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Summary 

Microfabrication is an active field with considerable importance because of its importance in the 

production of integrated circuits, and techniques developed in this field are finding use in a growing 

number of other applications. To overcome the fundamental limitations of the optical lithography 

techniques used  to define structures in microfabrication there is a lot of interest in the development 

of techniques that are not limited by the wavelength of the light used in a given optical system. 

Methods based on self assembly hold considerable promise, block-copolymer lithography is one such 

method. Appropriately designed copolymers can phase separate on the nanometre lengthscale and 

serve to provide etch contrast due to the chemical dissimilarity between their blocks. They are not, 

however, without flaws. Some of these flaws may be addressed by introducing the potential for more 

dynamic behaviour through supramolecular chemistry. 

The goal of this project is to design and synthesize a supramolecular block copolymer consisting of 

two homopolymers bound by noncovalent interactions to function in a manner that is analogous to a 

conventional block copolymer. In chapter 1 we will discuss the challenges and problems in 

microfabrication, and how the implementation of molecular self-assembly via block copolymers 

could address some of these challenges. After this we present the design of a supramolecular block 

copolymer that will satisfy the aim of this study. 

Following the introduction, chapter 2 presents straightforward synthetic pathways to generate both 

parts of a complementary binding pair that selectively forms heterodimers through hydrogen 

bonding, with a negligible tendency for homodimerization. In chapter 3 the two molecules that make 

up this pair are used to functionalize homopolymers that are chemically dissimilar enough to induce 

microphase separation in a conventional block copolymer. Finally, in chapter 4 several methods are 

applied to characterize the behaviour of mixtures of the two functionalized polymers. NMR, DSC and 

SAXS are applied to analyze the mixture, and the measurements show that it is capable of 

functioning as a supramolecular block copolymer capable of microphase separation with a domain 

periodicity in the nanometre range. 
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1 Introduction 

Microfabrication is the art and science of generating structures and devices at the micrometre length 

scale. It is a mature field that encompasses a wide range of techniques for patterning and modifying 

substrates, and the products of these processes permeate our society. 

We shall begin by discussing microfabrication and some of its applications, as well as the limitations 

of current techniques. After this we shall discuss some strategies which might be used to overcome 

these limitations, and introduce the particular topic which is the focus of this thesis.  

 

1.1 The drive for miniaturization 

In the last decade, established microfabrication techniques have been used in a wide variety of 

applications outside of the traditional scope of the field. The use of microfabricated systems has had 

a particularly striking impact on the field of microbiology, where researchers make good use of the 

fact that the scale of microfabricated systems is well matched to the lengthscales of the subjects they 

study. This makes it possible to manipulate individual cells and their surroundings to enable 

experiments that would not have been possible with conventional tools. 

Microsystems hold promise to provide the most effective implementation of testing, detecting and 

treating diseases. The key factor is the system miniaturization, from which numerous biomedical 

applications can take advantages. For example, the fabrication of highly precise and reliable 

microtools has enabled the development of minimal invasive surgery.1 With the device downscaling 

to the micrometer ranges the surface to volume ratio increases, leading to a domination of the 

surface effects over the volume ones. An example of this applied to electrophoresis devices and 

polymerase chain reaction (PCR) chambers is that heat transfer is enhanced as the device is 

miniaturized. For an electrophoresis setup this means that higher field intensities can be used to 

improve particle separation without significant heating of the sample, while the small scale of the 

device reduces the electrode voltages required to attain the required field intensity.2 For PCR 

chambers the improved rate of heat exchange reduces the response time of the system, allowing for 

faster cycle times.3 

There are also cases where microfabricated structures enable entirely new applications. 

Microfabrication techniques have been used in cellular biology to study cellular interactions in 

coculture. By controlling the spatial organization of cell types in the culture it was possible to 

eliminate the random variations that are present in conventional cultures, enabling a class of studies 

that would not otherwise have been possible.4 Another example of a new application is the use of 

microstructures in the investigation of microtubule self assembly. Artificial microtubule organizing 

clusters consisting of tubulin coated beads were placed in cell-sized glass wells, and in this 

