of polymer nanostructures.  

 

Figure 24. SEM image of PS-b-PIAT polymersomes.
107

 

SEM is however, complementary to TEM / STEM in that the electrons are collected 

by a back scatter detector (i.e. not transmission). Therefore rather than giving 

internal structure information (as in TEM / STEM), the images provide surface (or 

near surface) information on the particles. SEMs are normally equipped with X-ray 
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detectors allowing for chemical analysis of the surface.
85

 SEM instruments also 

operate under a vacuum, and the same sample preparation considerations that were 

discussed for TEM apply to SEM. Typically, carbon based samples are coated with a 

conducting materials (e.g. Au or Pt), which helps to avoid build-up of charge on the 

sample, preventing image distortion.
85

 SEM has been used to identify 

polymersomes,
108

 micelles,
109, 110

 and cylindrical structures.
108

 Figure 24 is an SEM 

image of PS-b-PIAT polymersomes which shows that the internal membrane is not 

visible due to the surface sensitive nature of SEM. However, it is common for 

polymersomes to ‘burst’ (as can be seen at the top of Figure 24) during sample 

preparation which can reveal holes in the structures, and is often seen as evidence of 

a hollow interior. While SEM images can give 3D information, they cannot 

accurately determine the height or topology of small particles, for which AFM is a 

more suitable technique. 
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1.4.8 Atomic Force Microscopy (AFM) 

 

Figure 25. Schematic showing the tip convolution effects which limit the x 

resolution for AFM. The dashed black line indicates the movement of the tip (red 

oval) over the particle (black sphere) 

AFM images are formed by dragging or tapping a sharp tip across the surface of the 

sample and, similar to SEM, can provide information about the particle surface. 

Figure 25 shows how the x resolution in AFM is limited by the size of the tip due to 

convolution effects, and while extremely small tips exist (e.g. based on carbon 

nanotubes),
111

 they are generally on the order of 5-10 nm.
87

 However, AFM 

resolution in the z direction is extremely high and most AFMs are easily capable of 

atomic resolution.
87

 This feature has made AFM analysis of extremely small 

particles, or particles which give weak scattering in TEM, very appealing.
112-114

 

x resolution

z resolution
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Figure 26. AFM images of single-chain polymer nanoparticles made from 

PHEAm.
115

 

Figure 26 shows AFM images of single chain nanoparticles formed from 168 kDa 

poly(N-hydroxyethylacrylamide) (PHEAm).
115

 The particles were analysed by DLS 

in water which gave RH values of 19 nm, indicating that they are hydrated in water 

and therefore would probably not be visible by cryo-TEM. Once dried to the surface 

of the AFM substrate (mica) they are extremely flat (a few nm) which would 

probably make them difficult to image by TEM in the dry-state. Although more 

beneficial for smaller particles, AFM has still proven useful in identifying the 3D 

nature of larger polymer structures when dried to a surface.
116-118

 Again the drying 

effects discussed for TEM must also be considered here, however, for AFM it is also 

possible to image structures while hydrated. This has proven extremely useful in the 

biological sciences and is therefore often termed biological AFM.
119

 However, as 

AFM is only surface sensitive, measurements can only be made for particles that are 

surface active (i.e. not in the bulk), which limits its use for polymer aggregates in 

solution. 
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1.5 Summary 

Although there are many applications for which the self-assembly of polymers in 

solution could provide utility, and while there is a vast range of synthetic and 

analytical techniques available, there is a long way to go before many of these 

applications are realised. Chapter 2 shows how amphiphilic homopolymer micelles 

could be used to perform coupling reactions with higher rates and lower catalyst 

loadings. Chapter 3 illustrates the power of complementary analysis through the 

combination of microscopy and scattering techniques. Generally, the analysis of 

polymer aggregates seeks to answer two basic questions: What is their size? And 

what is their morphology? Chapter 4 shows how GO-TEM grids can be used to 

answer these questions readily and with great confidence through the use of multiple 

microscopy techniques. But why stop there? Why not ask how each polymer chain is 

positioned within the assembly? What about the position of each individual atom? 

The latter of these is clearly beyond our current analysis capabilities, but in Chapter 

4 we show how imaging aggregates on GO-TEM grids with the application of exit 

wave reconstruction, might lead us to the former. Finally, Chapter 5 demonstrates 

how GO-TEM grids can be used in combination with cryo-TEM to improve image 

contrast and analyse extremely small particles. To conclude, there is a long way to 

go before the characterisation of polymer aggregates in solution becomes as 

thorough and readily accessible as that of the polymers themselves (or even small 

molecules), however, many exciting advances continue to be presented in the 

literature to which it is hoped the work in this thesis makes a significant contribution. 
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Chapter 2. Catalytic Y-tailed 

amphiphilic homopolymers: aqueous 

nanoreactors for high activity, low 

loading SCS pincer catalysts 
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2.0 Abstract 

A new amphiphilic homopolymer bearing an SCS pincer palladium complex has 

been synthesised by reversible addition fragmentation chain transfer polymerization. 

The amphiphile has been shown to form spherical and worm-like micelles in water 

by cryogenic transmission electron microscopy and small angle neutron scattering. 

Segregation of reactive components within the palladium containing core results in 

increased catalytic activity of the pincer complex compared to a small molecule 

analogue. This allows carbon-carbon bond forming reactions to be performed in 

water with reduced catalyst loadings and enhanced activity. 

2.1 Introduction 

In recent decades, the solution self-assembly of amphiphiles has attracted 

significant attention in the field of catalysis. Both small molecular surfactant
1-5

 and 

amphiphilic BCP
6-8

 systems have been investigated and shown to increase catalyst 

efficiency. The advantages of these self-assembled structures over non-supported 

systems include the segregation of reactive components in order to perform cascade 

reactions,
9, 10

 the ability to react hydrophobic substrates in water,
6
 increased local 

concentration of substrates
11-15

 and simple catalyst recovery.
8
  

Reports can also be found for the solution self-assembly of another class of 

amphiphiles, so-called ‘associative polymers’ or ‘amphiphilic homopolymers’.
16-35

  

Examples of these systems include homopolymers where the monomer units contain 

both hydrophilic and hydrophobic moieties
17, 19, 20

 or homopolymers 
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end-functionalised with ionic head groups,
18

 enzymes,
16

 or small hydrophobic 

groups, such as alkyl chains.
20, 22-24, 26-30, 36

 Much of the work on end-functionalised 

homopolymers focuses on telechelic polymers, where both chain ends are 

functionalised with small hydrophobic groups.
22, 23, 25-28

  Telechelic polymers with 

hydrophobic contents as low as 2 wt % have been shown to self-assemble into 

flower-like micelles,
23, 25

 as well as other complex structures in aqueous solutions.
22

  

The self-assembly of mono-functionalised amphiphilic homopolymers, 

poly(ethylene oxide)
27-30

 and poly(N-isopropylacrylamide)
31, 36

 end-functionalised 

with single alkyl chains have been shown to self-assemble into star-like micelles in 

aqueous solutions. Additionally, amphiphilic homopolymers end-functionalised with 

two-tailed or ‘Y-tailed’ hydrophobic groups are reported in the literature.
21, 31-38

  

Many of these examples are lipid-functionalised polymers used to sterically stabilise 

liposomes,
21, 33, 34

 with only a few examples demonstrating the self-assembly of 

Y-tailed amphiphilic homopolymers in aqueous solutions.
21, 35, 37

 The use of end 

functionalised amphiphilic homopolymers for the formation of nanoreactors presents 

a potentially simple route in comparison to BCP assembly in order to investigate the 

catalytic activity of these systems. Palladium is one of the most widely used metals 

for the catalysis of organic reactions and it is often employed in combination with 

different ligands for a variety of highly selective chemical transformations.
39

  



 

67 

 

 

Figure 27. (left) Formation of vesicle by self-assembly of the pincer palladium 

complex 1, (right) (a) Palladium-catalyzed oxirane ring opening with PhB(OH)2 and 

(b) Schematic image of the concept of catalysis within the bilayer membrane of the 

vesicle.
40

 

Like many other catalysts, it would be desirable to obtain a general protocol in order 

to perform reactions at low catalyst loadings with easy recovery, and under ambient 

conditions (i.e. low temperatures, in air and / or water). In this direction, extensive 

research has been conducted on supported Pd using silica, polymers, carbon etc., to 

allow simple catalyst recovery and recyclability.
41

 Uozumi and co-workers recently 

synthesised a nitrogen-carbon-nitrogen (NCN) pincer Pd-amphiphile which, after 

heating in water at 60 °C for 4 hours, assembled into vesicles with an average 

diameter of 500 nm (Figure 27). The vesicles were capable of sequestering 

hydrophobic substrates into the membrane where the palladium complex could 

catalyse the Suzuki-Miyaura reaction. This allowed for the catalysis of non-water-

soluble materials to take place in an overall aqueous medium.
42

 Unfortunately, 

neither recyclability nor increased activity (compared to reactions in organic 
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solvents) was shown in this work. In this chapter the synthesis and self-assembly of a 

novel sulfur-carbon-sulfur (SCS) pincer Pd nanoreactor is reported and the rates are 

compared to a small molecule analogue, molecularly dissolved in organic solvents. 

Rate increases of > 100 times are observed over the small molecule non-self-

assembled analogue, allowing for effective catalysis of a model cross-coupling 

reaction at significantly reduced catalyst loadings. 

2.2 Results and discussion  

2.2.1 Chain Transfer Agent design 

 

Figure 28. Chain transfer agent structure highlighting the three key features: the 

trithiocarbonate (red), the SCS pincer (blue) and the dodecyl chains (green) 

The chain transfer agent (CTA) in Figure 28 consists of three important moieties: 1) 

the trithiocarbonate (red), which is based on a CTA capable of polymerising a wide 

range of vinyl monomers (e.g. styrenes, acrylates, acrylamides);
43

 2) the SCS pincer 

moiety (blue) which is capable of complexation to Pd making it catalytically 

active;
44

 and 3) the dodecyl chains (green) attached to sulfur groups which make the 

pincer moiety hydrophobic and should cause aggregation in an aqueous 

environment. Therefore, upon polymerisation of a hydrophilic monomer and 
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complexation with palladium, the resulting polymer should be able to form 

catalytically active nanostructures in water. This should provide, in comparison to 

the Pd functionalised nanocages previously reported by Moughton and O’Reilly,
44, 45

 

a relatively simple route to these types of structures. 

2.2.2 Synthesis of SCS Pincer CTA 2.06 

 

Scheme 1. Overall synthesis of SCS pincer functionalised RAFT CTA, 2.05 overall 

yield of 5%. 

Scheme 1 shows the synthesis of the SCS pincer CTA. As the procedure is nearly 

identical to a previously published synthesis by Moughton and O’Reilly (where 

thiophenol was used in place of dodecane thiol),
44, 45

 only the characterization of the 

final compound (2.05) will be given here, however, the full synthesis is reported in 

the experimental section. 

 

,  



 

70 

 

Figure 29. 
1
H NMR and UV/Vis (inset) spectrum for Pincer CTA, 2.05 in CDCl3 

and THF respectively. 

Figure 29 shows the 
1
H NMR spectrum for the SCS pincer CTA. Peaks (Hf) and 

(Hg) are particularly useful for determining polymer Mn from 
1
H NMR spectroscopy 

and, as they reside on both the R and Z group of the CTA respectively, they are 

useful for evaluating polymer end group fidelity. The UV-Vis spectrum shows a 

large absorbance at 309 nm which is also useful for evaluating end group fidelity by 

size exclusion chromatography coupled with a UV detector. Elemental analysis for 

C, H and S were all within 0.3 % of the calculated values confirming a high level of 

purity.  
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2.2.3 Preparation of SCS-pincer compounds 

Scheme 2. Synthesis of Pd SCS pincer functionalised PAA, 2.09 and non Pd 

functionalised SCS pincer PAA, 2.10 
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Polymerisation of tbutyl acrylate, 2.06  

Figure 30. 
1
H NMR spectrum for 2.06 in CDCl3. Butylated hydroxyltoluene (BHT) 

is a stabiliser added to THF. Note: the last step in the polymer synthesis is removal 

of THF under vacuum, consequently BHT appears throughout the synthesis until it is 

removed in the last step by dialysis. BHT peaks appear at 6.98, 5.0, 2.27 and 1.43 

ppm. 

Polymerisation of tbutyl acrylate (tBuA) at 65 °C in dioxane, followed by 

precipitation into MeOH:H2O 9:1 v/v resulted in a well-defined PtBuA 

homopolymer with high end group fidelity. Figure 30 shows the 
1
H NMR spectrum 

for 2.06, the peaks for the pincer end group (Hg, Hh, Hi and Hj) and the RAFT end 

group (Hf) integrated well with respect to each other, indicating good end group 

fidelity. This is backed up by an overlay of the differential refractive index (DRI) 

and UV (at 309 nm) trace form SEC analysis of the polymer. As shown in 

Figure 29, the trithiocarbonate group absorbs strongly at 309 nm and therefore 

overlaying this with the DRI trace indicates that the trithiocarbonate end group is 

present throughout the molecular weight distribution of polymer chains.  
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Figure 31. SEC traces using DRI (red) and UV (at 309 nm) (blue) detectors for the 

2.06 in THF.  

SEC was performed in tetrahydrofuran (THF), and calibrated against narrow 

poly(methyl methacrylate) standards (PMMA). Analysis gave Mn = 8.1 kDa and Ð = 

1.07. End group analysis by 
1
H NMR spectroscopy gives DP = 50. 

End group removal of PtBuA, 2.07 

It has been previously shown that the trithiocarbonate group is a competitive binder 

to palladium and therefore it is necessary to remove it prior to complexation of the 

pincer ligand.
45

 This was achieved by heating the polymer to 100 °C for ca. 12 hours 

in the presence of AIBN and ethylpiperidine hypophosphite (EPHP).
46

 End group 

removal could be seen in both the
 1

H NMR spectrum and by SEC analysis. 

Figure 32 shows the 
1
H NMR spectrum for 2.07, complete disappearance of the 

peak Hf can be seen while the peaks Hh, Hi and Hj still integrate well with respect to 

each other and the backbone.  
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Figure 32.

 1
H NMR spectrum for 2.07 in CDCl3.  

A comparison of the UV309 traces before and after end group removal (normalised 

with respect to the DRI traces to account for concentration differences in the 

samples) shows complete end group removal of the trithiocarbonate group. 

 

Figure 33. SEC traces using a UV detector for (at 309 nm) 2.06 (red) and 2.07 

(blue). 
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Complexation of PtBuA, 2.08 

 

Figure 34. crude 
1
H NMR spectrum for 2.08 in CDCl3. 

Polymer 2.07, was then stirred in acetonitrile under N2 (g) and at room temperature 

with the palladium precursor complex, [Pd(NCMe)4]2[BF4], for two days. Removal 

of the acetonitrile in vacuo resulted in an orange solid which was used without 

further purification. The crude 
1
H NMR spectrum shows complete disappearance of 

the aromatic proton (Hj) where Pd insertion has taken place. The spectrum also 

shows a shift and broadening for the methylene bridge protons (Hg) on complexation 

which has previously been observed for similar pincer complexes.
47, 48
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Deprotection of PtBuA to form PAA-Pd, 2.09 

 

Figure 35. 
1
H NMR spectrum for 2.09 in d

6
-DMSO 

Deprotection of the hydrophobic PtBuA with trifluoroacetic acid (TFA) afforded a 

hydrophilic poly(acrylic acid) (PAA). After purification by dialysis the complexed 

homopolymer was analysed by 
1
H NMR and IR spectroscopy. The NMR spectrum 

shows the complete loss of the protons Hc (at 1.43 ppm) and the appearance of the 

acidic Hk protons. The pincer end groups discussed in the previous section are still 

present and integrate well with respect to each other indicating that the palladium 

pincer end group is still present. The IR spectra (Figure 36) shows a carbonyl peak 

shift from 1724 cm
-1

 to 1698 cm
-1

 upon deprotection; the latter peak being much 

broader and indicative of acidic functionality. Acidic functionality can also be 

inferred from the broad peak at ca. 3000 cm
-1

 (OH stretch). There is also a loss of the 

peak at 1143 cm
-1

 associated with the C-O stretching of the ester. All assignments 

match those found in the literature.
44, 49, 50
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Figure 36. IR spectrum for 2.06 and 2.09 showing the conversion from tbutyl 

acrylate to acrylic acid. 

Deprotection of non-pallidated PtBuA to form PAA, 2.10 

The deprotection step was performed analogous to above, but using polymer 2.07. 

2.10 was then analysed by 
1
H NMR and IR spectroscopy to confirm the loss of 

tbutyl groups and appearance of acid functionality analogous to 2.09 (see 

experimental section for details). 

Synthesis of alkyl pincer complex, 2.12 

 

Scheme 3. Synthesis of alkyl pincer complex, 2.12. 
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In order to compare the activity and reactivity of the Pd functionalised amphiphiles 

to a small molecule analogue, it was necessary to synthesise the small molecule 

equivalent. Dibromo-m-xylene was converted to the alkyl SCS pincer ligand by 

reaction with dodecane thiol in THF. The SCS pincer ligand was then complexed 

using the same conditions as the polymer complexation in the previous section. The 

1
H NMR spectrum (Figure 37) shows the loss of the aromatic proton, the shift (from 

3.68 – 4.22 ppm) and broadening of Hg protons and the appearance of the acetonitrile 

protons He.  High resolution mass spectrometry gave m/z = 611.2945, which matches 

the molecular ion minus the acetonitrile ligand (expected m/z = 611.2936) and the 

expected palladium isotope pattern was observed. 

 

Figure 37. 
1
H NMR spectrum for 2.09 in CDCl3 
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2.2.4 Analysis of self-assembled structure in water 

 

Figure 38. (a) DLS traces and (b) corresponding auto correlation functions for 

consecutive runs of 2.09 in water at 2 mg mL
-1

. The data indicates that the DLS 

results were not consistent or reliable. 

Polymers 2.09 and 2.10 were directly dissolved in water at 2 mg mL
-1

 and analysed 

by DLS. Typically, DLS traces are averaged over a number of runs; however, in this 

case consecutive runs were not consistent and showed structures ranging from 20-

200 nm in size which were either narrowly distributed or highly disperse depending 

on the individual run (Figure 38). This behaviour was noted for 2.09 and 2.10 at a 

range of concentrations (0.25 - 10 mg mL
-1

), with the additions of salts and by 

various preparation methods (direct dissolution or solvent switch). Similar behaviour 

has been previously reported and identified as spurious aggregation due to columbic 

interactions between the PAA chains (known as the polyelectrolyte effect.).
51, 52

 For 

this reason it was not appropriate to analyse these samples by light scattering 

methods.  
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Figure 39. Cryo-TEM image of 2.09 in D2O at 2 mg mL
-1

. 

Polymers 2.09 and 2.10 spontaneously self-assembled in water at 2 mg mL
-1

 as 

indicated by cryo-TEM, Figure 39 and SANS, Figure 40 and Figure 41. The cryo-

TEM image shows the presence of both spherical and worm-like assemblies, both 

with a diameter of ca. 5 nm. In the cryo-TEM image, it is likely that all contrast 

comes from the Pd-containing core, and the size-scale is consistent with the 

theoretical core diameter based on the volume of the aromatic ring and the alkyl 

chain length. Cryo-TEM analysis of polymer 2.10 in water was unsuccessful, which 

is likely to be due to poor contrast obtained between the very small weakly scattering 

core (containing only carbon and no higher Z elements) and the relatively thick layer 

of vitreous ice.  
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Figure 40. SANS data for 2.09 with overall model fit and the respective micelle and 

aggregate contributions 

 

Figure 41. SANS data for 2.10 with overall model fit and respective micelle and 

aggregate contributions. 

The SANS data for 2.09 and 2.10 suggested both cylindrical micelles and aggregates 

of micelles. The modelling for both 2.09 and 2.10 suggested that the cylinder core 

radius and lengths were ca. 3-4 nm and 35-40 nm respectively. The scattering 
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contributions from these aggregates can be seen in the upturn at low-q (Figure 40 

and Figure 41), and the SANS data suggest the aggregates are on the order of 

microns in size. To account for the presence of the micelles and aggregates, the 

SANS intensity was fitted with a linear combination of models, 

    I(q) = Imicelle(q) + Iaggregate(q) + B  (1) 

where Imicelle(q) and Iaggregate(q) are the scattering contributions from the micelles and 

aggregates, respectively, and B is the incoherent scattering background.  

The scattering contributions from the micelles were modelled with a form 

factor for cylinders with a uniform SLD and a Schulz distribution of cylinder 

lengths.
53

 The SLD of the cylinders was calculated using the density of PAA, while 

also accounting for the effects of exchangeable hydrogens (calculated SLD = 

3.4x10
-6

 Å
-2

).
54

 The cylinder scale factor, radius, and length were fit during the data 

analysis. The dispersity in lengths was fixed at 0.3, which gave a similar length 

distribution to that seen in the TEM micrographs for 2.09, however, the dispersity 

value had little effect on the overall fit. Note that modelling the micelles as cylinders 

with a uniform scattering length density does not account for any radial dependence 

of the micelle profile,
55

 and the deviations of the fit values from the experimental 

data at higher-q may be due to this simplifying assumption. Also, the fit values for 

the cylinder radii may not represent the overall micelle radius due to this assumption. 

The scattering from the aggregates was described by a power-law,  

   Iaggregate(q) = I0q
-ε

    (2) 

where I0 and ε were constants and fit during the analysis. The incoherent background 

scattering was fixed at a constant value. All fitting procedures were performed using 
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the NIST SANS package in Igor Pro, and the calculated scattered intensity was 

corrected for instrument resolution.
53

 The modelling results for 2.09 and 2.10 are 

summarized in Table 3. Due to the strong scattering contributions from the 

aggregates at low- and intermediate-q, it was difficult to accurately determine the 

length of the cylinders. However, using an approximate cylinder length from the 

cryo-TEM micrographs resulted in satisfactory fits to the data. As seen in Figure 41, 

sample 2.10 also contained cylindrical micelles and aggregates. The fit value for the 

cylinder length was more reliable for 2.10 because scattering from the aggregates did 

not dominate at intermediate-q, and the fit values for the cylindrical micelle lengths 

for 2.09 and 2.10 were comparable.  

Table 3. Summary of SANS data modelling results 

Sampl

e 

cylinder radius 

(nm) 

cylinder length 

(nm) 
I0 ε 

2.09 3 ± 1 40 ± 4 2 x 10
-5

 ± 2 x 10
-6

 2.51 ± 0.02 

2.10 4 ± 1 34 ± 3 3 x 10
-4

 ± 3 x 10
-5

 1.71 ± 0.01 
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2.2.5 Evaluation of critical micelle concentration 

 

Figure 42. Diffusion coefficient (D) measured by DOSY NMR for 2.09 in D2O as a 

function of concentration. Error bars obtained from D values measured from four 

different peaks. 

The CMC of 2.09 was evaluated by diffusion ordered NMR spectroscopy (DOSY 

NMR).
56

 The data show a constant D between 2.0 and 0.5 mg mL
-1

, indicating that 

micelles are present in solution between these values (SANS and cryo-TEM analysis 

confirm structures in solution at 2.0 mg mL
-1

). Below 0.5 mg mL
-1

, D increases 

which indicates the possible dissociation of the micelles into unimers. Note: the 

NMR spectrum at 0.1 mg mL
-1

 was quite noisy due to poor signal at such a low 

concentrations and therefore it was not possible to measure any lower 

concentrations. In conclusion the CMC of 2.09 appears to be roughly 0.5 mg mL
-1

. 

An example DOSY spectra in shown in Figure 43. 
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Figure 43. 
1
H NMR DOSY spectrum for 2.09 @ 2.0 mg mL

-1
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2.2.6 Catalytic activity of polymer 2.09 vs. small molecule 2.12 at 2 mol% 

 

Scheme 4. SCS Pd-pincer catalysed cross-coupling of vinyl epoxide with 

phenylboronic acid to afford branched (2.13) and linear (2.14) alcohols. 

The palladium catalysed cross-coupling of boronic acids with unsaturated substitutes 

(Sizuki-Miyuara coupling) is an extremely important synthetic tool,
57

 with specific 

examples of coupling to vinyl epoxides using Pd(II) having been previously 

reported.
58

 To evaluate the effect of creating a catalytically active nanostructure, a 

small molecule analogue of 2.09 was also synthesised, 2.12.
57, 58

 The catalytic 

activity of 2.09 and 2.12 were compared for the coupling reaction described in 

Scheme 4. Reagents were added simultaneously to the catalyst solution at 2 mol% 

and the mixture was agitated at 25 °C (Note: for the micellar system it was not 

necessary to pre-form the micelles in water and the order of reagent addition did not 

affect the catalysis significantly). Samples from both reactions were removed at set 

times and analysed by 
1
H NMR spectroscopy in D2O and CDCl3 for 2.09 and 2.12 

respectively in order to follow the reaction kinetics (an example 
1
H NMR spectrum 

showing how conversion was determined is discussed later, Figure 49).  
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Figure 44. Conversion vs. time data for catalysis by 2.12 at 2 mol %, showing the 

distribution of products and the total conversion. 