                                                           
1
  Kim, C-J.; Pisano, A.P.; Muller R.S. J. Microelectromech. Syst. 1992, 1, 31-36  

2
  Pethig, R. Crit. Rev. Biotechnol. 1996, 45, 3-11 

3
  Burke, D.T.; Burns, M.A.; Mastrangelo, C. Genome Res. 1997, 7, 189-97 

4
  Voldman, J.; Gray, M.L.; Schmidt, M.A. Annu. Rev. Biomed. Eng. 1999, 1, 401-425 
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constrained geometry it could be observed that the microtubule polymerization alone could position 

the bead in the middle of the well.5 

Finally, there are also a number of advantages derived from a combination of the small size of 

microsystems and the methods of their construction. Many microfabrication techniques can be 

performed on a hundred devices as easily as they can on a single device, so the method is intrinsically 

suitable for the fabrication of many identical devices free of the variations present in individually 

constructed devices.  This ability to generate many identical structures can be of great utility in many 

applications, and it also allows for the easy fabrication of high throughput devices.6 

While the previous examples serve to illustrate the great importance of microfabrication in both 

science and technology, the main challenges facing further developments in the field are found much 

closer to its roots. Microfabrication technology is intimately linked with the microelectronics 

industry, which has been a driving force in its development since the introduction of the integrated 

circuit in 1958. Feature sizes in semiconductor fabrication have shrunk dramatically since then, and 

this reduction in scale has tended to follow a geometric progression that was already apparent as 

early as 1965.7  

 

Figure 1.1: Progress of miniaturization and comparison of manufacturing node size to reference objects
8
 

The progress of technology in the field of semiconductor fabrication is summarized in figure 1.1, and 

from the comparison of the relevant lengthscales to a number of reference items, particularly the 

wavelength of visible light, it should be immediately apparently that significant technological 

                                                           
5
  Dogterom, M.; Yurke, B. Science, 1997, 278, 856-860 

6
  Breckenridge, L.J.; Wilson, R.J.A.; Connolly P.; Curtis A.S.G. J. Neurosci. Res.1995, 42, 266–76 

7
  Moore, G. E. Cramming more components onto integrated circuits. Electronics 1965, 38, 114–116 

8
  Image obtained from Wikimedia Commons; User: Cmglee  
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challenges will have to be overcome to maintain the pace of technology development going 

forward.9 

 

1.2 Beating the diffraction limit 

The rapid pace of progress in microfabrication, described by Moore’s law, is driven by lithography 

and its continuous evolution. Photolithography is able to cost effectively replicate a pattern across an 

entire surface with high resolution. 

Since 1980s great technological improvements have been made to meet Moore’s predictions. The 

introduction of the excimer laser is a good example of these attempts. However, the technology 

ultimately suffers from a fundamental problem: resolution 

The resolution R that is attainable by an optical projection system is subject to the limits imposed by 

optical diffraction as shown in the Raleigh Equation (Eqn. 1), where λ is the wavelength of the 

illumination light, NA is the numerical aperture of the optics and k1 is a constant that depends on 

processing conditions and the photoresist used. 

(1)        
   

  
 

 While considerable gains can be made by optimising process conditions, the highest resolution that 

is attainable by photolithography ultimately scales with the wavelength of the light used in the 

process. While the theoretical limit imposed is about λ/2, in practice the smallest feature size 

attainable with conventional optics is approximately equal to the wavelength.10 

The wavelength is not, unfortunately, a parameter that can be chosen entirely at will. The absorption 

of air becomes quite significant at short wavelengths, and the higher energy of short-wavelength 

photons may also cause undesirable charging of the surface being worked as the energies approach 

the band gap of the silicon semiconductor substrate. While none of these challenges are necessarily 

insurmountable, it is expected that photolithography will at some point cease to be economical as 

feature sizes continue to shrink, pushing the industry to find an alternative technology to supplement 

it. 

 

1.2.1 Soft Lithography 

A number of non-photolithographic techniques have been developed to fabricate microstructures, 

and a good example of some of the new techniques that are being explored in response to the 

challenges of photolithography are those collectively referred to as “soft lithography”. 

The group is called this, the core concept in all of these techniques is the use of an elastomeric stamp 

or to transfer the pattern from a master to the desired substrate, and because it often employs 

flexible organic materials rather than the rigid inorganic materials more commonly used in 

                                                           
9
  Peercy, P.S. Nature 2000, 406, 1023-1026 

10
  Okazaki, S.  J. Vac. Sci. Technol. B 1991, 9, 2829-2833 
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microfabrication. These techniques are not subject to the limits of optical diffraction because the 

edge definition of the pattern is set by van der Waals forces and the properties of the materials 

used.11 

The group includes various methods for transferring or replicating patterns. Microcontact printing 

relies on a conformal contact between a stamp and the substrate, and typically employs an “ink” that 

will form a self-assembled monolayer on the desired substrate. Examples of these include aliphatic 

thiols applied to gold, or siloxanes applied to silicon oxide or glass.12 Replica molding, can directly 

replicate the surface morphology of a master in a single step by using an appropriate material, 

typically a polymer precursor.13 Embossing can be used to directly imprint a pattern into 

thermoplastic materials, and has also begun to be studied for development for microfabrication.14 