The reaction times of the benchmark catalyst, 2.12 (at 2 mol %) in THF (Figure 44), 

were similar to previous literature, where 16 hours in THF gave 84 % yield.
58

 Figure 

44 also shows that the product distribution remains constant throughout the reaction 

1 : 2 : 11 (2.14Z : 2.13 : 2.14E), with the linear E alkene (2.14E) being the most 

favoured. Again this is similar to the previous literature which showed a 11 : 1 ratio 

of linear to branched for a similar pincer ligand.
58

 The data indicated the new SCS 

pincer complex 2.12 catalyses this Suzuki–Miyaura effectively and performs 

comparably to other pincer catalysts. 



 

88 

 

  

Figure 45. Conversion vs. time data for catalysis by 2.09 at 2 mol %, showing the 

distribution of products and the total conversion (2.13 + 2.14E + 2.14Z). 

The self-assembled structures of polymer 2.09 in water (also at 2 mol%) catalysed 

the reaction approximately 100 times quicker than 2.12 in organic solvents (Figure 

45 and Figure 44). Figure 45 also shows that the ratio of product distribution 

remains constant throughout the reaction (1 : 6 : 7) (2.14Z : 2.13 : 2.14E), for 

catalysis by 2.09 but that the selectivity toward the linear 2.14E is diminished. This 

was also seen for Uozumi’s nanoreactors which had a selectivity of 1 : 1 for the 

linear vs. branched products (the E/Z selectivity was not mentioned). This suggests 

that the product distribution can possibly be altered by performing the reaction in a 

confined environment. However, for a similar coupling reaction using allylic alcohol 

and boronic esters, it has been shown that more protic environments lead to 

enhanced selectivity towards branched alcohols over the linear product,
59

 therefore 

the difference here could also be due to the reaction environment (aqueous vs. 

organic). Another interesting comparison between the kinetics of 2.09 and 2.10 is 
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related to the reaction profile. By simple inspection 2.09 appears to show a first order 

kinetic profile whereas 2.10 appears to be zero order (with respect to reactant 

concentration). Typically, zero order reactions occur when the rate limiting step is 

during the catalytic cycle (i.e. the catalyst is effectively saturated with reactants). In 

the case of 2.09 this rate limiting step must have changed which causes both an 

increase in overall reaction rate and a shift to first order kinetics. Further 

investigation is needed for a more detailed understanding of the change in kinetic 

profiles and this is discussed later in relation to the recycling experiments. Due to the 

poor solubility of PAA in chloroform separation of reactants and polymer supported 

catalyst was achieved by simple extraction with CDCl3. After 3 extractions with 

CDCl3 no product could be observed in the water phase by 
1
H NMR spectroscopy, 

indicating complete extraction. For the reaction with 2.09 at 2 mol % 100 % 

conversion was reached in less than 20 minutes, isolated yields were quantitative 

(measured by 
1
H NMR using DMF as an internal standard) and the products could 

be characterised after extraction without the need for further purification (Figure 

46). 

.  

Scheme 5. Reaction protocol for catalysis by 2.09 in water. 

CDCl3

Micelles + product product

Micelles

Shake Separate

Starting materials + 

2.09 + water
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Figure 46. 
1
H NMR spectrum of the crude products 2.13 and 2.14 after extraction 

with CDCl3. 

Control reactions in water using 2.10 (a PAA-pincer amphiphile which self-

assembled but without Pd complexation) or 2.12 (which was insoluble in water) 

under the same conditions showed no product formation after 24 hours. This result 

indicates that the nanostructures must be capable of sequestering the hydrophobic 

substrates and also have the active Pd-pincer complex to promote effective catalysis 

in water. The dramatic rate increase observed in the self-assembled system 2.09 

compared to the small molecule reactions in organic solvents can be attributed to an 

increase in local concentration around the catalyst, driven by the hydrophobic 

concentrator effect.
6, 11-13

 This increase of rate compared to the previously reported 

nanoreactor vesicle system,
60

 is attributed to an increase in nanoreactor surface area 

due to a reduced particle radius of the spherical or cylindrical micelles compared to 

vesicles, as well as the orientation in active site location; here the active site is facing 

inward towards the hydrophobic domain which creates a more hydrophobic local 
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environment (Figure 27). The dramatic rate increase for catalysis by 2.09 in water 

allows for this coupling reaction to be performed in minutes rather than hours. 

However, as Pd is expensive and the synthesis of pincer ligands is often time 

consuming it might be more desirable to perform the reactions at lower loadings 

rather than in shorter time scales.  

2.2.6 Catalytic activity at different polymer concentrations (and Pd 

loadings) 

 

Figure 47. Conversion against time data for catalysis by 2.09 (solid lines) at 

different loadings and 2.12 (dashed line) at 2 mol %, showing the total conversion. 

The kinetics of the self-assembled catalytic system, 2.09, were investigated as a 

function of catalyst loading by reducing the polymer concentration in solution (and 

hence micelle concentration). Figure 46 shows that even with 100 times less catalyst 

(0.02 mol %) the reaction is faster than 2.12 in organic solvents.  
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Scheme 6. Reaction of epoxy starting materials with water in the presence of 2.10 to 

aid solubility. Note: 2.10 was used to solubilise the starting materials in water. 

 

Figure 48. 
1
H NMR spectrum of epoxy starting material in CDCl3 and of the diol 

formed from reaction of the epoxy starting material with water in D2O after 24 

hours.  

However, under basic aqueous conditions the epoxide is prone to attack by 

hydroxide nucleophiles and forms a diol. While Pd is known to catalyse this ring 

opening,
61

 the diol product was also observed in basic aqueous conditions in the 

absence of Pd. This side reaction is negligible for short reaction times but becomes 

significant at < 0.2 mol % catalysis. The side reaction can be monitored by 
1
H NMR 

spectroscopy and the conversion adjusted accordingly, so that at < 0.2 mol % the 

reaction never reaches 100 %. 
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Figure 49. 
1
H NMR spectrum for catalysis by 2.09 at 0.1 mol % after 60 min. The 

labelled peaks show those which were used for determining conversion and the 

amount of epoxy starting material which had degraded.  

Despite the competing decomposition, turnover numbers (TON) of 872 (0.1 mol %) 

and 3500 (0.02 mol %) can be achieved. At 0.002 mol % (0.01 mg mL
-1

 of polymer) 

the reaction rate is significantly reduced which is likely to be due to the break-up of 

the assembled structures due to the low concentration (well below the CMC as 

indicated by DOSY NMR, Figure 42) and hence the hydrophobic starting materials 

could not be sequestered (this could also been seen visually as the starting materials 

were not solubilised in the reaction media). At catalyst loadings of 2, 0.2 and 0.1 mol 

% turn over frequencies (TOF) (at 30 % conversion) of 7, 22 and 32 min
-1

 

respectively were achieved. The latter is ca. 1500 times greater than that of 2.12 at 2 

mol % (the small molecule catalyst) where the TOF (at 30 %) was 0.022 min
-1

. The 

increase of TOF with decreasing catalyst loading indicates that the initial rate of 

reaction is limited by the rate of substrate encapsulation into the core. For high 
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concentrations, there is an excess of active catalyst sites in the core with respect to 

substrates and therefore not all catalytic sites are continuously turning over 

substrates. At lower concentrations there are less active sites, therefore, each 

individual Pd centre is working more efficiently.  

2.2.7 Decoupling polymer concentration with Pd loading 

In the previous section the catalyst loading (mol %) was reduced by decreasing the 

amount of polymer added to the reaction mixture. This changes two parameters for 

the catalytic system: the catalyst loading (mol %); and the concentration of micelles 

(mg mL
-1

 of polymer). In order to further reduce catalyst loadings while retaining 

high activity it would be desirable to decouple these two parameters, i.e. to be able to 

reduce the mol % while retaining the same concentration of micelle forming 

polymer. In an attempt to decouple the micelle concentration from catalyst loading, 

reactions were performed with mixtures of 2.09 and 2.10. It was hoped that by 

mixing these two polymers, mixed micelles (micelles containing both 2.09 and 2.10, 

Figure 50) would form. Using the same conditions as 0.1 mol % catalysis by 2.09, 

the mass of 2.10 was added to give an equivalent polymer concentration to that in the 

0.2 mol % experiment (i.e. the mass of each polymer added was roughly the same). 

Figure 51 shows kinetic data for reactions performed at 0.1 mol % by 2.09 and by 

2.09 with unfunctionalised polymer 2.10. The kinetics show that when polymer 2.10 

is added to the reaction mixture the rate decreases. This could indicate that two 

discrete micellar aggregates are forming in solution: micelles made from 2.09 

(catalytically active); and micelles made from 2.10 (not catalytically active).  
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Figure 50. Schematic of micelles formation from polymer 2.09 and mixed micelle 

formation from polymers 2.09 and 2.10. 

Both types of micelles are capable of sequestering starting material but only the 

micelles formed from 2.09 are able to promote catalysis. This theory was 

corroborated by a second experiment performed with an excess of 2.10 compared to 

2.09 (90 % by weight) which showed no conversion after 120 min, which is to be 

expected as they will be sequestering ca. 90 % of the starting materials. 

 

2.09 2.09 2.10

H2O

Micelles Mixed Micelles
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Figure 51. Conversion vs. time data for catalysis by 2.09 and 2.09 + 2.10 at 0.1 

mol % showing the total conversion. 

2.2.8 Recycling and degradation experiments 

One major benefit for supported catalysis is the ability to recover and reuse 

expensive or precious materials. As demonstrated in Scheme 5 the reaction protocol 

allows for easy recycling of the micelles via extraction of the products by chloroform 

and simple separation of the organic and aqueous layers. However, once recycled 

2.09 shows a significant decrease in activity compared to the initial run (Figure 52), 

furthermore the kinetics show a reaction profile similar to the small molecule 

catalysts (zero order with respect to starting materials). It is well known that these 

Pd-pincer complexes can degrade and leach out from the support, forming highly 

catalytically active Pd(0).  



 

97 

 

 

Figure 52. Conversion vs. time data for catalysis by 2.09 at 0.2 mol % showing the 

total conversion for the initial run and the recycled polymer. 

Weck
62-64

 and co-workers have studied this extensively and several reviews have 

been published on the subject;
65, 66

 they showed that during early stages in the 

reaction, polymer tethered Pd(II) is converted into free Pd(0) and that it is this free 

Pd(0) that is the true catalyst in the reaction. One obvious downside of this is that the 

free Pd(0) cannot be easily recycled. Typically these degradation reactions were 

observed for Heck coupling, where pincer compounds were subject to high 

temperatures (> 100°C).
65

 However, Gebbink and van Koten
67

 recently reported the 

first example of SCS-pincer Pd degradation under extremely mild reaction 

conditions (e.g. low temperature, non-acidic, non-basic conditions) for the 

stannylation of cinnamyl chloride with hexamethylditin. This work suggests that the 

decomposition of such complexes is inherent to the catalytic cycle and not a result of 

harsh or inappropriate reaction conditions. The drop on reactivity upon recycling 

indicates that degradation is taking place during the catalytic cycle and the switch 
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from first to zero order kinetics indicates that this degradation to Pd(0) is somehow 

linked to the kinetic profile. Two common tests for evaluating Pd leaching and its 

effect on the catalytic activity of the supported system are to add Hg(0) or poly(vinyl 

pyridine) (PVP) to the reaction mixture. Both PVP and Hg(0) are strong Pd binders 

and capable of shutting down its catalysis and have been used previously to test the 

leaching of tethered Pd to free Pd in solution.
63, 64, 67, 68

 Figure 53 shows that the 

addition of Hg(0) (250 eq) or PVP  (200 eq) to the reaction mixture results in 

retardation of the reaction kinetics which again indicates that free Pd is forming 

during the reaction and is at least partially responsible for catalysis. Inductively 

coupled plasma atomic emission spectroscopy (ICP-OES) was used to confirm the 

degree of degradation after one cycle at 0.2 mol %. ICP-OES measurements of 2.09 

before the reaction found 867 parts per billion (ppb) of Pd (expected 837 ppb, 

reaction solution diluted 30x water). After 2 h PVP was added to the reaction 

mixture (34 mg) to bind any free Pd(0). The PVP was then removed by 

centrifugation, a small portion of the supernatant was then removed (diluted 30x 

with water) and analysed by ICP-OES which showed 521 ppb of Pd remained (40% 

loss). The recycling and degradation experiments clearly indicate Pd leaching occurs 

during the reaction, which is consistent with previous literature and provides another 

example of leaching occurring under mild reaction conditions (room temperature).  
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Figure 53. Conversion vs. time data for catalysis by 2.09 at 0.2 mol % and 2.09 with 

added Hg(0) or PVP 

2.3 Conclusions 

The ability of palladium containing polymeric nanoreactors to sequester substrates 

due to the hydrophobic effect provides an opportunity to lower catalyst loadings 

while maintaining high catalytic activity. For this system, TONs were increased 

significantly upon decrease in catalyst loading and this resulted in high efficiency 

reactions where TOFs of 32 min
-1

 were achieved. Higher TONs were also achieved 

by further decreasing the catalyst concentration. It has been confirmed that SCS-

pincer ligands are not suitable for recycling experiments due to the formation of free 

Pd(0). Given these limitations, the incorporation of pincer ligands into hydrophobic 

nanopockets to significantly reduce the loadings of otherwise relatively poor 

performing pincer catalysts becomes much more important. While the analysis of the 

self-assembled structures 2.09 and 2.10 is convincing, more in-depth analysis was 
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not possible due to the mixed morphology. In order to study the effect of catalytic 

activity vs. changes in particle architecture it would be desirable to have a well-

defined, more thoroughly analysed system. This analysis problem will be the 

addressed in the next chapter.  

2.4 Experimental Section  

2.4.1 Materials 

All chemicals were used as received from Aldrich, Fluka, or Acros unless otherwise 

stated. tButyl acrylate were distilled over CaH2 prior to use and stored at 5 °C. AIBN 

[azobisisobutyronitrile] was recrystallized twice from methanol and stored in the 

dark at 5 °C. DDMAT [S-dodecyl-S’-(α’,α’-dimethyl-α’’-acetic acid)] was 

synthesised as previously reported.
43

 

2.4.2 Instrumentation 

1
H NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3. 

Chemical shifts are given in parts per million (ppm) downfield from 

tetramethylsilane (TMS). For the DOSY experiments, D values were extracted from 

the spectra using the SCORE algorithm and the DOSY Toolbox, with the D value 

taken as the average of four peaks arising from the polymer. A 500W halogen lamp 

was purchased from a local hardware store. from a Size exclusion chromatography 

(SEC) measurements were conducted on a system comprised of a Varian 390-LC-

Multi detector suite fitted with differential refractive index (DRI) and ultra-violet 

(UV) detectors and equipped with a guard column (Varian Polymer Laboratories 
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PLGel 5 µM, 50 × 7.5 mm) and two mixed D columns (Varian Polymer Laboratories 

PLGel 5 µM, 300 × 7.5 mm). The mobile phase was tetrahydrofuran with 5% 

triethylamine operating at a flow rate of 1.0 mL.min
-1

, and samples were calibrated 

against Varian Polymer laboratories Easi-Vials linear poly(styrene) standards (162 - 

2.4 × 10
5
 g.mol

-1
) using Cirrus v3.3 software. Cryo-TEM samples (2 mg mL

-1
 in 

D2O) were examined using a Jeol 2010F TEM operated at 200 kV and imaged using 

a GatanUltrascan 4000 camera. Images were captured using Digital Micrograph 

software (Gatan). A 3 µL droplet of the sample solution at ambient temperature was 

added to a holey carbon-coated copper grid, and the grid was blotted to remove 

excess solution. Subsequently, the grid was plunged into liquid ethane to vitrify the 

sample. The temperature of the cryo stage was maintained below -170 °C, using 

liquid nitrogen, during imaging. Small Angle Neutron Scattering (SANS) 

experiments were conducted at ambient temperatures on the NG-7 30 m SANS 

instrument at the National Institute of Standards and Technology (NIST) Center for 

Neutron Research (NCNR) (Gaithersburg, MD, United States). Measurements were 

made using an incident neutron wavelength of 6.0 Å with a wavelength spread 

(Δλ/λ) of 0.12 and sample to detector distances of 1.0 m, 4.0 m, and 13.5 m. 

Additional low-q data were collected at a detector distance of 15.3 m using an 

incident neutron wavelength of 8.09 Å with Δλ/λ = 0.12 and focusing lenses. The 

total q-range used for these experiments was 0.001 Å-1 < q < 0.6 Å-1, where the 

scattering vector is defined as q = 4π/λ sin (θ/2), and θ is the scattering angle. SANS 

data were reduced using the standard procedure provided by NIST. Samples were 

prepared at 2 mg mL
-1

 in D2O.
53
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2.4.3 Synthetic Procedures 

Synthesis of 2.01 

5-bromo-m-xylene (25.0 g, 0.135 mol), N-bromosuccinimide (NBS) (57.6 g, 0.324 

mol) azobisisobutyronitrile (AIBN) (0.125 g, 0.761 mmol) and methyl formate (300 

mL) were added to a 1 L round bottom flask fitted with a reflux condenser. The 

reaction mixture was stirred and illuminated with a 500 W incandescent lamp at a 

distance of ca. 30 cm for 18 h. Next, the methyl formate was removed in vacuo 

leaving a yellow solid. The solid was dissolved in dichloromethane and washed with 

saturated brine until the solution was virtually colourless. Removal of the solvent in 

vacuo resulted in an off-white solid. Then, the solid was recrystallized from diethyl 

ether to afford 17.5 g of white needles (38% yield). 
1
H NMR (CDCl3): δ (ppm) 7.48 

(s, 2H, Ar-H), 7.34 (s, 1H, Ar-H), 4.40 (s, 4H, CH2Br). 
13

C {
1
H} NMR (CDCl3): δ 

(ppm) 140.3, 132.0, 128.3, 122.7. 31.5. C8H7Br3 Calc. C, 28.03; H, 2.06; Br, 69.92, 

Found C, 28.00; H, 1.95; Br, 69.97. 

Synthesis of 2.02 

2.01 (6.00 g, 17.5 mmol), potassium hydroxide (4.90 g, 87.5 mmol) and 18-crown-6 

(0.462 g, 1.75 mmol) were added to a round bottom flask (500 mL) with 

tetrahydrofuran (ca. 200 mL) at 0 °C under N2. Dodecanethiol (16.0 ml, 70.0 mmol) 

was added dropwise over 30 min. The reaction mixture was stirred at room 

temperature overnight. Then, the reaction mixture was dried to remove any 

remaining dodecanethiol. The crude mixture was purified by column 

chromatography (petroleum ether) and recrystallized twice from hexane. 3.24 g of a 
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light yellow solid was recovered (31% yield). 
1
H NMR (CDCl3): δ (ppm) 7.34 (s, 

2H, Ar-H), 7.18 (s, 1H, Ar-H), 3.63 (s, 4H, SCH2-Ar), 2.40 (t, J = 7.4 Hz, 4H, 

SCH2CH2), 1.50-1.60 (m, 4H, SCH2CH2), 1.35-1.18 (br m, 36H, (CH2)9CH3), 0.88 

(t, J = 6.8 Hz, 6H, CH2CH3).
 13

C {
1
H} NMR (CDCl3): δ (ppm) 141.1, 130.3, 128.0, 

122.4, 35.7, 31.9, 31.5, 29.7, 29.6, 29.4, 29.3, 29.2, 28.9, 22.7, 14.1. C32H57Br1S2 

Calc. C, 65.61; H, 9.81; Br, 13.64; S, 10.95, Found C, 65.67; H, 9.87; Br, 13.72; S, 

10.94. 

Synthesis of 2.03  

A clean, dry ampoule containing a magnetic stirrer bar was evacuated and back-

filled with N2 three times. 2.02 (3.46 g, 5.91 mmol) was added to the ampoule, and 

the evacuation/back-filling process was repeated three times. Dry diethyl ether (ca. 

80 mL) was added via cannula transfer, and the solution was cooled to -78 °C. t-

butyl lithium (1.7 M in pentane, ca. 8 mL, 13 mmol), was added dropwise via 

cannula transfer, with stirring. The reaction mixture was stirred for 2 h at -78 °C. 

Dimethyl formamide (ca. 1 mL, 13 mmol) was added via a syringe, and the reaction 

mixture was allowed to warm to room temperature and stirred overnight. The crude 

product was washed with water, NaOH (1 M) and brine. The aqueous layers were 

extracted with diethyl ether. All organic layers were combined and dried under 

vacuum overnight. The crude product was recrystallized twice from hexane. 2.16 g 

of a white solid was recovered (68 % yield). 
1
H NMR (CDCl3): δ (ppm) 10.00 (s, 

1H, CHO), 7.70 (s, 2H, Ar-H), 7.56 (s, 1H, Ar-H), 3.75 (s, 4H, SCH2-Ar), 2.40 (t, J 

= 7.4 Hz, 4H, SCH2CH2), 1.50-1.60 (m, 4H, SCH2CH2), 1.35-1.18 (m, 36H, 

(CH2)9CH3), 0.88 (t, J = 6.8 Hz, 6H, CH2CH3). 
13

C {
1
H} NMR (CDCl3): δ (ppm) 
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191.9, 140.3, 136.9, 135.2, 128.6, 35.8, 31.9, 31.6, 29.7 29.6, 29.5, 29.4, 29.3, 29.2, 

28.9, 22.7, 14.1. C33H58OS2 Calc. C, 74.09; H, 10.93; O, 2.99; S, 11.99, Found C, 

74.10; H, 10.95; O, 2.98; S, 11.97. 

Synthesis of 2.04  

Lithium aluminium hydride (0.834 g, 21.95 mmol) was weighed into a clean dry 

Schlenk flask. The flask was evacuated and back-filled with N2 three times. Then, 

dry diethyl ether (ca. 75 mL) was added via cannula transfer forming a green 

suspension. 2.03 (1.728 g, 2.20 mmol), dissolved in dry diethyl ether (ca. 25 mL), 

was added via cannula transfer to the Schlenk flask under nitrogen at 0 °C with 

stirring. The reaction mixture was allowed to warm to room temperature and stirred 

under nitrogen for 3 days. A saturated brine solution (ca. 20 mL) was carefully 

added to the reaction mixture. The solution was filtered, and the organic layer was 

repeatedly washed with brine. All volatiles were removed under vacuum, and 0.92 g 

of white solid was recovered (78 % yield). 
1
H NMR (CDCl3): δ (ppm) 7.19 (s, 2H, 

Ar-H), 7.18 (s, 1H, Ar-H), 4.68 (d, J = 6.0 Hz, 2H, CH2OH), 3.69 (s, 4H, SCH2-Ar), 

2.40 (t, J = 7.4 Hz, 4H, SCH2CH2), 1.63 (t, J = 6.0 Hz, 1H, CH2OH), 1.50-1.60 (m, 

4H, SCH2CH2), 1.35-1.18 (m, 36H, (CH2)9CH3), 0.88 (t, J = 6.8 Hz, 6H, CH2CH3). 