The three mentioned techniques have demonstrated the ability to achieve feature smaller than 100 

nm, but they are not without drawbacks. The elastomeric nature of the stamps combined with the 

forces involved in techniques such as contact printing can cause problems due to deformation of the 

stamp, and when self assembled monolayers are used it is difficult to assess the error density of the 

layer. In addition, while patterned monolayers can serve as effective etch resists to some forms of 

chemical etching, they do not have the durability to serve as resists in conventional reactive ion 

etching. Finally, the use of soft lithography is often limited by the availability of good masters, which 

must still be manufactured by more conventional techniques. 

 

1.2.2 Self Assembly 

In contrast to the top down design and fabrication typical of microfabrication, a class of new 

methods has focused on employing techniques which can impose order from the bottom up. By 

using a master as a template for self-assembled structures one can overcome the limitations of 

merely reproducing a master, and achieve smaller feature sizes than those of the master itself.  

Self assembly is the organisation of small subunits into well-defined structures by noncovalent 

forces. The structures formed though self assembly processes form spontaneously, predetermined 

by the nature of the subunits of which they are made, and exist at or near thermodynamic 

equilibrium.  As a consequence of this they tend to reject defects, any defect would be a deviation 

from the equilibrium state, and may exhibit greater order than that which might be obtainable using 

more conventional methods. 

Self assembly processes are ubiquitous in biology, and processes such as the formation of the DNA 

double helix and the folding of proteins serve as beautiful illustrations of the potential of such 

processes for the formation of microstructures. Indeed, these processes have some unique 

advantages that could be of great use in the fabrication of microstructures, and strategies have been 

developed to employ them at various lengthscales.15 

                                                           
11

  Xia, Y.; Whitesides, G.M. Angew. Chem. Int. Ed. 1998, 37, 550-575 
12

  Love, J.C.; Estroff, L.A.; Kriebel, J.K.; Nuzzo, G.R.; Whitesides, G.M. Chem. Rev. 2005, 105, 1103-1169 
13

  Weibel D.B.; DiLuzio, W.R.; Whitesides, G.M. Nat. Rev. Microbiol. 2007, 5, 209-218 
14

  Winslow J. S. IEEE Trans. Consumer Electron. 1976 (Nov.), 318-326 
15

  Lehn, J-M. Polym. Int. 2002, 51, 825-839 
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The term is applicable to a wide range of different interactions, that operate at different 

lengthscales. Supramolecular chemistry has yielded a plethora of synthetic molecules that aggregate 

into well-defined structures using interactions at a molecular level. The scale of the aggregates varies 

from relatively small host-guest complexes16 to long-chain aggregates of small molecules17 and 

indeed polymer analogs composed of supramolecularly bound subunits.18 

A different class of self assembled structures may be found in polymer chemistry. As a general rule 

most polymers are immiscible, resulting in phase separation when they are blended. The formation 

of macrophases in such a material leads to poor mechanical stability, and this is part of the reason 

why the phase separation behaviour of polymers has been extensively studied.19 Theories were 

developed to describe this behaviour, and the predictable behaviour of the process may be used to 

one’s advantage entirely by itself.20 

The possibilities of polymer self-assembly becomes much more interesting, however, when one 

introduces a strong interaction between the two different components and enters into the domain of 

block copolymers. The connection between the dissimilar blocks prevents macrophase separation 

and the competition between the strong chemical connection and the repulsion of the dissimilar 

blocks yield a wide range of different microphase structures at a typical lengthscale of 5-50 nm 

depending on the length of the polymer blocks. The structures obtained depend on the volume ratio 

of the two blocks, their relative lengths and the configurations in which they are attached to one 

another.21, 22 The phase separation behaviour of polymer systems is a subject that has been 

extensively studied both experimentally23 and computationally. Self-consistent field theory has been 

highly successful in explaining the equilibrium phase behaviour24, and phase diagrams for various 

kinds of polymer architectures are readily available in literature, an example of these for the case of 

an AB diblock copolymer is shown in figure 1.2.25  

The thermodynamics of copolymer phase separation are the subject of a considerable body of 

literature26,27 and a review of thereof  is beyond the scope of this introduction. Broadly summarized, 

the mechanism of phase separation involves the interfacial tension between the different domains, 

two for the case of an AB block copolymer,  and the entropic stretching energy for the polymer 

segments. The interfacial tension reduces the interfacial area of the phase structure, increasing the 

domain size, but at the same time the increased domain size stretches the polymers within each 

domain which imposes an entropic penalty. 

                                                           
16

   Ligthart, G.B.W.L. Complementary Quadruple Hydrogen Bonding, PhD. Thesis, Eindhoven 
University of Technology, May 2006 
17

  Schenning, A.P.H.J.; Jonkheijm, P.; Peeters E.; Meijer, E.W. J. Am. Chem. Soc. 2001, 123, 409-416 
18

  Sijbesma, R.P.; Beijer, F.H.; Brunsveld, L.; Folmer, B.J.B.; Hirschberg, J.H.K.K.; Lange, R.F.M.; Lowe, J.K.L.; 
Meijer, E.W. Science 1007, 278, 1601-1604 
19

  Bruder, F.; Brenn, R. Phys. Rev. Lett. 1992, 69, 624-628 
20

  Krausch, G.; Kramer, E.J. Appl. Phys. Lett. 1994, 64, 2655-2657 
21

  Matsen, M.W.; Bates, F.S.  J. Chem. Phys.1997, 106, 2436-2448 
22

  Matsen, M.W. Macromolecules 2012, 45, 2161-2165 
23

   Bates, F.S.; Schultz, M.F.; Khandpur, A.K.; Förster, S.; Rosedal, J.H.; Amdal, K.; Mortensen, K. Faraday 
Discuss.1994 98, 7-18 
24

   Matsen, M.W.  J. Phys.: Condens. Matter 2002, 14, R21-R47 
25

   Matsen, M.W. Macromolecules 2012, 45, 2161-2165 
26

   Matsen, M.W.; Bates, F.S.  J. Chem. Phys.1997, 106, 2436-2448 
27

   Bates, F.S. Annu. Rev. Phys. Chem.1990, 41, 525-557 
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Figure 1.2: top) Phase diagram for an AB block copolymer
28

 

bottom) Equilibrium morphologies for an AB block copolymer 

 

The phase separation morphology of a block copolymer system is governed by three key factors: the 

Flory Huggins interaction parameter χ, the degree of polymerization N and the volumetric ratio in 

which the A and B blocks occur. As shown in figure 1.2, the product χN determines the degree to 

which the two components phase separate, and if χN≤10 no phase separation occurs. Above the 

order-to-disorder transition at χNODT
, for a given value of χN, the equilibrium morphology is 

determined by the volume fraction f. In addition to this, the domain size of the system scales 

according to the equation below: 

    
        

With these two relationships we have the design parameters we need for our system. Since our aim 

is to achieve a small domain size D0, we will need a value of χ as high as possible in order to be able 

to minimize the degree of polymerization necessary to obtain a value of χN which is above  

χNODT=10.5. The degree of polymerization may be freely chosen, but the interaction parameter χ is a 

material property that depends on the nature of the A and B segments, and is larger if the two are 

highly incompatible. 

Despite their ability to readily form various structures at microscopic lengthscales, block copolymers 

do have several issues that impede their applicability, such challenges in synthesizing and processing 

them, and the necessity to synthesize entirely new polymers for any change to the desired volume 

ratio of the two blocks. Some of these limitations can be addressed by attaching complimentary 

binding groups that will connect the two polymers when they interact rather than directly connecting 

the polymers, since these would allow different lengths of polymer to be mixed and matched more 

                                                           
28

   Matsen, M.W. Macromolecules 2012, 45, 2161-2165 
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readily, and the addition of supramolecular binding groups has the potential to introduce a range of 

interesting new behaviours.29, 30 

 

1.3 Supramolecular block copolymers 

In the previous section we briefly discussed the interesting self-assembly properties of block 

copolymers and supramolecular systems, and also some of the problems and limitations that are 

encountered in their application. Block copolymer phase separation offers a promising route to a 

wide range of microstructures, but material design is complicated by inherent difficulties in 

processing such as increasing viscosity, long annealing times, etc. 