13
C {

1
H} NMR (CDCl3): δ (ppm) 141.5, 139.2, 128.6, 126.0, 65.0, 36.2, 31.9, 31.6, 

29.7, 29.6, 29.4, 29.3, 29.0, 22.7, 14.1. C33H60OS2 Calc. C, 73.81; H, 11.26; O, 2.98; 

S, 11.94, Found C, 73.81; H, 11.32, O, 3.00; S, 11.87. 
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Synthesis of 2.05 

S-dodecyl-S’-(α’,α’-dimethyl-α’’-acetic acid) (DDMAT) (0.580 g, 1.59 mmol) was 

dissolved in dichloromethane (ca. 20 mL) at 0 °C, under N2. Then, N-(3-dimethyl-

aminopropyl)-N-ethylcarbodiimide hydrochloride (0.308 g, 1.59 mmol) and 4-

(dimethyl amino)pyridine (0.032 g, 0.27 mmol) were added, and the reaction mixture 

was stirred for 1 h. Next, 2.04 (0.712 g, 1.33 mmol) was added, and the reaction 

mixture was stirred at room temperature for 3 days. Finally, N-(3-dimethyl-

aminopropyl)-N-ethylcarbodiimide hydrochloride (0.308 g, 1.59 mmol) and 4-

(dimethyl amino)pyridine (0.032 g, 0.27 mmol) were added to drive the reaction to 

completion, and the mixture was stirred for an additional 2 days. The reaction 

mixture was extracted three times with a saturated brine solution, dried over 

magnesium sulphate, and filtered. The organic solution was removed in vacuo, and 

the crude product was purified via column chromatography using 40:1 petroleum 

ether:ethyl acetate. 1.17 g of 2.05 (yellow solid) was recovered (78 % yield). 
1
H 

NMR (CDCl3): δ (ppm) 7.20 (s, 1H, Ar-H), 7.13 (s, 2H, Ar-H) 5.01 (s, 2H, Ar-

CH2O), 3.69 (s, 4H, SCH2-Ar), 3.26 (t, J= 7.6 Hz, 2H, SCSCH2), 2.40 (t, J = 7.4 Hz, 

4H, SCH2CH2) 1.70 (s, 6H, C(CH3)2) 1.64 (tt, J = 7.6, 7.2 Hz, 2H, SCSCH2CH2), 

1.50-1.60 (m, 4H, SCH2CH2), 1.35-1.18 (br m, 54H, (CH2)9CH3), 0.88 (t, J = 6.8 Hz, 

9H, CH2CH3). 
13

C {
1
H} NMR (CDCl3): δ (ppm) 221.2, 172.7, 139.2, 136.1, 129.1, 

127.0, 67.4, 55.9, 37.0, 36.1, 32.0, 31.5, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 29.3, 29.2, 

29.0, 28.9, 27.9, 25.4, 22.7, 14.2. C50H90O2S5, Calc. C, 67.97; H, 10.27; O, 3.62; S, 

18.15, Found C, 68.03; H, 10.39; O, 3.65; S, 17.93. 
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Polymerization of tert-butyl acrylate, 2.06 

2.05 (0.094 g, 0.11 mmol), t-butyl acrylate (0.776 mL, 5.30 mmol), AIBN (1.7 mg, 

0.011 mmol) and dioxane (0.776 mL) were added to a clean dry ampoule under N2 

(g). The solution was degassed via 3 freeze-pump-thaw cycles and heated to 65 °C 

for 2 hours under N2 (g) with stirring. The viscous solution was dissolved in the 

minimum amount of THF, and the polymer was precipitated into 9:1 cold 

MeOH:H2O. The MeOH:H2O solution was decanted, and the polymer was dissolved 

in THF. Then, the solution was dried over MgSO4 and filtered, and the solvent 

removed in vacuo. 0.369 g of yellow polymer, 2.06 was recovered. Mn
NMR

 = 6.9 

kDa, Mn
SEC

= 8.1 kDa, Ð
SEC

 = 1.07. 
1
H NMR (CDCl3): δ (ppm) 7.20 (s, 1H, Ar-H), 

7.14 (s, 2H, Ar-H), 5.05 (s, 2H, Ar-CH2O), 3.68 (s, 4H, SCH2-Ar), 3.33 (t, J = 7.6 

Hz, 2H, SCSCH2), 1.20-1.50 (br, C(CH3)3 polymer backbone), 1.30-2.30 (br, CH 

and CH2 polymer backbone). 

End group removal of poly(tert-butyl acrylate), 2.07 

Polymer 2.06 (0.36 g, 0.052 mmol), AIBN (0.003 g, 0.02 mmol), 1-ethylpiperidine 

hypophosphite (EPHP) (0.046 g, 0.26 mmol) and toluene (ca 5 mL) were added to a 

clean dry ampoule under N2 (g). The reaction vessel was degassed via 5 freeze-

pump-thaw cycles. The ampoule was filled with N2 (g) and heated to ca. 100 °C for 

12 hours. All volatiles were removed in vacuo, and the white solid was dissolved in a 

minimum volume of THF. The polymer was precipitated into MeOH:H2O 9:1 (ca. 

100 mL). The solution was decanted from the solid polymer, and the polymer was 

re-dissolved in THF. Then, the solution was dried over MgSO4 and filtered, and the 

solvent removed in vacuo to afford 0.26 g of a white polymer, 2.07. Mn
SEC 

= 7.1 kDa 
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kDa, Mn/Mw
SEC

 = 1.07. 
1
H NMR (CDCl3): δ (ppm) 7.20 (s, 1H, Ar-H), 7.14 (s, 2H, 

Ar-H), 5.05 (s, 2H, Ar-CH2O), 3.68 (s, 4H, SCH2-Ar), 1.20-1.50 (br, C(CH3)3 

polymer backbone), 1.30-2.30 (br, CH and CH2 polymer backbone). 

Complexation of poly(t-butyl acrylate), 2.08 

Polymer 2.07 (0.250 g, 0.038 mmol), tetrakis(acetonitrile)palladium(II) 

tetrafluoroborate (50 mg, 0.11 mmol) and acetonitrile (ca. 15 mL) were added to a 

clean dry ampoule. The reaction vessel was degassed via 5 freeze-pump-thaw cycles. 

The ampoule was filled with N2 (g) and stirred at room temperature for 2 days. The 

acetonitrile was removed in vacuo, and the polymer was re-dissolved in THF. After 

stirring for ca. 10 min, activated charcoal was added to remove the excess palladium. 

The solution was filtered, and the THF removed in vacuo affording a light orange 

solid, 2.08 that was used without further purification. 

Deprotection of poly(tert-butyl acrylate) to form poly(acrylic acid), 2.09 

2.08 (0.25 g, 0.038 mmol) and trifluoroacetic acid (TFA) (4.3 g, 37 mmol) were 

dissolved in CH2Cl2 (ca. 10 mL) at 0 °C. The solution was stirred at 0 °C for 60 min 

then allowed to warm to room temperature overnight. All volatiles were removed 

under N2 (g), and the remaining white solid was dissolved in THF:H2O 1:1, 

transferred to a dialysis membrane tube (molecular weight cut-off [MWCO] 1.0 

kDa), and dialyzed against deionized water (3 L) with 7 water changes. 

Lyophilization resulted in 0.15 g of yellow solid, 2.09. 
1
H NMR (DMSO): δ (ppm) 

12.50 (br, OH polymer backbone), 6.93 (s, 2H, Ar-H), 4.86 (br, 2H, Ar-CH2O), 4.34 

(br, 4H, SCH2-Ar), 2.49-1.00 (br, CH and CH2 polymer backbone). 
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Synthesis of poly(acrylic acid) polymer, 2.10 

Synthesis was repeated as for 2.09 but without the complexation step 2.08. 
1
H NMR 

(DMSO): δ (ppm) 12.50 (br, OH polymer backbone), 7.18 (s, 1H, Ar-H), 7.13 (s, 

2H, Ar-H), 4.99 (s, 2H, Ar-CH2O), 4.34 (br, 4H, SCH2-Ar), 2.49-1.00 (br, CH and 

CH2 polymer backbone). 

Synthesis of 2.11 

Dibromo-m-xylene (3.0 g, 11 mmol), 18-crown-6 (0.30, 1.4 g) and KOH (3.2 g, 57 

mmol) were added to a Schlenk tube with THF (ca. 100 mL) at 0 °C under N2 (g). 

Dodecanethiol (14 mL, 57 mmol) was added dropwise over 10 min. The reaction 

mixture was stirred at room temperature for 24 hours. The white precipitate that 

formed during the reaction was removed via filtration, and the reaction mixture was 

dried in vacuo. The product was dissolved in dichloromethane, and the organic 

solution was washed twice with sodium hydroxide (150 mL, 1M) and once with a 

saturated brine solution. The crude mixture was purified by column chromatography 

using 4:1 hexane:dichloromethane to afford 2.8 g of an off-white solid, 2.11 (49% 

yield). 
1
H NMR (CDCl3): δ (ppm) 7.25-7.17 (m, 4H, Ar-H), 3.68 (s, 4H, SCH2-Ar) 

2.40 (t, 4H, J = 7.2 Hz, SCH2CH2) 1.55 (m, 4H, SCH2CH2) 1.25 (m, 36H, 

(CH2)9CH3), 0.88 (t, 6H, J = 6.8 Hz, CH2CH3). 
13

C {
1
H} NMR (CDCl3): δ (ppm) 

138.9, 129.3, 128.6, 127.4, 36.2, 31.9, 31.4, 29.7, 29.6, 29.6, 29.4, 29.3, 28.9, 22.7, 

14.1. C32H58S2 Calc. C, 75.82; H, 11.53; S, 12.65, Found C, 75.92; H, 11.49; S, 

12.65. 
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Synthesis of 2.12 

2.11 (0.10 g, 0.20 mmol) and tetrakis(acetonitrile)palladium(II) tetrafluoroborate 

(0.105 g, 0.24 mmol) were dissolved in acetonitrile (ca. 10 mL). The stirred solution 

was purged with N2 (g) for ca. 2 hours, sealed, and stirred for ca. 24 hours. Then, the 

solvent was removed in vacuo leaving a yellow precipitate. The solid was dissolved 

in the minimum amount of acetonitrile, to which ether was added dropwise forming 

a black precipitate. The solution was filtered, and the solvent removed in vacuo, 

affording 0.072 g of light brown flaky solid, 2.12 (50% yield). 
1
H NMR (CDCl3): δ 

(ppm) 7.04-6.94 (m, 3H, Ar-H), 4.22 (br, 4H, SCH2-Ar) 3.13 (t, 4H, J = 7.2 Hz, 

SCH2CH2), 2.38 (s, br, 3H, PdNCCH3), 1.83 (tt, 4H, J = 7.6, 7.6 Hz, SCH2CH2), 

1.25 (m, 36H, (CH2)9CH3), 0.88, (6H, t, J = 6.8 Hz, CH2CH3). 
13

C {
1
H} NMR 

(CDCl3): δ (ppm) 149.1, 124.3, 122.3, 37.6, 30.9, 28.6, 28.6, 28.5, 28.3, 28.2, 27.6, 

21.7, 13.1. C32H57PdS2 HRMS: m/z 611.2945, [M-MeCN].
70

 

2.4.4 Catalysis Procedures 

2 mol% catalyst loading using pincer compound 2.09 

3,4-Epoxy-1-butene (5.53 mg, 78.9 µmol), phenyl boronic acid (12.0 mg, 98.6 µmol) 

and caesium carbonate (55.7 mg, 157.8 µmol) were added to 0.7 mL of a D2O stock 

solution of 2.09 (at a concentration of 10 mg mL
-1

). Then, the solution was agitated 

at 25 °C. For kinetics experiments, samples were removed at predetermined times 

for analysis by 
1
H NMR spectroscopy. Products were extracted twice with 1 mL 

CDCl3 and analysed by 
1
H NMR spectroscopy. Dimethyl formamide was used as an 
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internal standard to determine the reaction yield. For lower mol % experiments, the 

stock solutions of the assemblies were diluted accordingly. 

2.14 E 
1
H NMR (CDCl3): δ (ppm) 7.24-7.08 (5H, m, Ar-H), 5.75-5.84 (m, 1H, 

OHCH2HC=CH), 5.70 (m, 1H, OHCH2CH), 4.02 (d J = 5.6 Hz, 2H, OHCH2), 3.28 

(d J = 2.8 Hz, 2H, Ar-CH2) 

2.14 Z 
1
H NMR (CDCl3): δ (ppm) 7.24-7.08 (m, 5H, Ar-H), 5.75-5.84 (m, 1H, 

OHCH2HC=CH), 5.70 (m, 1H, OHCH2CH), 4.21 (d J = 5.2 Hz, 2H, OHCH2), 3.34 

(d J = 5.59 Hz, 2H, Ar-CH2) 

2.13 
1
H NMR (CDCl3): δ (ppm) 7.24-7.08 (m, 5H, Ar-H), 5.96-5.87 (ddd J = 10.4, 

7.6, 6.8 Hz, 1H, H2C=CHC), 5.13-5.06 (m, 2H, HC=CH2), 3.72 (d, J = 7.2 Hz, 2H, 

CH2OH), 3.44 (dt, J = 7.2, 7.2 Hz, 1H, Ar-CH). 

 

2 mol% catalyst loading using pincer compound 2.12 in THF 

3,4-Epoxy-1-butene (22.4 mg, 0.32 mmol), phenyl boronic acid (46.8 mg, 0.38 

mmol) and caesium carbonate (226 mg, 0.64 mmol) were added to 0.66 mL of 10:1 

THF:D2O. Then, the solution was agitated at 25 °C. For kinetics experiments, 

samples were removed at predetermined times for analysis by 
1
H NMR 

spectroscopy. 

2.4.5 Recycling and Degradation Experiments 

Reaction of the starting materials with water: 

3,4-Epoxy-1-butene (5.53 mg, 78.9 µmol) was added to 0.7 ml of a D2O stock 

solution of 2.10 (at a concentration of 10 mg mL
-1

). The solution was agitated for 24 

h at 25 °C.  
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Recycling experiment 

After the products were extracted from the initial reaction with CDCl3, the aqueous 

polymer solution of 2.09 was dried under vacuum to remove any residual CDCl3. 

Then, the catalysis reaction was repeated as described in the experimental section. 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) Study 

After performing the catalysis at 0.1 mol% and extraction of the products by CDCl3, 

the aqueous solution was analysed by ICP-OES and showed a Pd concentration of 

867 ppb (expected concentration was 837 ppb). Then, poly(vinyl pyridine) (PVP) 

(34.3 mg) particles were added to the solution to bind any free palladium that 

leached out of the micelles during the reaction. The solution was stirred for 2 h and 

then left to stand for 1 h to allow the PVP particles to settle. Next, the solution was 

analysed by ICP-OES, which gave a Pd concentration of 521 ppb, indicating that 

approximately 40% of the Pd had been removed by the PVP particles.  

Poisoning Experiments
63, 65, 66

 

Hg drop test: The catalysis was performed as described earlier, but with the addition 

of Hg (80 mg) to the solution.  

PVP Test: The catalysis was performed as described earlier, but with added PVP (10 

mg) to the catalysis reaction mixture. 
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Chapter 3. In-depth structural 

characterisation of Y-tailed 

amphiphilic homopolymer micelles 

by Cryo-TEM, SANS and LLS 
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3.1 Abstract 

The aqueous self-assembly of Y-tailed SCS pincer amphiphilic PNIPAM 

homopolymers has been studied in detail by NMR, Cryo-TEM, DLS, SLS, SANS 

and spectrophotometry. Although the hydrophobic ligand accounted for <5 wt % of 

the overall homopolymer mass, these polymers self-assembled into well-defined 

spherical micelles in aqueous solution. The data obtained from the scattering and 

microscopy techniques are compared in relation to scaling parameters and the factors 

which effect micelle size, and the shape of the NIPAM chains. Radial density 

profiles extracted from both the cryo-TEM micrographs and SANS models 

suggested that the PNIPAM chains formed a diffuse corona with a radially 

decreasing corona density profile, characteristic of star-like micelles. The similarity 

between the SANS and cryo-TEM results indicated that detailed information about 

the micelle density profile can be obtained directly from cryo-TEM and highlighted 

the utility of cryo-TEM in the structural characterisation of solution-assemblies.  In 

addition to the structural profiles, the thermo-responsive properties of these micelles 

were investigated. Changes in the micelle size or aggregation number did not affect 

the micelle cloud point upon heating; however, a hysteresis upon cooling was noted 

which dependent on the molecular weight of the polymer.   
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3.2 Introduction 

PNIPAM is widely used in the self-assembly of BCPs into various nanostructures. 

Perhaps its most attractive feature is its thermoresponsive nature, whereby at low 

temperatures (typically < 32 °C) the polymer is soluble in water, but upon heating 

(typically > 32 °C) the polymer becomes water insoluble due to intra- or inter- chain 

H-bonding being more favourable than polymer-water H-bonding.
1, 2

 The 

thermoresponsivity of PNIPAM has been exploited for self-assembled polymer 

systems by use in nanoreactor recovery,
3
 morphology switching systems

4, 5
 and drug 

delivery.
6
 Winnik has studied amphiphilic homopolymers based on PNIPAM in 

detail, with an early focus on telechelic polymers and their thermoresponsive 

properties
7-9

 as well as a more recent neutron scattering study on flower-like 

micelles.
10

 Amphiphilic homopolymers often self-assemble into spherical micelles at 

low concentrations due to their low hydrophobic content.  However, Lowe and Davis 

recently reported vesicles and cylinders formed from Y-tailed amphiphilic 

homopolymers of N,N-dimethylacrylamide (DMA) and N-(2-hydroxypropyl) 

methacrylamide (HPMA) with hydrophobic contents as low as 6 wt%, as 

characterised by SEM, DLS, and fluorescence spectroscopy (Figure 54).
11

  By 

changing the structure of the Y-shaped hydrophobic group, they determined that 

polymers end-functionalised with two rigid pyrene rings self-assembled into 

vesicles, while polymers functionalised with two flexible octadecyl chains formed 

spherical micelles at comparable weight fractions.   



 

122 

 

 

Figure 54. Cylinders (left) and vesicles (right) formed from Y-tailed amphiphilic 

homopolymers by changing the nature of the ‘Y’ group. 

Lowe and Davis’ report further demonstrates the importance of end groups in 

homopolymer solution-assembly and shows that amphiphiles, even with small 

hydrophobic components (< 10 wt %), can form a variety of well-defined nanoscale 

structures. In this chapter a series of Y-tailed amphiphilic PNIPAM homopolymers 

are synthesised and their solution assembly is studied in detail.  The work focuses on 

characterising the assemblies in water and understanding how changes in polymer 

length affect the nanostructures. The three different molecular weight PNIPAMs are 

analysed by tensiometry, fluorescence spectroscopy, NMR, Cryo-TEM, DLS, SLS, 

SANS and spectrophotometry. 
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3.3 Results and discussion 

3.3.1 Synthesis of SCS functionalised PNIPAMS, 3.04-3.06 and 

unfunctionalised PNIPAM 3.08 

 

Scheme 1.  Synthesis of end-functionalised PNIPAM polymers 3.04-3.06 and non 

functionalised PNIPAM 3.08.
 

In order to build well defined SCS pincer assemblies which could be accurately 

characterised, Y-tailed amphiphilic homopolymers of PNIPAM were synthesised. In 

relation to the Y-tailed PAA polymers synthesised in Chapter 2 (2.09 and 2.10) the 

degree of polymerisation (DP) was extended (from 50 to > 100) in an attempt to 

obtain a single population of spheres. Three different molecular weight (MW) 

PNIPAMs were synthesised using 2.05 in order to assess the effect of MW on the 

assemblies.  
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Table 4. Polymer characterisation data for 3.04-3.06 

Sample  Mn
a

   

(kDa) 

Mn
b
 

(kDa) 

Mw
c
 

(kDa) 

DP
PNIPAM

d

 
 Ð

a

 
 f

hydrophobic

e 

3.04  11.8 14.2 15.8 120  1.12  0.04  

3.05 20.3 21.0 25.3 180  1.21  0.03  

3.06 23.8 30.6 38.5 270  1.24  0.02  

a
From SEC based on PMMA standards in DMF.  

b
Based on end-group analysis from 

1
H NMR.  

c
Calculated from 

1
H NMR and SEC according to                 

           .  
d
determined

 
from 

1
H NMR end-group analysis.  

e
Hydrophobic 

weight fraction calculated from 
1
H NMR. 

A non end-functionalised PNIPAM was also synthesised using the RAFT agent 

DDMAT (precursor to 2.05) in order to perform control CMC experiments. The 

synthesis of the SCS pincer end functionalised polymers was performed using an 

analogous method to the PAA polymer in Chapter 2. The data for each polymer 

3.04-3.06 is summarised in Table 1 and example polymerisations are detailed in the 

experimental section. As in Chapter 2, the polymer degree of polymerisation was 

determined by 
1
H NMR end group analysis (Ha, Figure 55) which was subsequently 

used to determine Mn. For the light scattering analysis it is more appropriate to use 

Mw and this was subsequently determined by the equation 

                                  where DP is the degree of 

polymerisation, MWmonomer is the MW of the monomer, Ð is the dispersity 

(measured by SEC) and MWpincer is the MW of the end group. 
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3.3.2 
1
H NMR spectroscopy analysis 

 

Figure 55. 
1
H NMR spectra of 3.05 in CDCl3 and D2O, where boxed regions 

highlight the peaks associated with hydrophobic pincer end-group.  

Peaks associated with the hydrophobic pincer end-group were seen clearly in the 
1
H 

NMR spectra (at δ = 3.7, 1.2, and 0.8 ppm) in deuterated chloroform, a good solvent 

for both the end-group and the polymer (Figure 55).  However in D2O, a selective 

solvent for PNIPAM, the end-group peaks were attenuated.  The attenuation of these 

peaks indicated that the end-groups have become dehydrated / confined to a less 

mobile environment (consequently the nuclear spins have a longer relaxation time), 

which is indicative of either self-assembly or single chain nanoparticle formation. 

The PAA Y-tailed amphiphilic homopolymers in Chapter 2 formed a mixtures of 

spherical and cylindrical micelles, this combined with the difficulties in performing 

light scattering on samples due to the polyelectrolyte effect resulted in only a basic 

understanding of the size and morphology of the structures. Detailed analysis of the 

PNIPAM Y-tailed amphiphilic homopolymers should allow a much better 
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understanding of the assemblies formed from these types of structures and how the 

system can be altered by changing the length of the NIPAM chain. 

3.3.3 Evaluation of CMC by tensiometry
‡
 and fluorescence spectroscopy 

The CMCs could not be evaluated using DOSY NMR as used previously for the 

PAA 2.09 as the detection level of the technique is not sensitive enough, therefore 

CMCs were studied using surface tensiometry,
12

 and fluorescence spectroscopy.
13

 

Plots of surface tension (γ) vs. the log of surfactant concentration (c) can be used to 

determine the critical micelle concentration. For pure water, γ = 72 nN m
-1

, which 

decreases upon addition of surfactants because they adsorb preferentially at the air-

water interface. Upon micelle formation the surface tension becomes independent of 

surfactant concentration and this point can be defined as the CMC.
14

  

The surface tension measurements (Figure 56) indicate a trend in the CMC, 

3.04 < 3.05 < 3.06. This is in stark contrast to previous studies for BCPs and 

surfactants where the more hydrophobic amphiphiles have a lower CMC.
15-19

 

However, surface tension analysis of the unfunctionalised PNIPAM (3.08, DP =  

100) (Figure 56) shows an almost identical result to that of 3.04 (DP = 120) which 

indicates that PNIPAM itself is surface active (due to the hydrophobic backbone and 

hydrophilic side chains, Figure 57).  

                                                 

‡
 Tensiometry experiments were performed by Dave Adams and Lin Chen, University of Liverpool 
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Figure 56. Plot of surface tension as a function of polymer concentration for 3.04-

3.06 and 3.08  

 

Figure 57. Schematic of the proposed surface activity of PNIPAM. 

While CMC measurements using surface tensiometry are not common for PNIPAM 

or other vinyl polymers, there are examples in the literature and care should be taken 

to perform appropriate control experiments.
20-22

  With this in mind the trend of 

surface saturation with increasing NIPAM MW can easily be explained as the longer 

polymer chains will saturate the surface at lower molar concentrations because they 

cover a greater surface area.  
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Figure 58. Plot of the intensity ratio I339/I335 from the pyrene excitation spectra as a 

function of polymer concentration for 3.04-3.06, the dashed black line indicated the 

pyrene concentration in each solution. 

Winnik showed how the CMC of PS-b-PEO aggregates can be determined using 

pyrene and fluorescence spectroscopy.
13

 Encapsulation of pyrene into a hydrophobic 

domain results in changes to the absorption / emission spectra and consequently can 

be used to determine the onset of micelle formation. Specifically, there is a slight red 

shift in the excitation maximum (ca. 335 - 339 nm) upon encapsulation into a 

hydrophobic domain. Therefore plotting the change in the I335/I339 ratio vs. the log of 

polymer concentration shows the onset of micelle formation at the intersection 

between the slope and the flat line. The fluorescence measurements in Figure 58 

show apparent CMC values of ca. 1 µM, however as indicated by the dashed black 

line, the pyrene concentration in this experiment was 0.6 µM. As the molar 

concentration of pyrene is equivalent to the polymer molar concentration the change 

in pyrene environment (from hydrophobic to hydrophilic) is likely to be due to a 
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partitioning between micelles and the aqueous environment, due to an excess of 

pyrene, rather than a breakup of the micelles. Therefore it can be concluded that the 

CMC is ≤ 0.6 µM (ca. 10
-2

 mg ml
-1

). Note: the unfunctionalised PNIPAM (3.08) did 

not show a shift in excitation spectra showing that 3.08 is not capable of 

encapsulating a hydrophobe (Figure 59). 

 

Figure 59. Excitation spectra (λem  = 390 nm) for 3.04 and 3.08. 
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3.3.4 Analysis of self-assembled structures by cryo-TEM 

The solution assembly of samples 3.04-3.06 was also investigated using cryo-TEM 

(2 mg mL
-1

 in D2O).  Figure 60 shows all samples form spherical micelles of ca. 20-

40 nm in diameter. As the polymers 3.04-3.06 have the same hydrophobic end group 

as the polymers 2.09 and 2.10, the core sizes should be the same. The cryo-TEM and 

SANS analysis in Chapter 2 indicated the core of these SCS pincer structures should 

be on the order of a few nm, which means there must be significant scattering from 

the PNIPAM chains and that the corona is visible in addition to the core. While 

polymeric coronas often are not visible in cryo-TEM due to their hydrated nature, the 

direct visualisation of micelle coronas (including PNIPAM) has been reported 

previously.
23-27

  Being able to visualise the NIPAM corona makes determining an 

accurate size difficult as the particles do not have a well-defined edge. The polymer 

chain density should decrease from the core of the micelle to the ends of the polymer 

chains. As this density decreases the contrast against the vitrified water layer will be 

reduced making it difficult to define the particle edge.  