To overcome these challenges, the use of non-covalent interactions to form a supramolecular 

polymer capable of stabilizing a desired morphology has received a lot of interest, and has been the 

subject of a considerable body of research.31,32,33 Polymers that self-assemble from smaller precursors 

would be able to avoid many of the processing difficulties associated with high-weight conventional 

polymers and are expected to offer access to microstructures through phase separation much like 

their conventional counterparts.34,35 As well as possibly offering access to a range of morphologies 

that might otherwise be impractical to exploit, the reversibility of non-covalent interactions can 

introduce new properties to a material, such as the introduction of stimuli responsiveness by 

exploiting the reversibility of the bond.36,37 

Various kinds of bonds have been exploited to create supramolecular polymers, including hydrogen 

bonds38,39 and ionic bonds40 as well as metal coordination41. Of these, perhaps the most interesting 

system is that of the use of hydrogen bonds. While hydrogen bonds are individually weak when 

compared to an ionic or covalent bond they are highly directional, and multiple bonds may be used in 

an array to achieve a binding which is both strong and selective, analogous to the selective binding of 

nucleobases in DNA.42,43,44 

                                                           
29

  Stuparu, M.C.; Khan, A.; Hawker, C.J. Polym. Chem. 2012, 3, 3033-3044 
30

  Rao, J. Y.; Paunescu, E.; Mirmohades, M.; Gadwal, I.; Khaydarov, A.; Hawker, C. J.; Bang, J.; Khan, A. Polym. 
Chem. 2012,3, 2050-2056 
31

  Sijbesma, R.P.;  Beijer, F.H.;  Brunsveld, L.; Folmer, B.J.B.; Hirschberg, J.H.K.K.; Lange, R.F.M.; Lowe, J.K.L.; 
Meijer, E.W.  Science 1997, 278, 1601 
32

  Brunsveld, L.; Folmer, B.J.B.; Meijer, E.W.;  Sijbesma, R.P. Chem. Rev. 2001, 101, 4071 
33

  De Greef, T.F.A.; Smulders, M.M.J.; Wolffs, M. ; Schenning, A.P.H.J.;  Sijbesma, R.P.; Meijer, E.W. Chem. Rev. 
2009, 109, 5687 
34

  Tanaka, F.; Ishida, M.; Matsuyama, A. Macromolecules 1991, 24, 5582 
35

  Huh, J.; ten Brinke, G. J. Chem. Phys. 1998, 109, 789 
36

  Wojtecki, R.J.; Meador, M.A.; Rowan, S.J.  Nat. Mater. 2011, 10, 14 
37

  Burattini, S.; Greenland, B.W.; Chappell, D.; Colquhoun, H.M. Chem. Soc. Rev. 201, 39, 1973 
38

  Yang, X.; Hua, F.; Yamato, K.; Ruckenstein, E.; Gong, B.; Kim, W.; Ryu, C.Y. Angew. Chem. Int. Ed., 2004, 43, 
6471. 
39

  Feldman, K.E.;  Kade, M.J.; De Greef, T.F.A.; Meijer, E.W.; Kramer, E.J.; Hawker, C.J. Macromolecules, 2008, 
41, 4694; 
40

  Huh, J.; Park, H.J.; Kim, K.H.;  Kim, K.H.;  Park, C.; Jo, W. H. Adv. Mater. 2006, 18, 624. 
41

  Lohmeijer, B.G.G.; Wouters, D.; Yin, Z.; Schubert, U. S.  Chem. Commun. 2004, 2886 
42

  Sessler, J.L.; Jayawickramarajah, J. Chem. Commun., 2005, 1939–1949. 
43

  Sivakova, S.; Rowan, S.J. Chem. Soc. Rev., 2005, 34, 9–21. 
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Various hydrogen bonding motifs have been applied to the problem of creating a supramolecular 

junction capable of simulating a covalent bond. These include various binary or ternary blends with 

functional end groups bearing groups such as complimentary nucleobase derivatives45; 

ureidopyrimidones (Upy) and 1,7-diamido-naphthyridines (Napy)46,47; Hamilton receptors with 

barbiturates and triazines48,49; and ureidoguanosine (UG) with Napy50. The following examples 

provide ample evidence of association in solutions of multicomponent mixtures, but an unambiguous 

demonstration that such materials adopt well-defined nanostructures in accordance with the 

classical diblock copolymer phase diagram is not so prevalent.51 Typically hydrogen bonding end 

groups merely compatibilize mixtures of polymers that would otherwise undergo phase separation52, 

generating disorganised nanoscopic domains enriched in either of the separate homopolymer 

segments.53 

The critical design feature to consider for these systems is the delicate balance between the 

thermodynamics that dictate the degree of immiscibility between the polymer components (i.e., the 

segregation strength) and the association strength of the interaction at the junctions (i.e., the 

hydrogen bonding propensity) reflected by the equilibrium constant Ka = [A·B]/[A][B] M−1 . Previous 

work targeting small feature sizes with self-assembling diblock copolymers exploited the unusually 

strong immiscibility between poly(dimethylsiloxane) (PDMS) and poly(DL-lactide) (PLA).54 Hillmyer 

and co-workers estimated a Flory−Huggins interaction parameter (χ) for this combination around 

unity.55 Exceptionally small domains are therefore generated in thin films of block copolymers having 

low degrees of polymerization (N < 100) and high compositional asymmetry (volume fraction, f ≈ 

0.15). Implementing this polymer combination in supramolecular block copolymers requires that 

strongly associating groups be incorporated to counteract macrophase separation. Additionally, the 

groups must be highly selective; self-association must be avoided to generate authentic diblock 

copolymer replicas. For example, the tendency of ureidopyrimidinones to dimerize compromises the 

molecular makeup by essentially generating the corresponding homopolymer as contaminant. 

  

                                                                                                                                                                                     
44

  Sijbesma, R.P.; Meijer, E.W. Chem. Commun., 2003, 5–16. 
45

  Noro, A.; Nagata, Y.; Takano, A.; Matsushita, Y. Biomacromolecules 2006, 7, 1696– 1699 
46

  Feldman, K. E.; Kade, M. J.; de Greef, T. F. A.; Meijer, E. W.; Kramer, E. J.; Hawker, C. J. Macromolecules 2008, 
41, 4694– 4700 
47

  Lin, Y.-H.; Darling, S. B.; Nikiforov, M. P.; Strzalka, J.; Verduzco, R. Macromolecules 2012, 45, 6571– 6579 
48

  Binder, W. H.; Bernstorff, S.; Kluger, C.; Petraru, L.; Kunz, M. J. Adv. Mater. 2005, 17, 2824– 2833 
49

  Ambade, A. V.; Yang, S. K.; Weck, M. Angew. Chem., Int. Ed. 2009, 48, 2894– 2898 
50

  Rao, J. Y.; Paunescu, E.; Mirmohades, M.; Gadwal, I.; Khaydarov, A.; Hawker, C. J.; Bang, J.; Khan, A. Polym. 
Chem. 2012, 3, 2050– 2056 
51

  Matsen, M. W.; Bates, F. S. Macromolecules 1996, 29, 1091– 1098 
52

  Feldman, K. E.; Kade, M. J.; de Greef, T. F. A.; Meijer, E. W.; Kramer, E. J.; Hawker, C. J. Macromolecules 2008, 
41, 4694– 4700 
53

  Yang, X.; Hua, F.; Yamato, K.; Ruckenstein, E.; Gong, B.; Kim, W.; Ryu, C. Y. Angew. Chem., Int. Ed. 2004, 43, 
6471– 6474 
54

  Pitet, L. M.; Wuister, S.; Peeters, E.; Hawker, C. J.; Kramer, E. J.; Meijer, E. W. Macromolecules 2013, 46, 
8289– 8295 
55

 Rodwogin, M. D.; Spanjers, C. S.; Leighton, C.; Hillmyer, M. A. ACS Nano 2010, 4, 725– 732 
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1.4 Aim and scope of this thesis 

The aim of this thesis is to develop a synthetic route for a supramolecular AB diblock copolymer 

capable of phase separation on the nanometre lengthscale, and to generate ordered solid-phase 

structures corresponding to those adopted by a conventional block copolymer. 

To accomplish this we will exploit the strong and selective 4-fold hydrogen bonding between UG and 

Napy derivatives.56,57 For UG a self-dimerization constant of Kdim = 185 M-1 was estimated from 1H-

NMR spectroscopy, compared to a value of Ka ~ 107 M-1 for the UG-Napy interaction.58 This means 

that we expect a stoichiometric mixture of the two components to form heterodimers almost 

exclusively, and such a large value for the equilibrium constant also indicates that the binding energy 

of the hydrogen bonded pair is more than sufficient to enable us to exploit the strong immiscibility 

between PLA and PDMS. 

Combining these two components will yield two end-functionalized homopolymers that are capable 

of dimerizing to form a supramolecular block copolymer analogous to the classical AB block 

copolymer, with selectivity being derived from the complimentary hydrogen bonding patterns of UG 

and Napy. This system is schematically illustrated in figure 1.3. 