 

Figure 60. Cryo-TEM micrographs for 3.04 (left), 3.05 (center), and 3.06 (right) in 

D2O showing that the polymers self-assemble into spherical micelles.  Scale bars are 

50 nm. 
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Figure 61. Radial plot profiles from cryo-TEM image Figure 60c for 3.06. (a) 

shows an overlay of three plot profiles and (b) shows how micelle radius was 

determined for each micelle by extrapolating the slope of the radial profile to the 

background. 

Therefore circularly averaged plot profiles, starting from the centre of the micelle, 

were taken for each of the micelles in Figure 60, the intensity values were then 

normalised, giving the background intensity as zero. Figure 61a shows an overlay 

for three of the micelles formed from 3.06, indicating that the micelles are well 

defined, as they all overlay well. Figure 61b gives an example of how the sizes were 

determined by extrapolating the slope to the scattering of the background. Micelle 

radius (R) was determined to be 15 (± 1.0), 16 (± 0.5) and 19 (± 0.3) nm for 3.04, 

3.05 and 3.06 respectively. An increasing radius with DPcorona is expected from 

previous experimental literature and scaling theories for small molecule surfactants
15, 

17
 and BCP assemblies.

16, 18, 19, 28
 

Cryo-TEM is widely used to obtain quantitative structural information about 

biological molecules such as the radial density distribution of the tobacco mosaic 

virus
29

 and the 3D structure of many viruses.
30
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Figure 62. Average Radial plot profiles from the micelles in cryo-TEM images in 

Figure 60 for 3.04-3.06. 

Using a similar approach and assuming mass-thickness contrast dominates (i.e. small 

contribution from the phase contrast),
24, 29

 radial profiles from the cryo-TEM images 

should correspond to an average micelle density distribution. The radial plot profiles 

for each system (3.04-3.06) were averaged and overlaid to compare the effect on 

increasing DP on the assemblies (Figure 62). While the data set for these samples is 

small, there seems to be a clear difference between the corona profiles for each 

sample; this is discussed in more detail later in relation to the SANS data. It should 

be noted that these images were recorded keeping imaging parameters (beam 

intensity, focus, magnification, ice thickness) as constant as possible. This, combined 

with the general difficulties in performing cryo-TEM, and the difficulties associated 

with imaging very weakly contrasting samples, recording data for a large number of 

micelles was not possible and therefore validating this data further with scattering 

techniques was crucial.  
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3.3.5 Analysis of Self-assembled Structures by Laser Light Scattering 

 

Figure 63. Representative size distributions from DLS for 3.04-3.06 in H2O at a 

concentration of 2.0 mg mL
-1

.  The size distributions show a major population of 

small micelles, RH ~ 10 to 20 nm, and a minor population of large, spurious 

aggregates, RH ~ 200 nm. 

All scattering experiments were performed at concentrations much greater than the 

CMC (ca. 10
-2

 mg ml
-1

) in order to keep the concentration of unimers negligible. The 

aqueous solution assembly of these polymers was further investigated by DLS and 

SLS.  Representative size distributions from DLS for 3.04-3.06 at 2.0 mg mL
-1

 are 

shown in Figure 63.  At all concentrations, the DLS results showed a major 

population of small micelles with hydrodynamic radii (RH) of 10 - 20 nm, and a 

minor population of larger aggregates, RH ~ 200 nm.  These larger aggregates could 

not be removed by the addition of salts, filtration, changes in concentration or by a 

variety of different preparation methods.  However, considering that the intensity-

weighted population of the larger aggregates is the minority population and that the 

intensity of scattered light is proportional to at least the square of the radius, R
3
, the 
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weight concentration of the larger aggregates could be considered negligible.
31

  

Similar populations of large aggregates were reported for poly(ethylene oxide) 

(PEO) end-capped with dodecyl groups and were identified as spurious aggregates.
31

 

While the weight concentration of these larger aggregates is negligible, their 

contribution to the overall scattering intensity is not. To account for the presence of 

the larger aggregates in the SLS experiments, DLS and SLS data were collected 

simultaneously, allowing the following procedure to be applied in order to eliminate 

the effect of the larger particles on the total scattering.
31-33

 Measurements were made 

at 4 different concentrations (c) ranging from 1.0 mg mL
-1

 to 5.0 mg mL
-1 

and 7 

different angles (θ) ranging from 30° to 140°.  The scattered intensity was measured 

over a period of 100 s and measurements were made in duplicate to determine both 

the intensity auto correlation function, g2(t) (equation 1), for DLS and the mean 

scattered intensity, I, for SLS.   

  (   )  
〈 (   ) (      )〉

 〈 (   )〉 
 (1) 

For DLS data, the measured g2(t) was related to the electric field auto correlation 

function, g1(t), using the Siegert relation, equation (2).
34

  The resulting functions 

were analysed using the REPES routine
35

 assuming a continuous distribution of 

relaxation times, A(log(τ)), according to equation 3. 

                           (   )      (   )
                            (2) 

 
  (   ( ))  ∫   ( )    ( 

 

 
) 

 

 

     (3) 
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The resulting distribution of relaxation times were bimodal and were consequently 

separated into the fast (τfast, from the dominant population of micelles) and slow 

(τslow, from the spurious aggregates) modes of relaxation. τfast (micelles) was 

dependant on the scattering vector q
2
. The scattering vector was defined as 

q = 4πn/λ sin (θ/2), where n is the refractive index of the solvent. The apparent 

diffusion coefficient (Dapp) was determined for each concentration by taking the 

slope of (τfast)
-1

 vs. q
2
 (equation 4, Figure 64a). The apparent diffusion coefficients 

were extrapolated to zero concentration (Figure 64b) in order to determine a true 

diffusion coefficient D. D was used to calculate the hydrodynamic radii (RH) 

according to the Stokes-Einstein equation using the Boltzmann constant (kB) at a 

known temperature (T), equation 5. 

     
        

         (4) 

   
   

    
        (5) 

 

Figure 64. (a) Example plot of τ
-1

 vs. q
2
 in order to determine Dapp from the slope 

according to equation (4) for 3.06 at 2 mg mL
-1

, showing both runs for each angle 

and (b) Plot of Dapp vs. concentration for 3.04-3.06 in order to determine micelle Mw 

and A2 from equation (6). 
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For SLS experiments the particle Mw and second virial (A2) coefficient were 

determined according to the Zimm equation (equation 6). However, both the slow 

and fast modes of relaxation contributed to the total scattered intensity.  The relative 

scattered intensity contributions from the micelles (fast mode of relaxation) and 

larger spurious aggregates (slow mode of relaxation) were determined from DLS 

analysis of the data (as described above), for each scattering angle and concentration. 

This allowed for the calculation of the Rayleigh ratio for the micelles only (Rθ, fast) 

according to Equation 10.  

  

  
 
     

   
 

 

  
      

(6) 

 

  
    (

  
  
)
 

    
 

(7) 

 

   
                

        
           

(9) 

 

                (10) 

Where Rg is radius of gyration, n is the refractive index of the solvent 

(1.33), dn/dc is the refractive index increment of the polymer in water 

(0.12), determined using a refractometer with the same wavelength 

laser used for light scattering), NA is Avogadro’s number (6.022 x10
23

), 

λ is the wavelength of the laser, 632.8 nm, Rθ is the Rayleigh Ratio and 

I is the average scattered intensity. 
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Figure 65.  Plot of Kc/Rθ vs. q
2
 for sample 3.04 at 4.0 mg mL

-1 
showing the 

uncorrected (raw) and corrected (for the fast mode of relaxation only) data. 

Figure 65 shows the effect of separating the two distributions by plotting the total 

Kc/Rθ values (uncorrected) and Kc/Rθ,fast (corrected) against q
2
. The uncorrected 

values all indicate a higher MW species (lower Kc/Rθ values) and the values do not 

show a linear fit (expected for spherical micelles). The data at lower q
2
 values (more 

forward angles) shows even more deviation from the corrected values as the spurious 

aggregates contribute even more to the total scattering intensity (as larger particles 

scatter more in the forward direction),
36

 and for the two lowest q
2
 values it was not 

possible to accurately separate out the two modes. The corrected values show a 

linear fit and can therefore be used to determine Kc/Rθ,fast at zero angle. Because the 

micelle radius of gyration (Rg) is less than 20 nm, Kc/Rθ,,fast was effectively 

independent of q
2 

(due to the assumption of 10% error in the measurements), and 

therefore it is more appropriate to determine Kc/Rθ, fast at zero angle by averaging the 

values in Figure 65, than by extrapolation.  
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Figure 66. Plot of Kc/Rθ,fast versus concentration for 3.04-3.06 in H2O.  The Mw and 

A2 values for the micelles were determined from the intercept and slope, 

respectively, of linear fits to the SLS data. Error bars are 10 % as standard for all the 

LLS experiments 

The second consequence of this is that accurate Rg could not be determined using 

light scattering methods as it comes from the slope of this plot. The averaged 

Kc/Rθ,fast values were plotted against concentration to determine the true micelle 

molecular weight (Mw, at zero concentration) and second virial coefficient (A2) 

(Figure 66, Table 5).  As shown in Table 5, micelle sizes from DLS increase and 

micelle aggregation numbers decrease with increasing DPcorona, which is also 

consistent with surfactant and block copolymer scaling theories. Values for A2 were 

determined to be -6.2 x 10
-4

, 1.9 x 10
-5

, 6.0 x 10
-5

 mL mol g
-2

 for 3.04, 3.05 and 3.06 

respectively.  One interesting feature is that A2 for 3.04 and 3.05 are positive, while 

3.06 shows a negative value. A2 values represent the relationship between particle-

solvent and particle-particle interactions, where a positive A2 values means the 

former is dominant and a negative A2 value the latter. As previously mentioned A2 
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values for BCP assemblies are typically on the order of 10
4 

or 10
5
,
37, 38

 and therefore 

these A2 values can be considered very small, which could indicate that water is 

approaching the theta solvent for these systems and that the negative value relates to 

a small preference of particle-particle interactions. Savin and co-workers,
39

 and Gast 

and co-workers,
40

 also noted negative A2 values for the assembly of polymer 

aggregates and in both these cases A2 values were also very small, ±10
-4

 and ±10
-6

   

mL mol g
-2

 respectively.  

3.3.6 Analysis of self-assembled structures by SANS
§
 

To further investigate the structural profile of the micelles, SANS experiments were 

performed on micelle solutions prepared in D2O.  The SANS data was fit with a 

form factor model for spherical polymer micelles with a homogenous core and 

radially decreasing corona density profile, modelled as a linear combination of 2 b 

splines.
41-43

  The form factor (P) model considers four terms: the self-correlation of 

the core, the self-correlation of the corona chains, the cross-term between the core 

and corona, and the cross-term between different corona chains (equation 11). 
41-43

 

          ( )       
      

      
 ( )              

       ( ) 

                     
                  ( )       ( ) 

     (      )       
        

 (q) 

(11) 

Where q is the scattering wave vector, Nagg is the aggregation number, and βcore and 

βcorona are the total excess scattering lengths of the core and corona, respectively.  

The total excess scattering lengths were defined as βcore = vcore(SLDcore - SLDsolvent) 

                                                 

§
 SANS data collection and analysis was performed by Elizabeth Kelley and Thomas H Epps, III 
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and βcorona = vcorona(SLDcorona - SLDsolvent), where vcore and vcorona are the volumes of 

the core and corona blocks, and SLDcore, SLDcorona, and SLDsolvent are the scattering 

length densities of the core, corona, and solvent, respectively.  The SLDs were 

calculated using the density of PNIPAM,
44

 and the molecular volume (v) and 

scattering length (Σb) for the pincer end group, where SLD = Σb/v.
45, 46

  Because of 

the small contribution of the pincer end group to the overall scattered intensity, the 

fits were not affected by slight changes in the SLD of the end group, (i.e. whether or 

not the aromatic group was included in the calculation). The scattering amplitude of 

the core with radius, Rcore, was described by the hard sphere form factor 

      ( )   [   (      )           (      )] (      )
  

(1

2) 

The self-correlation of the corona chains was described by a Debye function, where 

the chains are assumed to be Gaussian with a radius of gyration, Rg. 

 

      ( )   [   (  
   

 )       
 ] (    

 )
 
 

(1

3) 

The form factor for the corona chains was calculated as the normalized Fourier 

transform of the radial density distribution of corona chains, ρcorona(R), 

 

       ( )   
  ∫       ( )[   (  )   ] 

   

  ∫       ( ) 
   

 

(4

) 

ρcorona(R) was modelled as a linear combination of two cubic b splines, as originally 

developed by Pedersen and co-workers.
43

  

 A Schulz distribution of core radii was included to account for dispersity in 

micelle size, 
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 (     )   
     
 

 (   )
(
   

〈     〉
)
   

   [ 
(   )     
〈     〉

]  
(5

) 

〈     〉 is the average core radius and ϕ is related to the dispersity, Ð, by Ð = 

1/(Ð+1).  The distribution was truncated at Rcore = 0.  The fit quality was not 

significantly affected by the dispersity; therefore, the value was fixed at 0.2. 

 The coherent scattered intensity was then given by, 

 
 ( )   

 

          

∫        ( ) (  )    
(6

) 

c is the polymer concentration and Mn,micelle is the number average mass of the 

micelles. Scattering contributions from a structure factor were not included in the 

SANS data model.  The calculated scattered intensity was corrected for instrument 

resolution and all data were fit using the procedures provided by NIST.
47

  Five 

parameters were fit during the data analysis: Nagg, Rcore, Rg, the width of the corona 

profile, and the weighting of the b splines. The corona profiles obtained from the 

SANS data modelling were rescaled using Equation 5,  

 
∫   ̂      ( ) 

                 (5) 
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Figure 67 (a) SANS data (symbols) and fits with a spherical micelle form factor 

(lines) for 3.04-3.06 in D2O and (b) micelle corona profiles from the SANS data fits. 

in which  ̂      ( )  is the rescaled corona profile and represents the volume 

fraction of the corona chains, R is the distance from the centre of the micelles, Nagg is 

the aggregation number, and vcorona is the volume of the PNIPAM block.
42

  The 

micelle radius was defined as the radius at which the volume fraction of PNIPAM in 

the corona profile was less than 0.02.
42, 48

 The results of the SANS data modelling 

are summarised in Table 5 and Figure 67b.  The analysis suggested that the micelle 

core radius was between 1 and 2 nm, which was consistent with the results presented 

in Chapter 2.
49, 50

 The micelle cores were surrounded by a diffuse, hydrated corona 

characteristic of star-like micelles, as seen in the corona profiles in Figure 67b.   
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3.3.7 Comparison of data obtained from cryo-TEM, LLS and SANS 

Table 5. Summary of micelle characterization data 

*errors are given as ± on standard deviation 

As mentioned in Chapter 1 the standard error applied to scattering experiments is 10 

%, however, when comparing values obtained from the same apparatus under the 

same conditions, the errors can be considered to be significantly smaller and 

consequently an error of 5 % is applied.
38

 The collective results show that polymers 

3.04-3.06 self-assemble into well-defined micelles despite having a very low 

hydrophobic wt % (< 5 wt %). As seen in Table 2, all of the characterisation results 

were in good agreement and indicated that the micelle radius increased with 

increasing DPcorona, consistent with small molecule surfactants
15, 17

 and block 

copolymer assemblies.
16, 18, 19, 28

 Furthermore, the data shows that Nagg decreases 

with increasing DPcorona, which is also consistent with the literature where Nagg   

DPcorona
–χ

, where χ ranges from 0.0 to 0.51.
18

 Both SLS and SANS data show that χ 

values for these systems are similar and at the top end of the normal range (0.5 and 

0.4 from the SLS and SANS respectively). The overall size of star-like micelles, 

particularly with small cores, depends on length and degree of stretching of the 

hydrophilic block.  Previous literature states micelle radius, R, should scale with the 

Polymer R* 

(nm) 
R

H
 

(nm) 
R 

(nm) 
Nagg Nagg 

TEM DLS SANS SLS SANS 
3.04 15 ± 1.0  11 15 54 48 

3.05 16 ± 0.5  15 17 40 43 

3.06 19 ± 0.3  22 18 36 34 
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DP of the hydrophilic block, as R   DPcorona
δ
 where 0.5 < δ < 1.0.

 9, 28, 51, 52
 For this 

system δ = 0.9, 0.3 and 0.3 from the DLS, SANS and cryo-TEM results respectively. 

While it is difficult to determine exact δ values from only three results, it appears 

there is a significant scaling difference between the measurements made by DLS 

compared to SANS and cryo-TEM. As stated above, the degree of stretching will 

also be important in determining the overall size of the micelle. The degree of 

stretching (ω) can be determined form the ratio of the calculated NIPAM chain 

length (Lcorona) and the maximum possible chain extension (Lmax) so that ω = Lcorona / 

Lmax, where Lcorona = R - Rcore, and Lmax = DP x 0.25, with 0.25 nm being the length 

of one vinyl monomer unit.
53

 

Table 6. Summary of degree of stretching (ω) values for 3.04-3.06   

 

 

 

Table 6 shows the ω values from DLS, SANS and cryo-TEM. The data shows the 

source of the difference in δ values is that 3.04 is less stretched when measured by 

DLS compared to SANS and cryo-TEM. The degree of stretching for polymer 

coronas can generally be related to two factors: the aggregation number, (where 

higher Nagg will favour more stretching) and the solvent quality (where better 

solvents favour more stretching). Note: DLS and SLS were performed in H2O 

whereas SANS and cryo-TEM were performed in D2O. 3.04 has a higher Nagg 

compared to 3.05 and 3.06 which explains the increase in stretching for 3.04 

Polymer Lmax 

(nm) 

ω  ω  ω 

 DLS SANS TEM 

3.04 30.0  0.3 0.5 0.5 

3.05 45.0 0.3 0.3 0.3 

3.06 67.5 0.3 0.3 0.3 
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measured by SANS and cryo-TEM, as higher Nagg assemblies will have a higher 

density of polymer chains, forcing them to be more extended. The situation is more 

complicated for the stretching of 3.04 when measured by DLS (in water) as not only 

has Nagg changed, between 3.04 compared to 3.05 and 3.06 (measured in water by 

SLS) but so has the solvent quality. This is indicated by a change in sign of the A2 

value from positive for 3.05 and 3.06, to negative for 3.04 (measured by SLS in 

water). It appears that in this case the poorer solvent quality has resulted in less chain 

stretching for 3.04. Although A2 values cannot be determined from the SANS 

experiment (performed at one concentration), previous literature reports by Wu and 

Wang,
54

 and Winnik,
32 55

 have noted a preference of PNIPAM for D2O over H2O. 

This is a good indication that this sign change may not occur for the systems when in 

D2O. Perhaps the most interesting conclusion from this discussion is that the chain 

stretching can be determined from the cryo-TEM data and compares well to SANS 

results. Figure 68 compares the corona profiles obtained from the SANS and cryo-

TEM results.  

 

Figure 68. Radial composition profiles from (a) SANS data modelling and (b) cryo-

TEM analysis. 
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Despite the small sample size from cryo-TEM the data compares remarkably well 

indicating that corona profiles can be obtained correctly from cryo-TEM. Not only 

are the sizes comparable but the shape of the corona profiles and the relative core 

densities at the core are also similar. The shape of the profile is again related to 

corona stretching (as previously discussed) and the relative densities at the core 

should be related to micelle Nagg where higher Naggs result in an increased density at 

the core and consequently more scattering. Gianneschi and co-workers demonstrated 

the utility of cryo-TEM for analysing the radial density distribution of polymeric 

particles.
56

 However the author can only find one report of radial profiling from 

cryo-TEM being directly compared to scattering data where Ballauff and co-workers 

used small angle X-ray scattering (SAXS) and cryo-TEM to analyse PS-b-PNIPAM 

aggregates.
24

 They compared both the overall size of the particles are the radial 

profile fopr the PS core and the PNIPAM shell finding good agreement in both 

cases. 

3.3.8 Analysis of self-assembled structures by temperature controlled 

spectrophotometry   

There have been many studies on the thermoresponsive nature of PNIPAM, 

including free PNIPAM,
57

 BCP
58, 59

 and amphiphilic homopolymer micelles,
9
 

branched polymer nanoparticles,
60

 and microgels.
61

 Literature reports of free 

PNIPAM homopolymers indicate that the cloud point (measured upon heating) 

approaches ~ 32 °C for molecular weights ≥ 20,000 g mol
-1

.
62-64

 It has also been 

shown that this temperature can be increased or decreased by the attachment of 

hydrophilic,
60

 or hydrophobic,
9, 65

 groups respectively. The thermo-responsive 
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properties of the micelles were studied by turbidity experiments.  The micelle 

solutions became turbid upon heating as shown by the sharp decrease in transmission 

in Figure 69, indicative of the cloud point. Within experimental error, the cloud 

point (determined as the mid-point of the slope of the red heating curve, Figure 69) 

for all of micelle samples was 32 °C. Although all the micelle MWs were >> 20,000 

g mol
-1

, it appears that the cloud point is not depressed by the pincer end groups 

which could be due to the relatively low wt % of the end group and consequently 

low aggregation number micelles formed. Although the heating curves are very 

similar the blue cooling curve for 3.04 is very different from that of 3.05 or 3.06, as 

it shows much less hysteresis. Wu and Wang first reported hysteresis upon cooling 

PNIPAM homopolymer solutions,
66

 and subsequently hysteresis has been reported 

for PNIPAM-based microgels
61

 and BCP micelles.
58, 67

  The hysteresis upon cooling 

is hypothesised to be from intra- and inter- chain hydrogen bonds that form in the 

collapsed state and dissociate at temperatures much lower than the cloud point.
66, 68, 

69
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Figure 69. Temperature-dependent light transmission for solutions of 3.04-3.06 at 2 

mg mL
-1

 in H2O upon heating (red) and cooling (blue).  Data were normalised such 

that the transmission values were between 0 and 1. 

While there are several studies on the structural evolution of PNIPAM micelles upon 

heating,
10, 67

 and more recently the kinetics of this evolution,
70, 71

 few studies have 

investigated the structural changes on cooling.  Winnik and co-workers demonstrated 

that upon heating, telechelic-PNIPAM micelles form stable aggregates and it was 

suggested the individual micelle structures may not be maintained within these 

aggregates.
10

 If this applies to the micelles of 3.04-3.06, individual polymer chains 

should be solubilised upon cooling, before re-forming micelles in solution. As the 

solutions are cooled and individual chains start to become solubilised, it is the 

properties of the individual chains which will control the evolution of the cooling 

curve (and the amount of hysteresis). Comparing the MW of the free chains shows 

that 3.04 (15.8 kDa) should have a higher cloud point than 3.05 or 3.06 (> 20 kDa). 

Consequently the resolubilisation of 3.04 should occur at a fast rate resulting in less 

hysteresis. Also, a recent study demonstrated that molecular weight greatly affects 
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the kinetics of PNIPAM phase transitions,
71

 and it is possible that entanglement of 

the higher molecular weight chains may also play a part. 

3.4 Conclusions 

An SCS-pincer functionalised RAFT agent was used to synthesise a series of 

hydrophobically end-functionalised PNIPAM polymers.  The self-assembly of these 

polymers was studied by 
1
H NMR, DLS, SLS, cryo-TEM, SANS and 

spectrophotometry to fully understand the micelle structure.  Importantly, detailed 

information about the micelle density profiles was extracted from the cryo-TEM 

micrographs and was comparable to the SANS results, highlighting the immense 

potential of the complementary use of these two techniques.  Additionally, micelle 

properties such as size, aggregation number, and corona density profile were 

dependent on the DP of the PNIPAM block.  However, these changes in size and 

structure did not significantly alter the micelle cloud point upon heating.  Finally, the 

thermo-responsive studies presented here suggest that while the micelle molecular 

weight dictates the cloud point upon heating, the amphiphilic homopolymer 

molecular weight may influence the hysteresis upon cooling. One issue that arises 

from both Chapters 2 and 3 is that due to the small size and largely hydrated nature 

of the particles, the non-pallidated PAA in Chapter 1 and the PNIPAMS in Chapter 2 

were extremely difficult to analyse by cryo-TEM. The subsequent chapters in this 

thesis will deal with improving the analysis of self-assembled polymers by the 

development of new electron microscopy methods. 
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3.5 Experimental Section 

3.5.1 Materials. 

All chemicals were used as received from Aldrich, Fluka, or Acros unless otherwise 

stated. NIPAM (N-isopropylacrylamide) was recrystallised from a 9:1 mixture of 

hexane/acetone. AIBN (azobisisobutyronitrile) was recrystallized twice from 

methanol and stored in the dark at 5 °C.   

3.5.2 General procedure for RAFT polymerisation of NIPAM 

2.05 (0.050 g, 57 µmol), NIPAM (1.3 g, 12 mmol), AIBN (2.8 mg, 17 µmol), and 

dimethylformamide (DMF) (2.7 mL) were added to a clean, dry ampoule under N2 

(g).  The solution was degassed via 3 freeze-pump-thaw cycles and heated to 65 °C 

for 5 h under N2 (g).  The viscous crude reaction medium was dissolved in the 

minimum amount of tetrahydrofuran (THF), and the polymer was precipitated into 

diethyl ether and filtered.  The precipitation process was repeated, and 1.35 g of 

yellow polymer was recovered.  Mn
NMR

 (21.3 kDa), Mn
SEC 

(20.2 kDa), Ð
SEC

 (1.22).  