 

Figure 1.3: Illustration of the reversible association between functionalized homopolymers to form a supramolecular block 

copolymer through complimentary hydrogen bonding 

 

  

                                                           
56
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In the following two chapters we will describe a straightforward synthetic pathway to generate these 

two components, starting with the two parts of the hydrogen bonding pair and then using these 

molecules as the starting point for the synthesis of the functionalized polymers. Finally, we will 

demonstrate the ability of these supramolecular groups to assemble the desired block copolymer in 

solution, and to undergo microphase separation in bulk to obtain microstructures analogous to those 

adopted by a conventional block copolymer. 
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2 Synthesis and characterization of complementary 

hydrogen bonding groups 

 

2.1 Introduction 

The topic of supramolecular chemistry is one that has been extensively studied, and a wide range of 

molecules capable of forming stable bonds through dynamic supramolecular interactions have been 

reported in literature.59,60 In selecting candidates for use in a supramolecular block copolymer, there 

are a number of requirements that must be met. The dissimilar nature of the two polymer 

components that we wish to functionalize require that the bond between the two parts of the pair 

be relatively strong, in order to overcome the tendency of the polymers to undergo phase 

separation. Additionally each half of the pair must not be able to dimerize with itself, as although 

there are rare cases where homopolymers with self-complimentary binding groups arrange into well-

defined lamellae61 usually such systems merely compatibilize the system and lead to macrophase 

separation62. Finally, it is necessary for both parts of the dimer to contain a suitable reactive handle 

so that they may be used to functionalize the polymer blocks that we wish to bind. 

While many supramolecular binding groups have a tendency to form homodimers, it is possible to 

achieve highly selective binding through the use of complimentary hydrogen bonds, where the 

arrangement of the hydrogen bond donor and acceptor groups is arranged such that each molecule 

will not be able to strongly bind with itself, but both strongly bind to one another. A number of such 

molecules have been reported in literature.63  

One suitable candidate is a guanosine urea (UG) derivative that is capable of forming strong and 

stable hydrogen bonded dimers with 2,7-diamido-1,8-naphthyridines (Napy) with only a minimal 

tendency for homodimerization.64 UG is a particularly interesting candidate as it is capable of forming 

dimers with a number of different partners and allows for fine tuning of the interaction strength 

where desired, making it a particularly versatile molecule.65 This UG derivative retains the ribose ring 

of its parent molecule, the alcohol groups of which remain available as reactive handles which can be 

used for functionalization. 

To obtain the complimentary counterpart to the UG molecule, it was necessary to synthesize a Napy 

derivative that also contains a suitable reactive handle for functionalization. General methods for the 

synthesis of Napy derivatives that forms the complimentary counterpart to the UG molecule have 

                                                           
59

   Ligthart, G.B.W.L. Complementary Quadruple Hydrogen Bonding, PhD. Thesis, Eindhoven 
University of Technology, May 2006 
60

  Sijbesma, R.P.;  Beijer, F.H.; Brunsveld, L.; Folmer, B.J.B.; Hirschberg, J.H.K.K.; Lange, R.F.M. ; Lowe, J.K.L.; 
Meijer, E.W. Science 1997, 278, 1601-1604 
61

  Cortese, J.; Soulié-Ziakovic, C.; Tencé-Girault, S.; Leibler, L. J. Am. Chem. Soc. 2012, 134, 3671-3674 
62

  Feldman, K.E.; Kade M.J.; de Greef, T.F.A.; Meijer, E.W.; Kramer, E.J.; Hawker, C.J. Macromolecules 2008, 41, 
4694-4700 
63

   Park, T. ; Zimmerman, S.C.; Nakashima S. J. Am.Chem. Soc. 2005, 127, 6520-6521 
64   Park, T.; Todd, E.M.; Nakashima, S.; Zimmerman, S.C. J. Am. Chem. Soc. 2005, 127, 18133-18142 
65

   Ying, L.; Park, T.; Quansah, J.K.; Zimmerman, S.C. J. Am. Chem. Soc. 2011, 133, 17118-17121 
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been reported.66 Using these methods as a starting point a synthetic route could be developed that 

would yield a Napy derivative with the desired characteristics. 

 

2.2 Synthesis of UG 

The target molecule UG 1 for this synthesis is a butyl urea of guanosine, 1a. This target could be 

obtained from commercially available guanosine in 5 steps with acceptable yield. A similar synthesis 

was previously reported,67 but difficulty was encountered in the critical urea formation from the 

reaction of the protected guanosine derivative 1b with butyl isocyanate and the synthesis was 

modified accordingly. An overview of the synthesis is given in scheme 2.1. 

    

Scheme 2.1: Synthesis of guanosine urea derivative UG 1 

The first step in the synthesis was the protection of the ribose ring on guanosine by triacetylation of 

the attached alcohol groups using acetic anhydride (Ac2O) in the presence of triethylamine and N,N-

(dimethylamino)pyridine. Although triacetylguanosine 1b is commercially available it is prohibitively 

expensive, while guanosine 1a is available cheaply and in bulk. The reaction was performed at 0°C in 

order to suppress N-acetylation, and 1b could be obtained in near quantitative yield. The 

intermediate was characterized by 1H-NMR (figure 2.1), all peaks could be assigned and 

corresponded with reported values. 
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Figure 2.1: 
1
H-NMR spectrum of 1b in DMSO-d6. * = water peak. ** = DMSO peak. 