1
H NMR 400MHz (CDCl3): δ (ppm) 7.19 (s, 1H, Ar-H), 7.14 (s, 2H, Ar-H), 5.70-

7.50 (br, NH, polymer), 5.05 (s, 2H, Ar-CH2O), 4.00 (s, br, N(CH3)2CH, 180H, 

polymer), 3.68 (s, 4H, SCH2-Ar), 3.33 (t, J = 7.6 Hz, 2H, SCSCH2C), 2.39 (t, J = 7.4 

Hz, 4H, CH2SCH2CH2), 1.2-2.5 (br, CH, CH2, CH3 polymer). 

3.5.3 General procedure for end group removal.   

PNIPAM (1.1 g, 72 µmol), AIBN (5.0 mg, 29 µmol), 1-ethylpiperidine 

hypophosphite (EPHP) (0.065 g, 0.36 mmol), and toluene (ca 10 mL) were added to 
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a clean, dry ampoule under N2 (g).  The reaction vessel was degassed via 5 freeze-

pump-thaw cycles.  The ampoule was filled with N2 (g) and heated to ~100 °C for 12 

h.  All volatiles were removed in vacuo, the white solid was dissolved in the 

minimum volume of THF, and the polymer was precipitated into hexanes.  0.79 g of 

white polymer was recovered.  For additional purification, the polymer was dialyzed 

against deionized water.  Mn
NMR

 (21.0 kDa), Mn
SEC 

(20.3 kDa), Ð
SEC

 (1.22).  
1
H 

NMR 400MHz (CDCl3): δ (ppm) 7.19 (s, 1H, Ar H), 7.14 (s, 2H, Ar H), 5.70-7.50 

(br, NH, polymer), 5.05 (s, 2H, PhCH2O), 4.00 (N(CH3)2CH, 180H, polymer), 3.68 

(s, 4H, SCH2Ph), 2.39 (t, J = 7.4 Hz, 4H, CH2SCH2CH2), 1.2-2.5 (br, CH, CH2, CH3 

polymer). 

3.5.4 Polymer characterization.   

1
H NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3.  

Chemical shifts are given in ppm downfield from tetramethylsilane (TMS).  The 

degree of polymerisation (NPNIPAM) was determined by comparing the integration of 

the end group peaks (δ 5.05, 3.68 and 3.33) to the CH peak (δ 4.00) of the polymer 

backbone.  The number average molecular weight from NMR was calculated 

according to                         , where Mo is the repeat unit 

molecular weight of PNIPAM, and MWpincer is the end-group molecular weight.   

Size exclusion chromatography (SEC).  SEC measurements were conducted on a 

system comprised of a Varian 390-LC-Multi detector suite fitted with differential 

refractive index (DRI), and ultra-violet (UV) detectors, and equipped with a guard 

column (Varian Polymer Laboratories PLGel 3 µM, 50 × 7.5 mm) and two mixed D 

columns (Varian Polymer Laboratories PLGel 5 µM, 300 × 7.5 mm).  The mobile 
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phase was DMF (1 mg.mL
-1

 LiBr) at a flow rate of 1.0 mL min
-1

, and samples were 

calibrated against Varian Polymer laboratories Easi-Vials linear poly(methyl 

methacrylate) standards using Cirrus v3.3 software. 

Fourier Transform Infrared Spectroscopy (FT-IR).  FT-IR spectra were recorded 

using a Perkin-Elmer Spectrum 100 FT-IR spectrometer. 

3.5.5 Micelle preparation.   

Micelle solutions were prepared by adding H2O to the dried polymer powder and 

stirring overnight.  The resulting solutions were filtered through a 0.45 μm nylon 

filter. 

3.5.6 Micelle characterization.   

Fluorescence Measurements.  Fluorescence spectra were collected on a PerkinElmer 

LS 55 Fluorescence Spectrometer.  Pyrene (12.0 mg) was dissolved in acetone (1 

mL) and diluted to a concentration of 6.0 x10
-5

 M.  Then, 10 µL of the pyrene 

solution was added to a glass vial and left overnight to evaporate the acetone.  

Solutions of 3.04-3.06 were added to the vials at various concentrations ranging 

from 1.0 x10
-5

 to 2.0 x10
0
 mg mL

-1
 and stirred for 5 h.  The excitation spectra (300-

400 nm) were recorded using an emission wavelength of 390 nm.  The λmax for the 

highest concentration of polymer (339 nm) and the λmax for the lowest concentration 

of polymer (335 nm) were selected to measure the change in pyrene environment by 

the ratio of I339/I335. 
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Tensiometry: The surface tension measurements were performed on the high 

throughput Delta-8 system (Kibron Inc.), and the data were analyzed by the Delta-8 

Manger software. The samples were transferred onto the first column of a standard 

Nunclon 96 well plate and three measurements were made for each sample. 

Light Scattering (LS).  Static light scattering (SLS) and dynamic light scattering 

(DLS) measurements were performed on a AL  CGS3 spectrometer operating at λ = 

632.8 nm, except as mentioned below.  All LLS data were collected at 25 °C.  The 

DLS population distribution data were recorded using a Zetasizer Nano series 

instrument (Malvern Instruments) at a fixed scattering angle of 173°.  The 

experimental correlation functions from the Zetasizer Nano were analysed using the 

Non-negative least squares (NNLS) algorithm.   

Cryogenic transmission electron microscopy (cryo-TEM).  Micelle solutions for 

cryo-TEM experiments were prepared at concentrations ranging from 2.0 mg mL
-1

 to 

5.0 mg mL
-1

.  Samples for cryo-TEM were prepared at 25 °C in a constant humidity 

environment using a FEI 110 Vitrobot.  A 2 - 10 μL droplet of micelle solution was 

applied to a holey carbon-coated copper grid, and the grid was blotted to remove 

excess solution.  Subsequently, the sample was vitrified by plunging the grid into 

liquid ethane.  Grids were transferred to a Gatan cryo stage and imaged using a 

Tecnai G2 12 Twin TEM at an accelerating voltage of 120 kV.  The temperature of 

the cryo stage was maintained below -170 °C. 

Small angle neutron scattering (SANS).  Solutions for SANS experiments were 

prepared at a concentration of 2.0 mg mL
-1

 by direct dissolution of the polymer 

powder in D2O and then filtered using a 0.2 μm nylon filter.  SANS experiments 
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were performed at the National Institute of Standards and Technology (NIST) Center 

for Neutron Research (NCNR, Gaithersburg, MD) on the NG-7 30 m SANS 

beamline.  An incident wavelength of 6.0 Å with a wavelength spread (Δλ/λ) of 0.12 

was used with sample to detector distances of 1.0 m, 4.0 m, and 13.5 m to access a 

scattering vector modulus (q) range of 0.004 Å
-1

 < q < 0.6 Å
-1

.  Here, the scattering 

vector is defined as q = 4π/λ sin (θ/2), where θ is the scattering angle.  All 

measurements were performed at ambient temperature (20 ± 1 °C).  SANS data were 

reduced using standard procedures provided by NIST,
72

 and background scattering 

from D2O was subtracted from the data.   

Spectrophotometry studies.  Turbidity experiments were performed on a Perkin 

Elmer Lambda 35 U / is spectrometer at λ = 500 nm using a PTP-1+1 Peltier 

temperature programmer and stirring system and a PCB 1500 water system.  All 

samples were studied upon heating from 25 
o
C to 50 

o
C, followed by cooling to 25 

o
C.  Temperature ramp rates were 1 

o
C/min in all cases.  The transmission values 

were normalized between 0 and 1, and the reported values are the average of three 

consistent runs. 
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Chapter 4 – Graphene oxide supports 

for high contrast multi-technique 

imaging 
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4.1 Abstract 

Transmission electron microscopy (TEM) is a powerful technique for characterising 

polymer aggregates formed in solution, but chemical fixing / staining techniques are 

usually required to increase image contrast and protect specimens from electron 

beam damage. Graphene oxide (GO) is a robust, water-dispersible, and nearly 

electron transparent material: an ideal support for TEM. Here it is shown that when 

using GO supports, no stains are required to acquire high contrast TEM images and 

that the specimens remain stable under the electron beam for long periods, allowing 

sample analysis by a range of other microscopy techniques (e.g. STEM, SEM and 

AFM). The benefit of increased contrast is exploited through the use of exit wave 

reconstruction, which can increase image resolution to the point where individual 

polymer chains can be observed. The simplicity of sample preparation and analysis, 

as well as the potential for significantly increased contrast, make GO supports an 

attractive alternative for the analysis of polymer aggregates. 

4.2 Introduction 

With the increasing popularity and commercial availability of controlled radical 

polymerisation initiators / chain transfer agents, the synthesis of amphiphilic 

polymers has become synthetically simple and hence widely accessible.
1, 2

 

Furthermore, a wide range of pre-made amphiphilic polymers are commercially 

available requiring simple dissolution in a suitable solvent for self-assembly to 

occur. Such amphiphiles have been proposed to find utility in a range of nanoscale 
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applications,
3-5

 however to achieve this, the characterisation of their size and 

morphology must be accurately and readily determined. The wide ranging 

applications mean that these systems are used by researchers in a variety of fields 

with different skills and backgrounds, consequently the analysis techniques should 

be widely accessible and the interpretation of results should be relatively simple. 

In Chapter 1 the relative benefits and limitations of various analysis 

techniques were discussed in relation to polymer aggregates in solution. The 

transmission electron microscope was shown to be an essential tool for this analysis 

and the two common methods of sample preparation (dry-state and cryo-TEM) were 

reviewed. Typically, analysis in the dry state is combined with staining techniques to 

increase image contrast, however these have been shown to cause artifacts and the 

applications of stains can be a time consuming and subjective process.
6
 Cryo-TEM 

can negate the use for stains, however, as demonstrated in Chapters 2 and 3, there are 

problems associated with imaging weakly scattering materials. Furthermore the 

increased expense and complications associated with cryo-TEM have resulted in the 

continued and prevalent use of dry state staining techniques. 

Recent advances in low background contrast TEM specimen supports (e.g. 

graphene and graphene oxide) provide the opportunity to develop a simple 

alternative to staining, with some complementary advantages to cryo-TEM.  Wilson 

and co-workers reported the first use of graphene oxide (GO) as a support for TEM. 
7
 

They showed that GO supports are cheap and easy to make; a drop of GO solution is 

placed on a holey carbon TEM grid and allowed to dry. The hydrophilic 

functionalities of GO promote the adhesion of many species, and the low 
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background contrast facilitates high-resolution imaging. GO supports have recently 

been used for imaging atomically resolved small molecules in motion,
8
 and vitrified 

biological molecules,
9
 however the use of GO (or graphene) as a TEM substrate has 

not become standard practice and there have been no examples for the analysis of 

polymer aggregates. Wilson and co-workers showed by electron diffraction 

experiments that GO sheets are crystalline (analogous to graphene) and that single 

layers of GO create a six fold diffraction pattern, with additional layers giving 

multiples of this pattern (Figure 70). While two perfectly overlapping layers would 

create one 6 fold diffraction pattern, single layers can still be proven by comparing 

the relative intensities of the 1100-type and 2110-type reflections (Figure 70c) and it 

was observed that stacks of GO layers have no preference for this type of 

overlapping.
7
 

 

Figure 70. (a) TEM image of a single GO sheet on a lacey carbon support, (b) 

SAED of the centre of the region shown in (a), the diffraction spots are labelled with 

Miller-Bravais indices, (c) Intensity profile through the diffraction spots labelled in 

panel (b), (d) TEM image with two overlapping GO sheets, (e) an SAED pattern 

from the double sheet region (d) and (f) electron diffraction pattern from a thin film 

of GO ca. 15-20 layers thick.
7
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Furthermore, it has been shown that the mechanical strength of GO, despite being 

only one atom thick, allows monolayer GO supports to be used for sample imaging 

by AFM,
10

 and they are equally robust to exposure in SEM.
7
  

In this chapter the exploration of GO as a support for analysis of BCP 

assemblies by multiple microscopy techniques is demonstrated through analysis of 

the three most common types of assemblies (polymersomes, spheres, and cylinders). 

The data obtained using GO-grids without staining is compared to data obtained 

using conventional staining techniques and cryo-TEM; a schematic for each grid 

type is shown in Figure 71. Complementary data from AFM and SEM is also 

presented, including analysis of the same individual polymersomes on a GO 

substrate using all three techniques. This is not possible using stained samples or 

cryo-TEM and presents a significant advance in the detailed characterisation of 

polymeric nanostructures. In addition the low background of GO readily enables the 

use other electron microscopy techniques such as tomography, STEM and exit wave 

reconstruction. 
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Figure 71. Schematic representation of a stained, GO and cryo TEM grid. 
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4.2 Results and discussion 

4.2.1 Preparation of GO-TEM grids 

 

Figure 72. IR spectrum of GO flakes. 

Graphene oxide was synthesised from graphite via a modified Hummers method,
11

 

as previously reported.
25

 Graphite flakes were oxidised by stirring in mixtures of 

conc. H2SO4, KMnO3 and H2O2, before being washed with DI water and freeze dried 

resulting in GO flakes.  The GO flakes were characterised by IR spectrocopy 

(Figure 72) which shows a broad absorbance from 2500-3600 cm
-1

, which can be 

assigned to the alcohol, acid and water groups and some sharp peaks around 1000 

and 1800 cm
-1

, which can be assigned to epoxide, hydroxy, carboxy, and ketone 

groups.
12
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Figure 73. Photograph of aqueous graphene oxide suspensions of decreasing 

concentration from left to right as marked.
7
 

GO flakes can be dispersed in water by stirring overnight to form orange-brown 

solutions (Figure 73),  which are stable after mild sonication in order to exfoliate the 

sheets. Previously GO-TEM grids have been made by placing a holey carbon TEM 

grid onto a filter paper and adding one drop of a sonicated GO solution (ca. 0.1 mg 

mL
-1

) onto the grid.
7, 10

 The result is a partial covering of the holes with GO sheets 

which range from single to multiple (> 3) to many (>10) layers of GO.  Once made 

GO-TEM grids can be stored in air for many months with no sign of deterioration 

and are extremely stable under the electron beam. Clearly the best contrast for 

particles will be provided by single layer GO, therefore the coverage and thickness 

of GO-sheets were investigated with respect to changes in solution concentration and 

sonication time in order to optimise GO-TEM grid preparation.  
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Figure 74. TEM image for GO-TEM grid at 0.01 mg mL
-1

 and 300 seconds 

sonication at low magnification and extreme defocus. The dark holes indicate the 

hole is covered by GO and light holes indicate an empty hole. The coloured arrows 

indicate the holes which were used to prove a single layer of GO can be seen under 

these conditions (Figure 75). The green arrow shows the empty hole next to the 

bacteria, the blue and red arrows show the holes where the diffraction patterns in 

Figure 75c and d were recorded respectively. 

Quantifoil TEM grids that contain regular arrays of holes with a diameter of ca. 2 

µm were used (Figure 74), however, any holey carbon grids will be suitable, 

provided the GO sheets are large enough to cover the holes. Initial experiments 

revealed that glow discharging the TEM grids (to impart negative charge on the 

surface) prior to drop deposition of GO solutions gives a much better coverage of 

GO and consequently lower concentrations are needed. 

 GO flakes were dispersed in nanopure water at 0.1 mg mL
-1

 by stirring 

overnight. Solutions were diluted to concentrations of 0.010, 0.015, 0.020 and 0.025 

mg mL
-1

 and each solution was sonicated for 30, 300 or 600 seconds.  
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Figure 75. TEM images for GO-TEM grid formed from GO 0.01 mg mL
-1

 with 300 

seconds sonication (a) low magnification and extreme defocus (enlargement of 

Figure 74), (b) higher magnification, (c) diffraction pattern at 400 mm camera 

length for the hole indicated by the blue arrow showing a single sheet of GO and (d) 

diffraction pattern at 400 mm camera length for the hole indicated by the red arrow 

showing no GO layers. 

The grids were then characterised by 2 parameters: 1) the % of holes which were 

covered by GO (% coverage) and 2) for the holes which were covered, the % of 

these holes which were covered by either a single, double or triple layer of GO (% S-

T). Single layered GO provides the best contrast and is therefore the ideal substrate 

for imaging, however double and triple layers are still thin enough to provide 

excellent contrast. The % coverage of the grids was determined by taking images at 

low magnification and extreme defocus (ca. 3 mm) (Figure 74 and Figure 75a). The 

extreme defocus is needed to observe the difference between filled (covered with 

GO) and empty holes. Four images were taken, starting from the centre of the grid 

and moving towards the edge, which allowed > 600 holes to be counted for each 

a

c

b

d
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grid. The % S-T was determined by taking images at higher magnification (Figure 

75b) and then recording a selected area electron diffraction pattern (SAED) of each 

hole in that image, using a selected area aperture of 2 µm (i.e. covering one entire 

hole, Figure 75c and d). Areas for % S-T analysis were selected at random from the 

previous low magnification images until approximately 40 diffraction patterns were 

recorded for each grid. Figure 75 provides direct evidence that under the low 

magnification imaging conditions used there is sufficient contrast to differentiate 

between a hole covered by one single layer of GO and an empty hole. The large 

bacteria (indicated by the green arrow), provides a marker for imaging the same 

holes at low and high magnification. At low magnification and extreme defocus 

there is a clear contrast difference between the two holes indicated by the red and 

blue arrows in Figure 74 and Figure 75a. At higher magnification with much less 

defocus the holes cannot be differentiated by contrast (due to the weakly scattering 

atomically thin layer) but they can be located using the large bacteria (Figure 75b). 

Recording SAED patterns of the areas indicated by the blue and red arrows reveals 

that the former contains a single layer of GO and the latter is empty. The results for 

the GO-TEM grid preparation study are summarised in Table 1 and Figure 76. For 

solutions sonicated for 30 and 300 seconds there is a linear trend of increasing % 

coverage with increasing solution concentration. For solutions sonicated for 600 

seconds this trend is not so obvious and it is possible that extended sonication times 

are breaking down the size of the GO sheets. If the sheets become too small they will 

therefore not cover the holes in the TEM grid. This is supported by the significant 

drop in coverage after 600 seconds sonication for 0.010 and 0.020 mg mL
-1

 

solutions. To further support this, a 0.01 mg mL
-1

 solution was sonicated for 900 
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seconds which resulted in only 5% of coverage. Figure 76b shows a linear decrease 

in % S-T sheets with increase in GO solution concentration. This is expected as 

higher concentration solutions will result in greater stacking of sheets. Figure 76b 

also shows an increase in % S-T sheets after 300 seconds sonication compared to 30 

seconds, which indicates that short sonication times can help to exfoliate the sheets. 

Table 7. Summary of GO sheet coverage and thickness for different preparations of 

GO-TEM grids 

Concentration 

(mg mL
-1

) 

Sonication time 

(s) 

% Coverage % S-T 

0.01 30 29 75 

0.01 300 34 93 

0.01 600 15 * 

0.015 30 36 61 

0.015 300 31 69 

0.015 600 43 * 

0.02 30 59 53 

0.02 300 59 78 

0.02 600 26 * 

0.025 30 65 29 

0.025 300 83 51 

0.025 600 75 20 

*not analysed by SAED 
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Figure 76. Bar charts displaying (a) % Coverage against GO solution concentration 

data for sonication times of 30, 300 and 600 seconds and (b) % Single-Triple layered 

GO against GO solution concentration. 

The ideal situation would of course be 100 % coverage with 100 % single sheet GO, 

but this is not possible with the current preparation method. However, due to the 

simple nature of this method (which allows for a large number of grids to be 

prepared quickly) and the fact that only a small portion of a TEM grid is ever 

imaged, the current levels of coverage and sheet thickness are acceptable. 

Furthermore, the data shows that with this method it is possible to a certain degree to 

tailor both the % coverage and % S-T layers depending on the sample or analysis 

requirements. From the above data it is recommended that GO solutions are 

sonicated for 300 seconds prior to drop deposition as this will increase sheet 

separation in all cases. It is recommended that concentration of GO should then be 

selected based on the desired coverage (discussed in more detail later). 
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4.2.2 Modification of GO hydrophilicity 

 

Figure 77. Photographs showing the increasing contact angles of GO thin films after 

heating for 1 hour with respect to increasing heating temperature. (a) No heating, (b) 

50 °C, (c) 75 °C, (d) 100 °C and (e) 200 °C 

It has been previously reported that hydrophobicity GO can be controlled by 

sonication in different ratios of water / acetone .
13

 However, as the grid preparation 

has already been optimised, modification of the GO hydrophilicity after deposition 

onto the grid would be more desirable. Wilson and Rourke reported that the oxygen 

content in GO is largely due to so called ‘oxidative debris’ attached to the graphene 

like sheets and that this content can be removed by heating GO layers in air.
12

 

Therefore it may be possible to tailor the hydrophilicity by heating the GO-TEM 

grids. 

GO solutions (1.5 mg mL
-1

) were spin cast onto SiO2 chips in order to create 

thin films of GO on the surface. The GO covered SiO2 chips were then heated on a 

hot plate for 1 hour at various temperatures (50, 75, 100 and 200 °C). Figure 77 

shows contact angle measurements for water (10 µL) on each of the GO covered 

SiO2 chips. The images show a gradual increase of contact angle (from about ~ 12° 

to ~ 90°) with increasing heating temperature. Note: the original SiO2 contact angle 

was ca. 65°. This shows that the hydrophilicity of GO thin films can be tailored by 

heating the substrates on a hot plate. These heating experiments were repeated using 

the GO-TEM grids and no noticeable damage to the GO sheets was observed. 

a cb d e
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4.2.3 Application of samples to GO-TEM grids 

 

Figure 78. Photograph of a GO-TEM grid held with tweezers with 4 µL of water 

applied. 

Applying samples to GO-TEM grids is relatively simple and most methods used for 

preparation of stained grids will be suitable. One caveat however is that GO-TEM 

grids cannot be plasma cleaned or glow discharged prior to use as this process will 

destroy the GO layers. Three methods were used apply samples to GO-TEM grids as 

detailed below. 

Method 1: Apply a small volume (typically 4 µL) of sample to a GO-TEM grid held 

with a pair of tweezers (Figure 78), leave for a set time period (typically 2 min) to 

allow the structures to adsorb to the GO, wick the water away with a piece of filter 

paper and leave until the water has completely evaporated. 

Method 2: Apply a small volume (typically 4 µL) of sample to a GO-TEM grid held 

with a pair of tweezers (Figure 78) and leave until the water has completely 

evaporated. 
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Method 3: Apply a small volume (typically 4 µL) of sample to a GO-TEM grid held 

with a pair of tweezers (Figure 78), leave for a set time period (typically 2 min) to 

allow the structures to adsorb to the GO, submerge the grid in liquid nitrogen in 

order to freeze the sample, place the grid under vacuum in order to sublime water 

from the grid. 

Typically method 1 is the most appropriate for aqueous assemblies. Method 2 is 

suitable for extremely low concentrations or if the sample does not readily adhere to 

the GO. Method 3 is used for more delicate assemblies in an attempt to avoid 

distortion / destruction upon drying. 

4.2.4 Analysis of 2.09 by TEM on GO-TEM grids 

The non-pallidated SCS pincer functionalised PAA, 2.10 (Chapter 1) is an ideal 

candidate for TEM analysis using GO-TEM grids. As previously discussed the 

assemblies are very small (ca. 5 nm) and weakly contrasting, furthermore their 

cylindrical nature should make them easy to identify. Figure 79 shows a typical 

image of 2.10 on GO-TEM grids. The increased contrast and texture of the GO 

sheets indicates that they are covered with a non-structured thin film of polymer. 

This indicates that the assembled structures cannot survive the drying process, 

despite numerous grid preparations by each of the three methods. This is perhaps not 

surprising considering the core forming moiety, dodecane thiol, is a small molecule 

liquid, and will therefore have weak aggregation forces and no entanglement. 



 

177 

 

 

Figure 79. Representative TEM images of 2.10 on a GO-TEM grid. 

4.2.5 Analysis of PB-b-PEO spherical micelles on GO-TEM grids 

The next level up in rigidity would be a low Tg polymeric core, therefore spherical 

micelles composed of poly(1,3-butadiene57-b-ethylene oxide183) (PB57-PEO183)
 **

 

were analysed. Note the Tg of PB is ca. -50 °C. Aqueous solutions of PB57-PEO183 

have been extensively studied by SANS and cryo-TEM and shown to form spherical 

micelles with a core diameter of 24 nm and an overall diameter of 54 nm.
14

 Figure 

80a shows a representative TEM image of the PB57-PEO183 on a GO-TEM grid. It 

can be seen that these micelles have also collapsed upon drying forming a lamella / 

cylindrical type phase in the bulk, which, although potentially interesting for thin 

films studies of this polymer, provides no information about the polymer 

nanostructures in solution.  

                                                 

**
 poly(butadiene-b-ethylene oxide micelles were provided by Thomas Epps, III and Elizabeth Kelley 

a b
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Figure 80. TEM images of PB57-PEO183 on GO-TEM grids (a) as made (b) heated 

for one hour at 65 °C and (c) heated for one hour at 90 °C prior to sample deposition. 

This collapse / rearrangement was also observed when freeze drying the sample to 

the grid (method 3, Figure 81b). While the hydrophilicity of the GO grids is useful 

for adsorbing functional polymers, it is possible that it could be contributing to the 

deformation of the particles on the surface. As the particles dry, a more hydrophobic 

surface might help retain the spherical structure of the micelle corona in the water 

droplet when almost dehydrated, and consequently help retain the micelle structure 

when completely dehydrated. Figure 80b shows an image of the PB57-b-PEO183 on a 

GO-TEM grid heated at 65 °C for one hour, the lamella type phase is still present, 

however, some spherical objects are present which are more indicative of the 

solution structure. Figure 80c shows an image of the PB57-b-PEO183 on a GO-TEM 

grid heated at 90 °C for one hour which shows spherical micelles of ca. 25 nm, in 

much better agreement with the cryo-TEM and SANS analysis. While this data 

indicates that the hydrophobicity of the GO-TEM grids can help to prevent collapse 

of the particles, it should be noted that the heated grids did not contain uniform 

structures and many areas showed collapsed particles and the lamella type phases 

(Figure 81a).  
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Figure 81. TEM images of PB57-PEO183 on GO-TEM grids (a) heated to 90 °C (b) 

sample prepared by method 3. 

When analysing self-assembled structures in the dry state if the core is a high 

Tg polymer or if the particle is sufficiently cross-linking, minimal distortions will 

occur upon drying. For most other cases it is unlikely that the structure will be 

retained in the absence of water. Therefore, the ideal structure for analysis in the dry 

state is one with a high Tg polymer core and a small corona. Since the seminal work 

of Eisenberg and co-workers,
15, 16-19 

PS-b-PAA has become an archetypal 

amphiphilic BCP for self-assembly into higher ordered structures. As discussed in 

Chapter 1, using a range of block ratios and assembly conditions it has been shown 

that these BCPs can form spheres, cylinders, polymersomes, multilamellar 

structures, and compound micelles. With this in mind PS-b-PAA BCPs were 

synthesised, assembled into polymersomes and spheres, and analysed using the GO-

TEM grids. 

a b
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4.2.6 Synthesis of PS-b-PAA BCPs, 4.05 and 4.06 

 

Scheme 7. Synthesis of poly(styrene)-b-poly(acryclic acid) block copolymers, 4.05 

and 4.06 

Polymerisation of tBuA at 65 °C in dioxane, followed by precipitation into 

MeOH:H2O 9:1 resulted in a well-defined PtBuA homopolymers 4.01 and 4.02. 
1
H 

NMR spectroscopy (Figure 82) shows that the end group peaks Hf are clearly visible 

and can be used to determine Mn by NMR. Good end group fidelity can be inferred 

from an overlay of the DRI and UV (at 309 nm) trace for SEC analysis of the 

polymer (Figure 83). 
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Figure 82. 
1
H NMR spectrum for 4.01 in CDCl3. 

 

Figure 83. SEC traces using an DRI (red) and UV (at 309 nm) (blue) detectors for 

the tbutyl acrylate 4.01 in THF. 
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Figure 84. 
1
H NMR spectrum for 4.03 in CDCl3. 

Chain extension of PtBuA homopolymers with styrene in bulk at 110 °C resulted in 

well-defined BCPs 4.03 and 4.04. Block formation can be seen in both the 
1
H NMR 

spectrum (Figure 84) by the appearance of aromatic protons Hh, and retention of 

protons Hf and by the large shift in MW by SEC (Figure 85). The lack of residual 

PtBuA also indicates the high end group fidelity of the homopolymer 4.01. 
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Figure 85. SEC traces using an RI detector for 4.01 (red) and 4.03 (blue) in THF. 

Deprotection of the hydrophobic PtBuA with trifluoroacetic acid (TFA) afforded 

amphiphilic PS-b-PAA BCPs 4.05 and 4.06. As in Chapter 2 IR spectroscopy gives 

good evidence for removal of the tBuA groups showing a carbonyl shift from 1730 

cm
-1

 to 1700 cm
-1

 (sharp → broad) as well as the loss of the peak at 1153 cm
-1

 

associated with the C-O stretching of the ester.
20-22

 

 

Figure 86. IR spectrum for 4.01, 4.03 and 4.05. Insets show the peaks indicative of 

tbutyl loss from 4.03 to 4.05. 
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4.2.7 Self-assembly of 4.05 and 4.06 

Polymers 4.05 and 4.06 were self-assembled by the solvent switch method. Water 

was added drop wise to DMF solutions of 4.05 (2 mg mL
-1

) and 4.06 (1 mg mL
-1

). 

The first evidence of self-assembly appears after the addition of ca. 1-5wt % of water 

when the solutions became turbid. The DMF:Water solutions were extensively 

dialysed against nanopure water, filtered (0.45 micron nylon filters) and analysed by 

dynamic light scattering (DLS). Figure 87 shows the DLS intensity, number and 

volume traces for 4.05 in water. As might be expected from the block ratios, 4.05 

(PS250-b-PAA11) has formed large structures of ca. 290 nm (indicative of 

polymersomes). Figure 88 shows the DLS intensity, number and volume traces for 

4.06 (PS46-b-PAA100). The data indicates that 4.06 has formed predominantly small 

structures of ca. 38 nm (indicative of spherical aggregates). 

 

Figure 87. DLS traces showing the intensity, volume and number distributions for 

4.05 in water at 0.65 mg mL
-1

. DH = 290 nm (z-average), Ð = 0.13.  
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Figure 88. DLS traces showing the intensity, volume and number distributions for 

4.06 in water at 0.30 mg mL
-1

. DH = 38 nm (by number), Ð = 0.30.  

As discussed in Chapter 3 the larger structures present in 4.06 will make up a 

negligible concentration in solution and therefore are not likely to be observed by 

TEM analysis. DLS was used only to provide preliminary evidence for particle 

formation and as the aim of this work is the detailed analysis by microscopy, it was 

only necessary to perform DLS at one angle and concentration. 

4.2.8 Analysis of 4.05 and 4.06 by TEM on stained, GO and cryo TEM grids 

The formation of polymersomes has attracted particular interest for nanoreactor
23-25

 

and biomedical
26, 27 

applications as the hydrophobic membrane and hydrophilic 

interior allow for the incorporation and segregation of various reactive / active 

groups.
28, 29

 Imaging of these structures requires the membrane to be resolved, and 

often the thickness of this membrane is integral to their application.  
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Figure 89. Representative TEM images of 4.05 polymersomes using (a) a carbon 

formvar grid and UA staining (b) imaged on a GO grid and (c) imaged using cryo-

TEM. 

Figure 89 (a-c) shows TEM images of the self-assembled structures obtained from 

4.05 using a formvar carbon grid stained with uranyl acetate (UA), a GO-TEM grid 

(with no staining), and cryo-TEM (a-c respectively). It should be noted that in 

addition to polymersomes this sample also contained some multilamellar structures, 

in agreement with previous reports,
17

 which are discussed later. Figure 89a-c shows 

the membrane structure which is indicative of polymersome formation. The contrast 

in the stained image (Figure 89a) is due to increased electron scattering where the 

stain is present, and, as in this case the stain has been adsorbed to the grid and not to 

the polymersomes (negative staining), the polymersomes appear bright (see Figure 

71 for a schematic representation). However, the stained image also shows artifacts 

such as rod-like features, which are not found when analysing the same sample by 

cryo-TEM or on a GO support (a common feature of using a negative staining 

technique). In addition the fine structure of the polymersomes can be obscured by the 

UA stain: looking at the particles in the blue circle of Figure 89a, in some cases the 

bilayer is difficult to distinguish. By comparison the polymersome structure is 

clearly and unambiguously resolved in Figure 89b without the application of a stain 

a b c
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through, the utilisation of GO as a low contrast support. The contrast in this GO 

image is mainly due to electrons scattered by the polymersomes, and hence reflects 

their actual structure.  A comparison of the polymersome images taken by cryo-TEM 

(Figure 89c) and on GO supports (Figure 89b) indicates that the background 

scattering is significantly lower on GO than from the vitrified water support (cryo-

TEM), permitting clearer resolution of the particle structures. This is expected as the 

vitrified water layer must be at least as thick as the particles (Figure 71) and is 

typically about 100 nm.
30

 Combined with the inherent difficulties in performing 

cryo-TEM, this makes statistical analysis of a large number of particles considerably 

easier using GO as a substrate. Average membrane thicknesses for the polymersomes 

were measured using each imaging technique. The data obtained for GO (21 ± 2 

nm), UA staining (21 ± 2 nm) and cryo-TEM (17 ± 3 nm) were comparable as the 

averages are within one standard deviation (used to define the error), which indicates 

a negligible amount of membrane distortion upon drying.  

The distinction between image contrast in stained and unstained samples is 

reinforced by analysis of the spherical aggregates formed from 4.06 (Figure 90a-

c).
31

 When a UA stain is applied (Figure 90a) it selectively binds to the acrylic acid 

corona so that a ring-like feature is noted, perhaps suggesting a membrane like 

structure. Imaging the same sample unstained on a GO support (Figure 90b) showed 

solid spherical aggregates; the true nature of the structures. Figure 90c shows that 

applying the UA stain to the GO grid gives a similar artificial ring-like contrast 

indicating that if stains are required, e.g. to identify the location of a particular 

polymer block within a particle, they can be used on GO grids.
32
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Figure 90. Representative TEM images of 4.06  spherical aggregates imaged using 

(a) a carbon formvar grid and UA staining, (b) a GO-TEM grid and (c) a GO-TEM 

grid with UA staining 

4.2.9 Analysis of 4.05 by AFM on GO-TEM grids 

A significant advantage of the GO-TEM grids over staining and cryo-TEM is that 

they allow for the direct comparison by TEM and AFM on the same support. This is 

important as conventional TEM (dry-state or cryo) gives images that are 2D 

projections of 3D objects from which it is impossible to infer the overall 3D 

morphology, however AFM analysis can provide information on the 3D structure of 

the materials. Figure 91 shows an AFM image of a large polymersome (ca. 125 nm 

in diameter); in this particle the centre appears collapsed, as expected when drying a 

large hollow structure to a substrate. Typically, when TEM / AFM are used in 

combination to study polymer assemblies, individual samples are prepared for each 

technique on different substrates and therefore drying effects are likely to be 

different in each case. Performing both analysis techniques for the same sample on 

the same substrate allows more accurate correlation of the results and hence more 

robust analysis of polymeric nanostructures.  
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Figure 91. (a) an AFM image and (b) corresponding line profile of a polymersome 

of 4.05 on the same GO grid that was used for TEM analysis. 

One practical consideration arises when performing TEM and AFM on the same 

GO-TEM grid; having a high % coverage of GO, while not essential, is useful as it 

can be difficult to optimise the feedback loop (a key operational setting related to 

how the microscope deals with changes in sample height) when trying to record 

images in an area of the grid with many holes. 3D imaging can also be performed 

using electron tomography (discussed below), however collection of data for many 

particles will be much more time consuming and requires more complex treatment of 

the collected images. 

4.2.10 Analysis of 4.05 by electron tomography 

Resolving the full 3D morphology of polymeric assemblies, including the internal 

structure, can be achieved through electron tomography (ET) analysis. Significant 

advances have been made in cryo-electron tomography (cryo-ET), but despite the 

beautiful work by Sommerdijk and co-workers
33, 34

 cryo-ET is not yet widely used to 

study self-assembled polymeric nanostructures. 
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Figure 92. (a) 2D Bright field TEM image of a polymersome 3, (b) cross section of 

the 3D reconstruction of the polymersome showing the hollow core. 

This is due in part to the relatively high background contrast of the vitreous support, 

and as a result of beam damage during the prolonged exposure required for cryo-ET. 

However, the extremely low contrast background and stability of the GO support 

make ET and higher resolution images more accessible. Figure 92a shows the bright 

field TEM image of a 4.05 polymersome, acquired at 0° tilt and Figure 92b shows 

the surface-rendered tomographic reconstruction of the polymersome. The cross 

section of the 3D reconstruction clearly shows the hollow core of the polymersome. 

Figure 93 shows bright field TEM images and 3D reconstructions for the 

multilamella structures formed by 4.05. The 3D reconstructions here show channels 

through the structures indicating a bicontinuous phase. The particle in Figure 93(a 

and b) show large channels which are clearly visible in the 2D image, whereas the 

particle in Figure 93(c and d) shows much smaller channels in the 3D reconstruction 

which are not visible in the 2D image. Therefore, imaging and tomography analysis 

on GO for more complex structures, e.g. multi-compartmental or Janus micelles, 

could prove invaluable and the availability of high contrast dry-state tomography 

should encourage the wider use of this technique.  
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Figure 93. (a and c) bright field images for two multilamella structures formed from 

4.05 and (b and d) their respective cross sections of the 3D reconstruction showing 

the bicontinuous internal structure. Note: the colour choices for (b and d) were 

chosen simply for aesthetics.  

While specimen beam damage is obviously sample specific it should be noted that 

the ET was performed at 200 kV and data was collected over a period of > 1 hour, 

during which time no deterioration of the sample was observed. 

4.2.11 Analysis of 4.05 by HAADF STEM on GO-TEM grids 

Imaging polymeric particles without staining and in the dry state allows a wider 

range of analytical TEM techniques, such as those regularly used in hard material 

analysis, to be applied.  



 

192 

 

 

Figure 94. (a) HAADF image containing 4.05 polymersomes on GO (blue) and on 

the lacey carbon support (red) and (b) the plot profile along two polymersomes on 

different supports 

For example, features observed in the images recorded from nanoscale polymer 

assemblies using conventional bright-field TEM, result from elastic scattering in the 

sample and interference effects due to the coherence of the electron beam. These 

phase contrast effects are highly sensitive to focus, even to the extent that the 

contrast can be reversed with focus, hence imaging is typically done at small defocus 

values. An alternative is to take images in the high angle annular dark field 

(HAADF) mode of STEM, which collects high-angle elastically scattered electrons. 

HAADF-STEM is an incoherent imaging technique where the image contrast 

depends on the atomic number of the scattering atoms, density of the sample, and its 

thickness (so called "mass-thickness" contrast). Therefore, when comparing 

materials with the same chemical composition image contrast is dominated by 

changes in density and thickness. Figure 94a shows a HAADF image of 4.05 

polymersomes on the GO substrate which was previously used for bright field 

imaging. Using this method the membrane structure can be clearly resolved, 

however what is more significant is that the signal-to-noise ratio is significantly 
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greater for the polymersome on the GO support than for the polymersome on lacey 

carbon. The line profiles in Figure 94b demonstrate this increase in contrast by at 

least a factor of 3, and the corresponding improvement in the signal-to noise ratio.  

4.2.12 Analysis of individual 4.05 nanoparticles by TEM, AFM and SEM on 

a GO-TEM grid 

The TEM and AFM results for the 4.05 polymersomes were obtained using the same 

GO grids but from different, random areas of the grid. Using the GO grids, it is not 

only possible to compare the average results from these techniques but also, by using 

a ‘finder’ TEM grid, exactly the same area and sample can be examined by multiple 

techniques (TEM, AFM and SEM in this case). Finger grids have a macroscopic 

labelling system allowing specific areas of the grid to be repeatedly located. Figure 

95 (a-c) shows lower magnification images of the area where the TEM, AFM and 

SEM images of the same particles were recorded. Figure 95 (d-f) shows TEM, 

AFM, and SEM images of 4.05 polymersomes on a GO support. To the author’s 

knowledge this is the first time the same individual self-assembled polymeric 

structures have been imaged using multiple techniques. Imaging the exact same area 

of the grid further backs up the minimal damage caused when analysing these 

samples. The GO reduces charging in the SEM and while some contamination was 

observed during extended periods of beam irradiation, the particles could easily be 

imaged without the need for coatings, which are often used to protect soft materials. 
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Figure 95. (a) Bright field TEM, low magnification, (b) light microscope image 

from the AFM and (c) SEM image at low magnification showing the ‘H’ marking on 

the finder TEM grid. (d) Bright field TEM, (e) AFM and (f) SEM images of exactly 

the same area of the GO grid. 

 

Figure 96. The plot profiles corresponding to the polymersome in Figure 95 (circled 

in blue and red from the TEM and AFM images respectively). The TEM plot profile 

has been inverted for clarity. 

The corresponding plot profiles from AFM and TEM (Figure 96) show the roughly 

spherical nature of the particle on the surface (AFM) and its hollow internal structure 

(TEM). The measured height (45 nm by AFM) and width (61 nm by TEM) show 

that it is not perfectly spherical, suggesting that drying may have distorted its 
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structure. It should be noted that the apparent width of the polymersome as measured 

by AFM is increased due to tip convolution effects.  

4.2.13 Analysis of PLLA40-b-PAA298 cylinders by TEM; drying induced 

reorganization 

 

Figure 97. Representative TEM images of the PLLA40-b-PAA298 cylinders using (a) 

a carbon formvar grid with PTA staining, (b) a GO-TEM grid and (c) cryo-TEM 

As previously reported,
35

 the crystallization behaviour of poly(L-lactic acid) (PLLA) 

can be exploited in order to drive the assembly of BCPs into cylindrical 

morphologies.
††

 Previous studies focused on measuring the growth of the cylinders 

by TEM using conventional staining techniques and detailed solution 

characterisation by SANS and cryo-TEM confirmed that the cylinders have a core-

shell structure.
36

 Figure 97 shows a comparison of representative TEM images of 

the same sample (PLLA40-b-PAA286) obtained using (a) a formvar carbon grid and 

phosphotungstic acid (PTA) staining, (b) a GO TEM-grid, (c) and cryo-TEM.  All 

three images show similar cylindrical structures, however, on the GO support 

(Figure 97b) the particles have much lower contrast in the core compared to the 

                                                 

††
 PLA-b-PAA cylindrical nanoparticles were provided by Nikos Petzetakis 
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other techniques, giving the appearance of hollow nanotubes. Further investigation 

into the lower contrast core observed on the GO grids was necessary to fully 

understand this system.  

Table 8. Summary of length and diameter measurements for PLLA40-b-PAA298 

cylinders the three different TEM techniques. 100 particles were counted for dry 

state imaging, 43 particles counted by cryo-TEM. 

TEM Technique Lav (TEM) / nm Dav (TEM) / nm 

PTA staining 111 (± 8) 26 (± 6) 

GO 106 (± 6) 33 (± 5) 

Cryo 103 (± 9) 32 (± 4) 

 

Table 8 shows a summary of the length and diameter measurements made by each 

technique. It can be seen that the data is comparable for each measurement 

suggesting that the cylinders have not collapsed upon drying. As mentioned 

previously, these weak phase materials can be particularly sensitive to focus, to the 

point where contrast can be reversed with focus. Figure 98 shows a focal series for 

the PLLA40-b-PAA298 cylinders on GO. Image (a) was taken slightly under focus 

and shows the appearance of hollow nanotubes (analogous to Figure 97b), image (b) 

was taken slightly over focus and shows solid cylinders, and image (c) was taken 

with a large over focus value and shows a contrast reversal from the under focus 

image. 
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Figure 98. Focal series TEM images of the PLLA40-b-PAA298 cylinders (a) under 

focus (ca. -500 nm), (b) slightly over focus (ca. 100 nm), (c) large over focus (ca. 

500 nm). 

In order to remove the effect of phase contrast the cylinders were imaged in the 

HAADF mode of STEM (mass-thickness contrast) (Figure 99a), which clearly 

shows a hollow core, proving that the appearance of nanotubes is not caused by a 

phase contrast effect. Both the bright field and HAADF images could still be 

misleading if the particles have been unintentionally stained when drying, (perhaps 

by an unknown salt impurity which binds to the acrylic acid). The cylinders were 

therefore imaged by energy filtered-TEM (EF-TEM) carbon mapping (Figure 99b). 

Here, only the electrons scattered by carbon atoms are detected, and the appearance 

of hollow nanotubes proves the particles have lower carbon content in the centre. 

Figure 99c shows a slightly under focus bright field TEM image for the cylinders 

prepared by method 3 (freeze-drying) and here the cylinders appear completely solid. 

This indicates that some re-arrangement occurs upon drying which can be prevented 

by this preparation method. 

a cb
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Figure 99. TEM images of hollow P(AA)333-b-P(L-LA)37 cylinders, (a) HADDF-

STEM image of hollow P(AA)333-b-P(L-LA)37 cylinders, the blue dashed box shoes 

the area taken for the plot profile in Figure 100 (b) EF-TEM carbon map of hollow 

PAA333-b-PLLA37 cylinders and (c) bright field TEM image of solid cylinders where 

the grid was prepared by method 3. 

In order to get a better understanding of this re-arrangement upon drying, the same 

TEM grid used to record the images in Figure 97b was imaged using AFM. Figure 

100a shows that not only have the cylinders retained their 3D shape, but also that 

their height (30 ± 4 nm) is roughly proportional to their width by GO or cryo-TEM 

(33 ± 5 nm and 32 ± 4 nm respectively), indicating that little distortion of the overall 

cylindrical structure occurs upon drying. In this case AFM was preferred to 

tomography as many particles (>50) could be imaged and analysed quickly.  Figure 

100b shows an overlay of the plot profiles from the HADDF-STEM image (blue, 

Figure 99a) and the AFM image (red, Figure 100a) which shows a comparable 

structure to the plot profiles from the polymersome in Figure 96, i.e. there is a 

spherical cross-section with a hollow interior. Importantly, all of the above 

mentioned techniques can be performed on the same GO-TEM grid giving 

consistency and confidence in the results, confirming that the cylinders are truly 

hollow nanotubes on the surface of the GO-TEM grid.  

 

a b c
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Figure 100. (a) AFM image of hollow PLLA-b-PAA cylinders, and (b) plot profiles 

from the HAADF-TEM image in Figure 99a and AFM image (a). The dashed red 

box indicates the area where the plot profile was taken. 

Subsequently it has been shown that PLLA-PAA BCP cylinders spontaneously 

reorganise to form hollow nanostructures upon drying to GO-surfaces. It has been 

proposed that this reorganisation is due to complementary H-bonding between the 

protonated PAA units and the PLA carbonyls that occurs in the dry state. While 

surface functionalised hollow particles might prove useful for thin film studies,
37

 it 

would be of great interest to those working with polymeric nanoparticles in solution 

if these structures could be harvested and used to produce hollow nanotubes in water. 

A 0.25 mg mL
-1

 solution of PLLA-b-PAA was dried in an eppendorf overnight, and 

then re-suspended in water at 5 mg mL
-1

. Figure 101a shows a cryo-TEM image of 

the re-suspended solution which shows clear evidence of the hollow nanotubes, 

proving the hollow particles can be redispersed in solution. Imaging this solution 

after one month showed that ca. 95 % of the cylinders had re-equilibrated to form 

core-shell cylinders (Figure 102). 

Figure 101b shows a schematic of the formation of hollow nanostructures in 

solution and indicates that re-equilibration can occur over time as water will 

a b
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eventually break up the H-bonds. It has been shown that these hollow particles can 

be redispersed in solution and therefore drying and re-suspending these cylinders in 

water provides an extremely simple method for the creation of hollow nanotubes, 

which would not have been discovered by the use of dry state staining or cryo-TEM 

analysis alone. Furthermore, the re-equilibration of the hollow particles to form core-

shell structures might allow for a controlled release of cargo in solution. 
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Figure 101. (a) cryo-TEM image of hollow PAA)333-b-PLLA37 cylinders and (b) 

schematic of the formation of hollow nanostructures in solution. 

a

b
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Figure 102. Cryo-TEM image of PAA333-b-PLLA37 cylinders one month after re-

suspension. 

4.2.14 Analysis of aggregates by TEM; exit wave reconstruction on GO-

TEM grids
‡‡

 

Thus far, analysis of polymer nanoparticles by TEM has focused on the particle 

macrostructure (e.g. size, shape, internal features). However, as discussed in Chapter 

1, the resolution in TEM, where atomic structure is readily visible, is far greater than 

has been exploited for these types of materials. One problem for a lack of resolution 

using stained images is that the stains themselves generally have a resolution limit of 

                                                 

‡‡
 Adam Dyson wrote and applied all exit wave reconstruction software as well as constructed the 

figures for this section, including the determination of the contrast and wave transfer functions  
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> 2 nm.
30

 For unstained images of soft materials (cryo-TEM or in the dry state) the 

lack of resolution is directly linked to their poor contrast. These small carbon 

structures can be considered weak phase objects,
38

 meaning they affect the phase of 

the electron waves much more than the amplitude. Consequently images are 

typically taken under focus (as are most previous images in this thesis) to increase 

phase contrast making the particle more visible. The direct effect of imaging under 

focus however is that image resolution is sacrificed. Figure 103 shows 3 images (a-

c) of a 4.05 polymersome on GO taken at 3 different focus values (ca. -1 µm, -0.5 

µm and on focus). Simple inspection of the images reveals that contrast decreases 

from a-c. Figure 103b appears to have more detail (higher resolution) than Figure 

103a, however the contrast in Figure 103c is so poor that is appears to have less 

detail than Figure 103(a and b). 

 

Figure 103. The effect of defocus on imaging. Bright field TEM images of a PAA-

PS  polymersome at (a) -955 nm focus, (b) -481 nm focus and (c) +6 nm focus. Inset 

are sections from their respective fast Fourier transforms. The normalised power 

spectral density (black) and square of the predicted contrast transfer function (red) 

for (a)–(c) are given in (d)–(f) respectively.
39
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This information is better represented by looking at the square of the contrast 

transfer function (CTF
2
, Figure 103d-f). The CTF

2
 is a function which describes 

how the information is transferred from the object to the image. The magnitude of 

the CTF
2
 is related to contrast and decreases from Figure 103d-f. The first minimum 

in the CTF
2
 is the point resolution of the image which occurs at higher reciprocal 

length (0.4, 0.7 and 4 nm
-1

) when moving closer to focus (d-f). Therefore, a 

fundamental balance exists between contrast and resolution for a single image, and 

for the weak phase objects here this limits the resolution to a few nm. Exit wave 

reconstruction (EWR) can offer a solution to this problem. Here, a series of images 

are taken at different focus values (e.g. 40 images with 26 nm focal steps) and an 

algorithm is used to combine the images and reconstruct the phase of the wave 

function as it leaves the object under investigation. As the information from each 

image is combined, the missing information in each image (when the CFT
2
 is zero) 

is obtained from another image where the CFT
2
 has shifted (Figure 103d-f). Figure 

104a shows the phase image from an exit wave reconstruction of a 4.05 

polymersome. The image shows a comparable contrast to the under focus images in 

Figure 103 (or the EWR amplitude image, Figure 104b), but much more detail can 

be seen in the structure. This is also evident from the square of the wave transfer 

function (WTF
2
) where it can be seen that good contrast is obtained all the way out 

to 4 reciprocal nm (which indicates the image resolution is ≤ 0.25 nm). The wave 

transfer function is analogous to the CFT
2
, but it is a function which describes how 

the information in the EWR is related to the object. 
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Figure 104. Exit wave reconstruction of the polymersome shown in Fig. 1. (a) phase 

image and (b) amplitude image. Inset in (a) is a section of its fast Fourier transform, 

the red dashed box indicates the region shown in Figure 105. In (c) the normalised 

power spectral density (black) for the phase image is compared with the square of 

the predicted wave transfer function (red).
39

 

While resolution improvement is clearly beneficial, a nominal improvement in 

resolution may not provide greater insight into the object under investigation. Figure 

105b shows an enlarged area of Figure 104a, near the edge of the polymersome 

where individual polymer chains can be identified. The polymersomes have three 

levels of structural detail: the nanostructure, the polymer chains and the monomers. 

EWR has not only improved the resolution significantly, but to the point where 

another level down in the polymersome hierarchy becomes observable (the polymer 

chains). Various control experiments were performed to prove that the observed 

structure in Figure 104a is not an artefact including performing EWR on non-

consecutive sets of images and using commercially available EWR algorithms.
39
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Figure 105. Comparison of conventional TEM imaging and EWR phase imaging. 

(a) Near focus TEM, and (b) EWR phase image, for the region of polymersome 

marked by the dashed box in Figure 104.
39

 

Figure 105a shows the in focus image of the same area, showing that it is not 

impossible to observe this structure from a single image. To highlight the importance 

of using atomically thin supports EWR was performed on both a GO-TEM grid and 

a thin (6 nm) amorphous carbon TEM grid for the PLA-b-PAA cylinders. Figure 

106f shows that EWR for PLLA-b-PAA cylinders on GO-TEM grids also results in 

the visualisation of polymer chain detail within the nanostructure, while the EWR on 

the thin carbon grids will bring out the detail in the amorphous background, which 

obscures the nanoparticle.  
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Figure 106. Comparison of EWR on amorphous carbon and graphene oxide 

supports. (a and d) Near focus, (b and e) EWR amplitude, and (c and f) EWR phase 

images of a PLA-b-PAA cylinder on amorphous carbon and graphene oxide supports 

respectively. The near focus images were taken with focus of −5 nm (a), and −30 nm 

(d).
39

 



 

208 

 

Figure 106f also shows that the chains at either end of the cylinder appear to pack 

differently from the chains at the side. As it has been reported that these cylinders 

grow via the crystallisation of PLA, these images can provide invaluable insight into 

the growth mechanism.
35, 40

 Furthermore, Figure 107a (an enlargement of Figure 

106f) shows an area of the cylinder where some vertically aligned parallel features 

can be seen, which could be related to the PLA crystalline domains.  However, 

considering the ERW images were not taken with consideration of electron dose, it is 

likely that some of the polymer chain organisation had been distorted. These images 

highlight both the enormous potential for using EWR with self-assembled polymer 

systems and the need for making EWR compatible with low dose imaging. 

Performing EWR on just a GO substrate (with no particles) does not show these 

aligned parallel features, instead hexagonal like structures can be of seen which 

could be related to the repeating structure of the GO sheet (Figure 107b). 
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Figure 107. (a) an enlargement of Figure 106f, the red boxes indicate areas where 

parallel aligned features appear and (b) EWR of a single GO sheet, the red boxes 

indicated areas where hexagonal like structures can be seen. 

4.3 Conclusions 

Previous reports
7-10

 have demonstrated the advantages of using GO as a substrate for 

TEM, such as the cheap, simple and robust preparation of both the GO and 

subsequent GO TEM grids. The good coverage of an almost electron transparent 

substrate gives ideal imaging conditions for low contrast specimens making analysis 

a

b
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far simpler than using staining methods or cryo-TEM. While GO is undoubtedly an 

excellent substrate for the analysis of soft materials by TEM, its compatibility with 

other techniques (AFM, SEM and STEM) not only open up this method to a greater 

number of researchers, but also allows and encourages the collection of data from 

multiple sources, both minimising misinterpretation and greatly improving analysis. 

It has been shown that GO-TEM grids can be easily prepared and that the coverage 

and thickness of GO can be tailored by altering GO-solution concentration and 

sonication times. The use of GO as a TEM substrate potentially negates the need to 

use stains for soft materials, reducing image artifacts and subjective interpretations, 

and simplifying TEM sample preparation. Although distortions due to drying will 

still be present, by combining TEM data with height information from AFM, these 

drying effects can be measured and better understood. GO has now become the 

standard substrate for dry state microscopy analysis in the O’Reilly group
40-46

 and 

has been used by other groups to aid their analysis.
47-51

 Specifically, the ability to 

image in the dry state without staining led to the discovery of a simple method for 

creating hollow particles in solution by exploiting a spontaneous drying induced 

reorganisation for PLA-b-PAA aggregates, where the multi-technique imaging 

capabilities of GO-TEM grids were vital for their characterisation in the dry state. 

With only one GO TEM-grid needed for analysis by TEM, SEM, and AFM, it is 

possible to analyse a sample quickly and consistently. It should be stressed that GO 

supports do not replace the need for complementary techniques that allow the native 

structures in solution to be assessed, such as cryo-TEM and scattering techniques 

(e.g. light scattering, X-ray and neutron diffraction) but they do offer a readily 

accessible alternative for routine analysis. In conclusion, the use of GO as a support 
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material for the characterisation of BCP assemblies allows high contrast images to be 

acquired without the use of stains, and opens the way for increased resolution 

structural determination and chemical analysis. One main issue arising from the 

work in this chapter is that non-rigid assemblies (e.g. polymer 2.10), will collapse 

upon dehydration and therefore cannot be imaged in the dry state. Chapter 5 will 

address this issue. 

4.4 Experimental 

4.4.1 Materials 

All chemicals were used as received from Aldrich, Fluka, or Acros unless otherwise 

stated. t-butyl acrylate and styrene monomers were distilled over CaH2 prior to use 

and stored at 5°C. Azobisisobutyronitrile (AIBN) was recrystallized twice from 

methanol and stored in the dark at 5 °C. DDMAT [S-dodecyl-S’-(α’,α’-dimethyl-α’’-

acetic acid)],
52

 polylactide40-b-polyacrylic acid286 cylinders (5)
35

 and solutions of 

graphene oxide
7
 were synthesized as previously reported.

§§
 Copper TEM grids were 

purchased from Agar, stained images were obtained on 300 mesh formvar/carbon 

grids, GO imaging was performed either on 400 mesh lacy carbon films or 

Quantifoil holey carbon grids with 200 mesh deposited with GO films and cryo-

TEM images were on Quantifoil holey carbon grids with 200 mesh. 

                                                 

§§
 PLA-b-PAA materials were provided by Nikos Petzetakis 
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4.4.2 Instrumentation
 

1
H NMR spectra were recorded on a Bruker DPX-400 spectrometer in CDCl3. 

Chemical shifts are given in ppm downfield from TMS. Size exclusion 

chromatography (SEC) measurements were conducted on a system comprised of a 

Varian 390-LC-Multi detector suite fitted with differential refractive index (DRI), 

light scattering (LS), and ultra-violet (UV) detectors equipped with a guard column 

(Varian Polymer Laboratories PLGel 5 µM, 50 × 7.5 mm) and two mixed D columns 

(Varian Polymer Laboratories PLGel 5 µM, 300 × 7.5 mm). The mobile phase was 

tetrahydrofuran with 5% triethylamine eluent at a flow rate of 1.0 mL min
-1

, and 

samples were calibrated against Varian Polymer laboratories Easi-Vials linear 

poly(styrene) standards (162 - 2.4 × 10
5
 g.mol

-1
) using Cirrus v3.3 software. Infrared 

spectroscopy was recorded on a Perkin-Elmer, Spectrum 100 FT-IR spectrometer. 

 Cryogenic transmission electron microscopy (cryo-TEM) grids were imaged 

at 120 keV using a Tecnai G2 12 Twin TEM equipped with a Gatan CCD camera. 

The temperature of the cryo stage was maintained below -170 °C during imaging. 

GO and stained TEM images were recorded on either a JEOL 2000FX TEM or a 

JEOL 2100 equipped with Gatan Orius digital camera, both were operated at 200kV. 

Unless otherwise stated, images were acquired under conventional bright-field 

conditions. Tomography was carried out on a JEOL 2010F with a Gatan Ultrascan 

4000 camera at 200 kV tilting from -42° to +42° in 2° increments. Images were 

acquired using Mr.T
53

 software and reconstructed with  a Simultaneous Iterative 

Reconstructive Technique (SIRT) algorithm, 30 iterations with a relaxation 

coefficient of 1. ImageJ
54

 and TomoJ
55

 were used for processing, and the surface 
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rendering after a manual segmentation process was undertaken using Amira 

software. 

 AFM images were taken in tapping mode on a Multimode AFM with 

Nanoscope IIIA controller with Quadrex, or an Asylum Research MFP3D-SA. 

Silicon AFM tips were used with nominal spring constant and resonance frequency 

of 3.5 Nm
-1

 and 75 kHz (MikroMasch NSC18).  

 A Zeiss Supra55VP was used to acquire the SEM images, operated at an 

accelerating voltage of 20 kV. 

4.4.3  Methods 

Synthesis of Graphene Oxide 

H2SO4 (conc, 170 mL) was added to graphite (5 g) in a 250 mL round bottom flask 

on ice and stirred for 10 min. KMnO4 (22.5 g) was added over 1 hour and the 

mixture was stirred for 2 hours on ice. The solution was allowed to warm to room 

temperature and stirred overnight. The viscous brown liquid was added to H2SO4 (5 

wt%, 500 mL) with continuous stirring for 2 hours. An aqueous solution of H202 (30 

wt%, 15 g) was added and stirred for 2 hours. The viscous brown liquid was 

centrifuged and the supernatant discarded. An aqueous solution (500 mL) of H2SO4 

(3 wt%) and H2O2 (0.5 wt%) was added to the precipitate and stirred for 1 min. The 

centrifugation and washing step was then repeated 5 times with the H2SO4 (3 wt%) 

and H2O2 (0.5 wt%) solution and 5 times with DI water. After a final centrifuge 

small portions of GO was stirred in water and freeze dried to obtain brown GO 

flakes. IR (νmax/cm
-1

): 3800-2400 (br), 1750, 1633, 1065. 
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Preparation of GO solutions 

GO flakes were stirred in a nanopure water over night, sonicated for 30 seconds and 

left to stand. Any sediment was discarded after one day.  

Preparation of GO-TEM grids 

Quantifoil R2/2 TEM grids were plasma cleaned using an EMITECH K950X for 3 

minutes at 20 mAmp and 0.8 mbar. The grids were immediately transferred to a 

piece of filter paper and one drop (from a 200 µL pipette) of GO solution was 

dropped from a height of 1 cm onto the TEM grids (allowing the filter paper to wick 

away most of the solution). The grids were left to dry in air for at least 30 minutes 

before use. 

Application of Samples to GO-TEM grids 

Samples were applied to GO-TEM grids by three methods: 

Method 1: Apply a small volume (typically 4 µL) of sample to a GO-TEM grid held 

with a pair of tweezers (Figure 78), leave for a set time period (typically 2 min) to 

allow the structures to adsorb to the GO, wick the water away with a piece of filter 

paper. 

Method 2: Apply a small volume (typically 4 µL) of sample to a GO-TEM grid held 

with a pair of tweezers (Figure 78) and leave until the water has completely 

evaporated. 

Method 3: Apply a small volume (typically 4 µL) of sample to a GO-TEM grid held 

with a pair of tweezers (Figure 78), ), leave for a set time period (typically 2 min) to 
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allow the structures to adsorb to the GO, submerge the grid in liquid nitrogen in 

order to freeze the sample, place the grid under vaccum in order to sublime water 

from the grid. 

Application and Staining of Samples to Carbon Formvar TEM-grids 

Carbon formvar TEM grids were plasma cleaned using an EMITECH K950X for 3 

minutes at 20 mAmp and 0.8 mbar. A small volume (typically 4 µL) of sample was 

added to the TEM grid held with a pair of tweezers. The samples were left for a set 

time period (typically 2 min) to allow the structures to adsorb to the surface before 

the water was wicked away with a piece of filter paper. A small volume (typically 4 

µL) of stain was then added to the grid and left for 2 minutes before being wicked 

away with a piece of filter paper. The grids were then left to dry in air for 30 

minutes. 

Preparation of Cryo-TEM samples 

Samples were prepared at 25 °C using a FEI 110 Vitrobot to maintain a constant 

humidity environment. A droplet of 2-10 µL of sample solution was added to a holey 

carbon-coated copper grid, and the grid was blotted to remove excess solution. The 

grid was subsequently plunged into liquid ethane to vitrify the sample. 

Synthesis of P
t
BuA11 (4.01) 

DDMAT (0.14 g, 3.9 mmol), P
t
BuA (1.0 g, 7.8 mmol), AIBN (6.4 mg, 0.39 mmol) 

and dioxane (1.14 mL) were added to a clean dry ampoule under N2 and stirred until 

homogeneous. The solution was degassed via 3 freeze-pump-thaw cycles and placed 

under N2. The solution was heated to 65 °C for 45 min and then quenched in liquid 
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N2. The viscous solution was dissolved in the minimum amount of THF, and the 

polymer was precipitated into a mixture (by volume) of 7:1 cold MeOH:H2O. The 

MeOH:H2O solution was decanted, and the polymer was dissolved in THF and then 

dried over MgSO4.  The solution was filtered and the solvent removed in vacuo 

affording polymer 4.01. Mn (
1
H NMR) = 1.8 kDa, Mn (SEC) = 1.7 kDa, Mw/Mn 

(SEC) = 1.09. 
1
H NMR (CDCl3): δ (ppm) 3.33 (t, J = 7.4 Hz, 2H, SCSCH2), 1.20-

1.50 (br, C(CH3)3 polymer backbone), 1.30-2.30 (br, CH and CH2 polymer 

backbone) 0.88 (t, J = 6.8 Hz, 3H, (CH2)11CH3). IR (νmax/cm
-1

): 3095, 3090, 3027, 

2929, 2858, 1955, 1872, 1803, 1733, 1601, 1593, 1493, 1451, 1370, 1181, 1154, 

1069, 1028, 964, 906, 759, 698. 

Chain extension of (4.01) with styrene to give PtBuA11-b-PS250 (4.03) 

4.01 (0.027 g, 15 µmol) and styrene (0.70 ml, 6.1 mmol) were added to a clean dry 

ampoule under N2 and stirred until homogeneous. The yellow solution was degassed 

via 4 freeze-pump-thaw-cycles and placed under N2. The solution was then heated to 

110 °C for 22 h and quenched with rapid cooling into liquid N2. The viscous solution 

was dissolved in the minimum amount of THF, and the polymer was precipitated 

three times into cold MeOH. The polymer was filtered and dried in vacuo. Mn (
1
H 

NMR) = 27.8 kDa, Mn (SEC) = 25.9 kDa, Mw/Mn (SEC) = 1.08. 
1
H NMR (CDCl3): δ 

(ppm) 6.25-7.25 (br, Ar-H polymer backbone), 3.33 (br, 2H, SCSCH2), 1.20-1.50 

(br, C(CH3)3 polymer backbone), 1.30-2.30 (br, CH and CH2 polymer backbone) 

0.88 (br, 3H, (CH2)11CH3). IR (νmax/cm
-1

): 3095, 3090, 3027, 2929, 2858, 1955, 

1872, 1803, 1733, 1601, 1593, 1493, 1451, 1370, 1181, 1154, 1069, 1028, 964, 906, 

759, 698. 
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Conversion of PtBuA11-b-PS250 (4.03) to PAA11-b-PS250 (4.05) 

4.03 (58.4 mg) was added to a small vial and dissolved in dichloromethane (3 mL). 

The solution was stirred at 0 °C for ca. 30 min and trifluoroacetic acid (1.0 mL) was 

added dropwise over ca. 10 min. The solution was stirred and allowed to warm to 

room temperature overnight. All volatiles were blown off with N2. The remaining 

solid was dissolved in the minimum amount of THF, and the polymer was 

precipitated twice into cold MeOH. The polymer was filtered and dried in vacuo. 
1
H 

NMR (CDCl3): δ (ppm) 6.25-7.25 (br, Ar-H polymer backbone), 3.33 (br, 2H, 

SCSCH2), 1.20-1.50 (br, C(CH3)3 polymer backbone), 1.30-2.30 (br, CH and CH2 

polymer backbone) 0.88 (br, 3H, (CH2)11CH3). IR (νmax/cm
-1

): 3095, 3090, 3027, 

2929, 2859, 1955, 1872, 1803, 1713 (br), 1601, 1593, 1493, 1451, 1370, 1181, 1154 

(weak), 1069, 1028, 964, 906, 759, 698. 

Conversion of PtBuA100-b-PS46 (4.04) to PAA100-b-PS46 (4.06) 

4.04 (30 mg) was added to a small vial and dissolved in dichloromethane (3 mL). 

The solution was stirred at 0 °C for ca. 30 min and trifluoroacetic acid (2 mL) was 

added dropwise over ca. 10 min. The solution was stirred and allowed to warm to 

room temperature overnight. All volatiles were blown off with N2. The remaining 

solid was dissolved in H2O and dialysed against 2 L of DI water (with 7 changes) 

before being freeze dried. IR (νmax/cm
-1

): 3033, 2977, 2942, 2862, 1718, 1497, 1456, 

1372, 1251, 1184, 1031, 811, 796, 699. 

Self-Assembly of (4.05) 
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4.05 (8.0 mg) was added to a vial and dissolved in DMF (4.0 mL). The solution was 

stirred for ca. 30 min before the dropwise addition of nanopure water (4.0 mL) over 

ca. 60 min using a peristaltic pump. Then, the solution was dialyzed (using 3.5 kDa 

MWCO tubing) against 2 L of nanopure water with 3 water changes. The final 

polymer concentration in solution was 0.65 mg mL
-1

. 

Synthesis and Self-Assembly of PAA100-b-PS46 (4.06) 

4.06 was synthesized by an analogous method to 4.05 by varying the equivalents of 

tBuA and styrene. For self-assembly, 4.06 (4.0 mg) was added to a vial and 

dissolved in DMF (4.0 mL). The solution was stirred for ca. 2 h before the dropwise 

addition of nanopure water (4.0 mL) over ca. 60 min using a peristaltic pump. Then 

the solution was dialyzed (using 3.5 kDa MWCO tubing) against 2 L of nanopure 

water with 3 water changes. The final polymer concentration in solution was 0.3 mg 

mL
-1

. 

Production of hollow cylinders for cryo-TEM 

Solutions of micellar assemblies (1 mL, 0.25 mg) were added to a 1.5 mL Eppendorf 

tube. The tube was placed in a desiccator (P2O5), at reduced pressure (10 mbar) for 

16 h. Addition of a known quantity of nanopure water produced solutions of hollow 

nanoparticles at 5 mg mL
-1

. 
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Recording of Focal Series for EWR 

Focal series of 20 to 40 images were recorded via a custom EWR plugin for Digital 

Micrograph
***

 with focal increments of approximately 20 to 30 nm between images. 

The aberration corrected JEOL JEM-ARM200F was operated at 80 kV with 

spherical aberration (Cs) tuned to approximately +1 mm and images were recorded 

on a Gatan SC-1000 Orius CCD camera. The JEOL JEM-2100 LaB6 was operated at 

200 kV (estimated Cs ¼ 1 mm) and images were recorded on a Gatan SC-600 Orius 

CCD camera. For the EWR in Figure 104 a focal series of 40 images with 26 nm 

focal steps were recorded. For the EWRs in Figure 105 a focal series of 20 images 

with 26 nm focal steps were recorded 
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Chapter 5. Graphene oxide supported 

cryo-TEM: pushing the size 

limitations for imaging hydrated 

samples 
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5.1. Abstract 

Cryo-TEM is one of the most powerful imaging techniques tools for the analysis of 

polymer aggregates in solution as particles can be imaged while hydrated, within a 

film of vitreous ice. However, this ice film thickness is limited by its mechanical 

stability and consequently there is a size limitation for observing particles. Such that 

particles that are much smaller than this thickness cannot be readily observed due to 

poor contrast within the ice film. Here it is shown that the use of GO as a physical 

support for the particles allows for reduced ice thickness resulting in the observation 

of smaller and more weakly scattering species at higher resolution. 

5.2 Introduction 

Cryo-TEM has become one of the most popular imaging methods for nanomaterials 

in solution due to its high spatial resolution, inference of internal structure (through 

cryo-electron tomography) and most importantly, the ability to image particles 

within a thin film of the vitrified solvent.
1-5

 To this end cryo-TEM has proven 

invaluable for the study of DNA, proteins, viruses and synthetic soft nanomaterials.
6-

9
 A key limitation for imaging these soft structures is that relatively weak scattering 

elements (C, N, O, H) from which they are formed, can result in poor contrast 

against the vitrified solvent.
10

 This becomes particularly important for smaller 

particles and to compensate for this, images are taken at large defocus values which 

reduces image resolution.
11

 Thinner ice layers will scatter less and give better 

contrast for particles, however for cryo-TEM the thinnest obtainable ice layer is 
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determined by its mechanical and beam stability.
12

 Consequently, there must be a 

size limitation for carbon based structures, where particles below this size are not 

observable due to the comparatively thick ice layer. Figure 108 shows a cryo-TEM 

image of single chain nanoparticles reported by Meijer and co-workers.
13

 Their small 

size, 3-5 nm, creates poor contrast and the images have probably been recorded at 

large defocus values to compensate. This results in the particles appearing as black 

dots, and the vitreous ice appearing textured.  Typically, due to their small size, these 

types of nanoparticles are imaged by AFM,
14, 15

 which has excellent height 

resolution. However as detailed in Chapter 1, AFM has extremely poor resolution in 

the x direction and cannot be used to infer internal structure. 

 

Figure 108. Cryo-TEM images of single chain nanoparticles formed from 

copolymers of a benzene-1,3,5-tricarboxamide-bearing methacrylate (BTAMA) and 

poly(ethylene glycol) methyl ether methacrylate (PEGMA). 
13
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Figure 109. Schematic of a cryo-TEM and a GO-cryo-TEM grid. 

In this chapter, GO-TEM grids are used to show that having a stable, electron 

transparent support allows for the removal of virtually all the water from the sample 

prior to vitrification and cryo-TEM imaging (Figure 109). This allows particles to be 

imaged in the minimum amount of water required for hydration, thereby minimising 

background scattering. The results are compared to those collected by conventional 

cryo-TEM and it is shown that by creating these super-thin ice layers much smaller 

particles (< 5 nm) become readily visible and sufficient contrast can be obtained 

closer to focus, increasing resolution. 

Pantelic and co-workers have shown that graphene and graphene oxide 

supports are compatible with cryo-TEM, and can provide better contrast than thin 

amorphous carbon films, when samples are supported by either the GO or carbon 

layer.
16-18

 This was demonstrated by analysis of a protein complex (20S proteasome, 

ca. 10 nm in diameter, Figure 110) and the tobacco mosaic virus. However, the 

Cryo-TEM

GO-Cryo-TEM
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results were not compared to those obtained by cryo-TEM, and neither contrast nor 

resolution were compared in relation to ice thickness.  

 

Figure 110. Cryo-TEM image of unstained 20S proteasome on graphene oxide.
18

 

5.3 Results and discussion 

5.3.1 Preparation of GO-Cryo-TEM grids 

GO-cryo-TEM grids were prepared using a Vitrobot at 100 % humidity. The 

Vitrobot is a controlled environment vitrification system (CEVS) which is used for 

preparing cryo-TEM samples.
5
 Holey carbon TEM grids, held by a pair of tweezers, 

are placed inside an environmentally controlled chamber where temperature and 

humidity can be pre-set.  Typically 100 % humidity is used in order to avoid water 

evaporation from the sample during grid preparation, and the temperature can be 

adjusted depending on sample requirements. A small drop (typically 3 µL) is 

pipetted onto the carbon grid and an automatic blotting device is used to blot away 
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the majority of the solution creating thin layers of water covering the grid. The grid 

is subsequently plunged into liquid ethane in order to vitrify the sample, trapping the 

particles within thin ice layers.  

 

Figure 111. (a) GO-cryo-TEM image of a single sheet of GO covered by a super-

thin non-continuous ice layer, (b) Enlarged area (from the area indicated by the blue 

square) showing the non-continuous ice layer and (c) a plot profile from the area 

indicated by the red box. The green circle indicates an area of thicker ice. 

The pressure and timing (typically 3 seconds) of the automatic blotting device can be 

optimised in order to produce ice layers with differing thicknesses. Typically ice 

layers of 100 nm are targeted as they are thin enough to provide good contrast for 

most particles and thick enough to be mechanically stable and accommodate the 

particles under analysis.
3, 12

 However there is always a distribution of ice layer 

thickness with some holes being empty and some holes containing ice which is too 

thick to obtain sufficient particle contrast. If the water layer is supported by GO it 

should be possible to create even thinner ice layers as GO should act as a physical 
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support and help with beam stability. In order to test this theory 3 µL of water was 

pipetted onto a GO-TEM grid and prepared for cryo-TEM using a Vitrobot. 

Increased blotting times (10 seconds) were used to remove as much of the water as 

possible from the grid. Figure 111a shows a layer of GO covered by a non-

continuous film of ice or ‘islands of ice’; probably due to dewetting of the GO when 

the water layer reaches a certain thickness. This is highlighted in Figure 111b and c 

which shows an enlarged area and a plot profile respectively indicating that these 

‘ice islands’ can be extremely small (ca. 10 nm) in the x direction. With a suitable 

calibration, it should be possible to estimate the thickness of this ice by comparing 

the scattering to the number of electrons scattered by a single GO layer and work to 

determine this is ongoing.
19

 However, considering the small size of these ‘ice 

islands’ in the x direction it is likely they are much thinner than those achievable by 

standard cryo-TEM and will subsequently be referred to as ‘super-thin’ ice layers.  

As is highlighted by the green circle, thicker areas of continuous ice (more 

consistent with standard cryo-TEM ice thicknesses) are also present on the grid. The 

increase in contrast for this area provides further evidences that the non-continuous 

layer is much thinner. The distribution of ice layer thicknesses across the grid 

provides an ideal opportunity for directly measuring particle contrast in relation to 

ice thickness (discussed later) but it also presents a statistical problem when 

analysing samples by GO supported cryo-TEM. The best contrast will be achieved 

when imaging over a single sheet of GO and where these super-thin ice layers have 

formed. The current GO-TEM grid preparation allows for the coverage of, at best, 

ca. 30 % of the holes with single to triple layers of GO (see Chapter 4), therefore, 



 

231 

 

even if blotting conditions can be optimised to produce ca. 50 % of these holes being 

covered in super-thin layers, then the result is that only 15 % of the grid is useable. 

With the added problem that not all of these holes may be covered with an 

appropriate distribution of particles, this can make for difficult imaging conditions.  

 

Figure 112. Photographs of a 2 µL drop of water pipetted onto GO-TEM grids 

prepared with 0.01 mg/mL and of GO and 5 minutes of sonication. (a) for a grid 

which had been prepared 30 minutes before and (b) for a grid prepared 24 hours 

before. The lower contact angle for the left grid clearly indicated its greater 

hydrophilicity.  

As discussed in Chapter 4, the best contrast will be obtained for single to triple 

layers of GO, therefore in order to minimise the coverage of any thicker layers, it is 

recommended that low concentrations of GO (0.01 mg ml
-1

) be used to prepare the 

GO-TEM grids. Another practical consideration when preparing GO-cryo-TEM 

grids is that while the GO-TEM grids are stable for many months, those with low 

coverage of GO will be largely hydrophobic. Typically, holey carbon TEM grids are 

glow discharged prior to vitrification for cryo-TEM to increase hydrophilicity and 

aid thin film formation. However, as glow discharging will destroy the thin layers of 

GO it is recommended that GO grids are prepared within 3 hours of sample 

application and vitrification. This method ensures the hydrophilicity imparted by 

glow discharging the grids prior to GO deposition is still present when applying the 

sample for GO-cryo-TEM preparation (Figure 112).  

a b
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5.3.2 Imaging of PLLA40-b-PAA298 cylinders by GO-cryo-TEM and cryo-

TEM 

 

Figure 113. (a) GO-cryo-TEM and (b) cryo-TEM images of PLLA-b-PAA 

cylindrical micelles 

Figure 113a shows that using GO-TEM grids in place of normal holey carbon TEM 

grids will allow covered GO holes to act as a support for the particles, where blotting 

has reduced the ice thickness to a normally unobtainable level. Providing the blotting 

and vitrification takes place at 100 % humidity it is impossible to completely remove 

water from aqueous samples, and particles will therefore remain hydrated. It can be 

seen in Figure 113a, that the PLA-b-PAA cylinders (discussed in Chapter 4) are still 

hydrated in a layer of ice but that the surrounding water layer has been almost 

completely removed (analogous to the schematic in Figure 109). This results in 

much better contrast than is typically achieved in cryo-TEM, as can be seen by a 

comparison between Figure 113a (GO-cryo-TEM) and Figure 113b (Cryo-TEM). 

a b
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Note: both images were recorded under the same conditions (magnification, beam 

intensity and defocus). Figure 113a shows that the water layer surrounding the 

cylinders is quite large (ca. 50 nm) and it is therefore likely that this is related to the 

long PAA corona (DP = 298). This might provide information on the PAA corona 

stretching, despite the fact that PAA is not typically visible in cryo-TEM (discussed 

later). It can be also seen by comparing the images in Figure 113 that there are more 

cylinders present on the cryo-TEM grid compared with the GO-cryo-TEM. Although 

particle distribution will never be consistent throughout the grid, removing more 

water from the grids will also result in the removal of more sample, thereby reducing 

particle concentration on the grid.  

While the improvement in image contrast for the PLA-PAA cylinders is 

useful, due to their large size they are relatively easy to analyse by standard 

cryo-TEM in order to obtain information about their size and morphology. In order 

to realise the full potential of GO supported cryo-TEM smaller more weakly 

contrasting particles should be analysed. Small particles are particularly difficult to 

analyse by cryo-TEM, not only due to their weak contrast against the relatively thick 

ice layer but also because they cannot be seen in lower magnification images making 

it more difficult to locate the particles on the grid. 
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5.3.4 Imaging of silica nanoparticles 

 

Figure 114. (a) GO-cryo-TEM image of silica nanoparticles on a predominantly 

single layer of GO covered by a super-thin ice layer and (b) SAED pattern showing a 

clear 6 fold diffraction pattern for a single layer of GO with a faint secondary 6 fold 

diffraction pattern indicating part of the hole is covered with a double layer. 

In order to demonstrate the benefit of reduced background contrast, a solution of 

silica nanoparticles
†††

 (diameters between 1-15 nm) were imaged; the distribution of 

sizes allows an easy assessment of how contrast varies with particle size and what 

the size limits are for imaging under these conditions. Figure 114a shows a GO-

cryo-TEM image for a hole covered with predominantly single layered GO and 

super-thin ice layers. Figure 114b shows selected area electron diffraction (SAED) 

pattern proving this layer is predominantly single sheet. A close inspection of the 

diffraction pattern shows a faint secondary 6 fold diffraction pattern indicating part 

of the hole is covered with two layers. The diffuse ring present in Figure 114b is 

indicative of vitreous ice,
20

 proving the particles are still hydrated and successful 

                                                 

†††
 Silica nanoparticles were synthesized and provided by Nico Sommerdijk and Camille Carcouet 

a b
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vitrification occurred. Figure 114a shows that although the ice layer is non-

continuous, there are many more areas of continuous ice than in Figure 111, where 

no sample was present.  

 

Figure 115. Images of silica nanoparticles recorded by (a) GO-Cryo-TEM at -0.5 

µm, (b) Cryo-TEM at -0.5 µm (c) GO-Cryo-TEM at -1.0 µm and (d) Cryo-TEM at -

1.0 µm. The red boxes indicate the areas where the plot profiles in Figure 116 were 

taken. 

This is probably due to the high concentration of particles on the surface which 

prevents de-wetting. Nevertheless as some discontinuity in the ice is present this area 

a b

d c

GO-cryo-TEM cryo-TEM
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should still be considered super-thin. Figure 115 shows images of the super-thin 

areas created by GO-cryo-TEM (left) and standard cryo-TEM (right) at two defocus 

values, 0.5 µm (top) and 1.0 µm (bottom). In both cases the super-thin ice layers 

result in much better contrast for the particles.  

 

Figure 116. Plot profiles for the areas indicated by the red dashed boxes in Figure 

115 for (a) GO-cryo-TEM and (b) cryo-TEM. 

For the standard cryo-TEM image the particles of ca. 10 nm in diameter are easily 

visible, but, while smaller particles (ca. 5 nm in diameter) are present these are much 

harder to distinguish. By comparison, particles of all sizes (down to ca. 1 nm in 

diameter) are easily visible in the GO-cryo-TEM image. This is better represented by 

taking plot profiles (Figure 116) for particles in both images (Figure 115, indicated 

by the dashed red boxes) which shows that much greater contrast is observed for 

particles of ca. 1.5 nm in diameter by GO-cryo-TEM (Figure 116a) than for 

particles of ca. 4 nm in diameter by cryo-TEM (Figure 116b).  

It is likely then that particles < 4 nm are present in the cryo-TEM images 

(Figure 115, right) but that they are obscured by the relatively thick ice layers. To 
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test this theory, an area of the GO-cryo-TEM grid was imaged where a relatively 

thick (comparable to standard cryo-TEM) continuous film of water had formed over 

a sheet of GO. Figure 117a and c images were recorded under low dose conditions 

(ca. 2 e
-
/Å

2
) and Figure 117c is comparable to the standard cryo-TEM image in 

Figure 115 (e.g. particles > 10 nm are easily visible, particles < 5 nm are not 

visible).  

 

Figure 117. GO-cryo-TEM images of silica nanoparticles, (a) a low magnification 

image showing the thick ice layer, (b) the same area as (a) after being burnt by the 

beam, (c) higher magnification image under lose dose conditions showing poor 

contrast and that no <5 nm particles are observable, (d) shows the same area as (c) 

after the ice layer has been burnt away showing particles of ca. 1 nm in diameter are 

easily visible.  

a b

c d
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This area was then exposed to a high intensity beam for an extended period (ca. 124 

e
-
/Å

2
) in order to reduce the thickness of the ice layer by sublimation, and then re-

imaged Figure 117b and d. Although the higher intensity beam has probably 

damaged the particles, it is clear that not only has the contrast improved for all 

particles in the image, but that very small particles (ca. 1 nm in diameter), which 

were previously obscured, are now visible. This test proves that the super-thin ice 

layers are required to visualise these very small particles under low dose conditions, 

as in Figure 115. GO-cryo-TEM therefore provides an opportunity to image silica 

particles down to at least 1 nm which are not visible by standard cryo-TEM under 

these imaging conditions. 

5.3.5 High magnification, near focus images by GO-cryo-TEM 

As discussed in Chapter 4, having a lower contrast support not only produces better 

particle contrast but allows images to be recorded closer to focus with the 

consequence of higher resolution. The defocus values chosen in Figure 115 (-1.0 µm 

and -0.5 µm) are not arbitrary; as discussed in Chapter 4, having good contrast at 

these defocus values might allow for the application of exit wave reconstruction 

(EWR) to cryo-TEM samples. With the remarkable increase in resolution 

demonstrated by this technique, being able to apply this to hydrated samples would 

undoubtedly be of interest to those working with cryo-TEM. Figure 118 shows 

higher magnification images of 10 nm silica particles imaged by GO-cryo-TEM 

(left) and cryo-TEM (right), at 1.0 µm (top) and 0.5 µm (bottom) defocus values. 

Again the increase in contrast is made evident by comparing the two sets of images, 

but at higher magnification it is also observable that for the GO-cryo-TEM images 
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more detail is visible in the particle at -0.5 µm defocus than at -1.0 µm. For the cryo-

TEM image this detail is not observable and in comparison to the analysis of the 

PLA-b-PAA cylinders imaged on an amorphous carbon grid (in Chapter 4), EWR is 

unlikely to bring out additional detail due to this poor contrast.  

 

Figure 118. Images of silica nanoparticles recorded by (a) GO-cryo-TEM at -1.0 

µm, (b) cryo-TEM -1.0 µm, (c) GO-cryo-TEM at -0.5 µm and (d) cryo-TEM -0.5 

µm 

Silicon is, of course, a higher Z element than carbon and therefore will scatter more 

electrons, providing better contrast. In order to evaluate the possibility of using EWR 

a b

c d

GO-cryo-TEM cryo-TEM
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in combination with GO-cryo-TEM for carbon based samples, PLA-b-PAA 

cylinders were imaged under the same conditions.  Figure 119 shows similar high 

magnification GO-cryo-TEM images for the PLLA-b-PAA cylinders taken at 

(a) -0.5 µm defocus and (b) at -1.0 µm defocus. These images show that good 

contrast can also be obtained for carbon based structures at high magnification and 

close to focus.  

 

Figure 119. GO-cryo-TEM images of PLLA40-b-PAA298 cylinders, (a) first image 

at -0.5 µm defocus and (b) second image at -1.0 µm defocus 

However, Figure 119b, which was the second image to be taken, shows significant 

beam damage has occurred after the acquisition of just two images. This was not 

observed when acquiring the EWR images in Chapter 4 (20 images per 

reconstruction). However, it is difficult to compare beam damage directly across 

instruments if the exact electron counts were not measured (as in the EWR study in 

Chapter 4). It should be noted though, that for the EWR images in Chapter 4 a Field 

Emission Gun-TEM (FEG-TEM) was operated at 80 keV, while here a FEG-TEM 

a b
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was operated at 300 keV. Of course lowering the keV will lower the image 

brightness giving poorer contrast and therefore some compromise between number 

of images, contrast obtained in each image and beam damage is likely to be needed 

to apply EWR to these samples. However these results are promising and further 

work is ongoing to optimise both the EWR image acquisitions and algorithms and 

the GO-cryo-TEM imaging method. Figure 119a also shows that there is a uniform 

water layer surrounding the hydrated cylinder and that the water layer appears to run 

parallel to the cylinder.  

 

Figure 120. Plot profile for the area indicated by the dashed blue box in Figure 

119a. The red and green dashed lines indicate the centre of the core and the core-

corona interface respectively. 

As previously mentioned this could be related to the length of the PAA corona, 

which could help with determination of the PAA stretching and obtaining a corona 

profile. Figure 120 shows a plot profile for part of the cylinder in Figure 119a 

indicated by the blue dashed box. The profile shows a clear difference between core 

and corona, indicated by the dashed green line which reveals a core radius of 18 nm 
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and a corona length of 60 nm. This corresponds to a corona ω value of 0.8 which is 

within the range of PAA stretching values (0.4 – 0.9) measured by Colombani and 

co-workers,
21

 as discussed in Chapter 1. This gives a strong indication that this is the 

minimum hydration level obtainable for these particles and that GO-cryo-TEM can 

be used to measure corona profiles for extremely hydrated polymers.  

 

Figure 121. (a) cryo-TEM image of PLLA40-b-PAA298 cylinders and (b) plot profile 

for the area indicated by the dashed blue box. The red and green dashed lines 

indicate the centre of the core the core-corona interface respectively.  
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Figure 121 shows a comparable image and plot profile for the PLLA-b-PAA 

cylinders taken by cryo-TEM. As expected there is much less contrast between 

particle and background compared to the GO-cryo-TEM image in Figure 119. The 

plot profile shows that the core is of a comparable size (20 nm radius) to the GO-

cryo-TEM image, but that no information on the corona profile can be extracted due 

to its weak scattering against the relatively thick background. 

5.3.6 Imaging of 2.10 by GO-cryo-TEM and cryo-TEM 

 

Figure 122. A GO-cryo-TEM grid hole covered with a layer of GO and both 

continuous (darker) and non-continuous (lighter) ice layers. 
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Chapters 2 and 4 illustrated the difficulty in analysing the non-pallidated SCS pincer 

PAA amphiphile assembly (2.10) by cryo-TEM, and in the dry state using GO-TEM 

grids, due to its weakly contrasting nature, and susceptibility of the assembled 

structures to fall apart upon dehydration. For these reasons 2.10 makes an ideal 

candidate for analysis by GO-cryo-TEM. Figure 122 shows a hole which is covered 

with GO, some non-continuous super-thin ice and some continuous ice. While it is 

difficult to make out detail or sizes for the particles at this magnification it can be 

seen that the particles have a tendency to remain in the continuous layer.  

 

Figure 123. Images of 2.10 micelles recorded at -5 µm defocus by (a) GO-cryo-

TEM and (b) cryo-TEM. The dashed red line indicates the area for the plot profile in 

Figure 125b. 

This was noted throughout the grid, even in areas with a lower concentration of 

particles. This is possibly due to the fact that although the particle core is very small 

(a few nm) the PAA corona is comparatively large (DP = 50, Lmax = 12.5 nm), 

therefore the minimum ice thickness obtainable in order for the particles to be 

hydrated is greater than the thickness of the super-thin layers, forcing the particles to 

a b
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remain in the continuous layer. As such, higher magnification imaging in the non-

continuous ice areas did not prove useful. Figure 123 shows a comparison of images 

recorded by GO-cryo-TEM, in the continuous layer (a) and cryo-TEM (b). While the 

area for imaging in GO-cryo-TEM is not super-thin, the GO-cryo-TEM image 

clearly shows both spherical and cylindrical micelles with diameters of ca. 4 nm 

(consistent with previous SANS data) and there is a reasonable improvement over 

the standard cryo-TEM image. Furthermore the presence of the cylindrical micelles 

indicates that even with the increased blotting times and reduced ice thickness, this 

method is suitable for delicate samples.  



 

246 

 

 

Figure 124. GO-cryo-TEM image of 2.10. The dashed red line indicates the area for 

the line profile in Figure 125. The large dark feature in the image is crystalline ice 

formed after vitrification.  

Figure 124 shows a GO-cryo-TEM image of 2.10 taken at the edge of one of the 

super-thin layers. The background contrast increases from the top of the image to the 

bottom as the ice thickness increases. Approximately half way down the image the 

particles begin to appear in the ice layer which indicates this is the minimum level of 

ice obtainable for these particles to remain hydrated. This is perhaps comparable to 

the size sorting effects that have been noted for cryo-TEM samples, where particles 
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tend to order themselves within the convex ice film, with smaller particles clustering 

in the thinner areas.
22

 

 

Figure 125. Line profiles for a 2.10 micelle, indicated by the dashed red line in 

Figure 124 

It is likely then, because of the small core and relatively long corona (DP = 50), that 

this is the minimum ice thickness obtainable for these particles and therefore the best 

contrast obtainable by GO-cryo-TEM. Figure 125a and b show line profiles for the 

GO-cryo-TEM and cryo-TEM images in Figure 124 and Figure 123b respectively 

(areas indicated by the dashed red lines). This data shows that despite their need for a 

thicker ice layer in order to remain hydrated, there is an improvement in contrast for 

the GO-cryo-TEM image over the cryo-TEM image. Furthermore, using GO-cryo-

TEM allows for good contrast to be obtained for particles < 5 nm. 

5.4 Conclusions 

With the use of GO-TEM grids it is possible to vitrify and image aqueous solutions 

of carbon / silica based nanomaterials in the minimum amount of water necessary to 

1200

1240

1280

1320

1360

1400

0 10 20 30 40

In
te

n
si

ty
 (

a
.u

.)

x (nm)

760

800

840

880

920

960

0 10 20 30 40

In
te

n
si

ty
 (

a
.u

.)

x (nm)

a b



 

248 

 

keep the particles hydrated. This is made possible by supporting the samples on 

atomically thin sheets of GO, which have a minimal contribution to the background 

scattering. It has been shown that imaging samples in super-thin ice layers results in 

increased contrast compared to standard cryo-TEM, allowing for images to be 

recorded closer to focus, resulting in better resolution. It has also been shown that 

extremely small particles and very hydrated polymers (e.g. PAA coronas) can be 

imaged which may not be visible under standard cryo-TEM conditions. GO-cryo-

TEM is a powerful technique for imaging extremely small / weakly contrasting 

nanomaterials that test the boundaries of size for standard cryo-TEM. 

5.5 Experimental 

5.5.1 Materials 

GO was synthesised as reported in Chapter 4, TEM grids used were Quantifoil R2/2, 

Quantifoil Micro Tools GmbH, Jena, Germany, PLLA-b-PAA cylinders
‡‡‡

 were 

synthesised as previously reported.
23

 

5.5.2 Instrumentation 

 Cryo-TEM images were taken at the Laboratory of Materials and Interface 

Chemistry of Eindhoven University of Technology. Sample preparation for cryo-

TEM was carried out in an automated vitrification robot (FEI Vitrobot Mark III) 

using liquid ethane as cryogen. TEM grids (Quantifoil R2/2, Quantifoil Micro Tools 

                                                 

‡‡‡
 PLA-b-PAA cylinders were provided by Nikos Petzetakis 
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GmbH, Jena, Germany) were glow discharged prior to use in a Cressington 208 

carbon coater for 40 s. CryoTEM samples were imaged with the TU/e CryoTitan 

(FEI,www.cryotem.nl). The CryoTitan is equipped with a field emission gun (FEG), 

a post column Gatan Energy Filter (GIF) and was operated at 300 kV. Images were 

recorded on a post-GIF 2k x 2k Gatan CCD camera using zero-loss energy filtering 

with a 20 eV energy window. 
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This thesis has dealt with two separate but related issues in the field of polymer self-

assembly. In Chapter 2 it was shown that the incorporation of SCS pincer complexes 

into amphiphilic homopolymers provides a relatively simple route to functional 

nanoreactors. It was also demonstrated that increase reaction rates can lead to 

significantly reduced catalyst loadings due to the ‘concentrator effect’. The 

remaining chapters focused on analysing polymer aggregates in solution. Chapter 3 

showed how the combination of multiple analysis techniques, based on both 

scattering (LLS and SANS) and microscopy (cryo-TEM), can be used to analyse 

polymer aggregates in solution. Of particular interest was the agreement between 

SANS and cryo-TEM in determining the corona profile. Chapter 3 demonstrated that 

using GO as a substrate for multiple dry state microscopy techniques (TEM, STEM, 

AFM and SEM) allows for the unambiguous determination of size and morphology 

for polymer aggregates. Furthermore with the application of EWR it was shown that 

individual polymer chains can be observed within the aggregate, giving access to a 

level of detail which has not been previously available. In Chapter 6 GO was used as 

a substrate for cryo-TEM where it was demonstrated that, with the aid of a nearly 

electron transparent support, particles could be imaged within super thin ice layers, 

resulting in much better particle contrast and allowing the observation of smaller and 

more weakly contrasting particles than is possible by conventional cryo-TEM. 

 Future work to further this research should focus on the optimisation of the 

catalysis in Chapter 2 to further decrease the catalyst loadings. This could be done by 

either increasing the hydrophobic domain in order to stabilise the particles at lower 

nanoreactor concentrations, or by altering the polymer architecture in order to 
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produce a mixed micelle system, resulting in the ability to decrease loadings at a 

constant nanoreactor concentration. Perhaps the most exciting future project would 

involve the combination of the work in Chapter 3-5. The combination of EWR with 

tomography on GO-TEM grids could provide access to 3D images where individual 

polymer chains can be followed throughout the aggregate. Furthermore if these 

methods could be made compatible with low dose imaging, their use in combination 

with GO-cryo-TEM, might result in the 3D reconstruction of polymer aggregates in 

solution at unprecedented resolutions. Finally, if applied to the aggregates in Chapter 

2 the 3D structures could be used to generate corona profiles for comparison with the 

SANS data in order to valid the reconstructions.  

 In summary it has been demonstrated that self-assembly of amphiphilic 

polymers be used to reduce the catalysts loadings of precious materials. While the 

analysis of these aggregates can be difficult, through the use of multiple analysis 

techniques, based on scattering and microscopy, and particularly through the use of 

GO as a substrate for microscopy, this analysis can be in depth and readily 

performed.  
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