 

The key step in this synthesis is the addition of a butyl urea by reaction of 1b with butyl isocyanate. 

After a previously reported method for urea formation on the protected guanosine utilizing sodium 

hydride caused some difficulty68 a more conventional method of urea formation was employed to 

good effect. Reaction of the acetoxy-protected intermediate 1b with butyl isocyanate in pyridine 

yielded 1c in sufficient purity for further use. This intermediate was again characterized by 1H-NMR 

(figure 2.2), and all peaks relevant to the molecule could be assigned. Some impurities were visible.  

 

 

 

 

 

 

 

 

 

 

Figure 2.2: 
1
H-NMR spectrum of 1c in DMSO-d6. * = pyridine peaks. ** = water peak. *** = DMSO peak. 
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The next step in the synthesis is the deprotection of the ribose ring alcohols. Deprotection of 1c 

could be achieved using sodium methoxide in methanol as an anhydrous base. The deprotected 

intermediate was analysed with 1H-  and 13C-NMR.(figures 2.3, 2.4) In the 1H spectrum, all peaks 

could be assigned. The C13 spectrum was 1 peak short, but predictions indicate that the missing peak, 

marked in figure 3.4 with an exclamation point, should be hidden behind the DMSO signal.  

 

 

 

 

 

 

 

 

 

Figure 2.3: 
1
H-NMR spectrum of 1d in DMSO-d6. * = water peak. ** = DMSO peak. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: 
 13

C-NMR spectrum of 1d in DMSO-d6. * = DMSO peak, possibly overlaps 1 carbon peak. 
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Mass was verified by MALDI-ToF MS, yielding m/z = 383.19 (M+H)+, matches calculated exact mass M 

= 382.16, the Maldi-ToF MS spectrum for this intermediate is given in figure 2.5 as an example. 

 

 

Figure 2.5: 
 
Maldi-ToF MS spectrum of 1d 

 

The ribose ring in the target molecule is not critical to its function as a supramolecular linker, but it 

serves to enhance solubility and as a convenient point on which to attach additional functionality. 

After deprotection of the ribose alcohol groups in the previous step, the two adjacent alcohol groups 

at the 2 and 3 positions of the ribose ring are given a protective group once again, this time using 2,2-

dimethoxypropane to convert them into an acetonide, to leave the final alcohol group at the 6 

position as a reactive handle for functionalizaation. The product of this reaction was characterized 

with 1H- and 13C-NMR.(figures 2.6, 2.7) As before, all molecule peaks could be assigned in 1H-NMR, 

but the C-13 spectrum is again short one carbon. This is likely the same carbon signal that was 

missing for the previous intermediate. All other peaks can be assigned, and show up as expected. 

Mass was verified by MALDI-ToF MS, yielding m/z = m/z 423.24 (M+H)+, 445.20 (M+Na)+, matches 

calculated exact mass M = 422.19. 
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Figure 2.6: 
1
H-NMR spectrum of 1e in DMSO-d. * = solvent impurity, methanol, acetone. ** = water peak. *** = DMSO peak. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: 
13

C-NMRspectrum of 1e in DMSO-d6. * = DMSO peak, possibly overlaps 1 carbon peak. 
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For the final step in this synthesis we attach a carboxylic acid to the free alcohol on the ribose ring to 

obtain the desired reactive handle with which we may later functionalize our polymer.The final step 

in the synthesis was the attachment of the desired carboxylic acid reactive handle. To accomplish this 

1e is reacted with succinic anhydride to yield our final product. The product could be characterized 

by 1H- and 13C-NMR. (figure 2.8, 2.9)  As before, all peaks could be assigned in the 1H-NMR spectrum. 

The 13C-NMR spectrum is also very similar to that for 1e, with the same peak likely still hidden behind 

the DMSO signal. Other than that, all peaks can still be assigned and all carbons are accounted for. 

Mass was verified by MALDI-ToF MS, yielding m/z 545.21 (M+Na)+, matches calculated exact mass M 

= 522.21. 

 
 

 

 

 

 

 

 

 

 

Figure 2.8:  
1
H-NMR spectrum of UG 1 in DMSO-d6. * = DMF peaks. ** = water peak. *** = DMSO peak 

.  

 

 

 

 

 

 

 

 

Figure 2.9: 
13

C-NMR spectrum of UG 1 in DMSO-d6. * = DMSO peak, possibly overlaps 1 carbon peak. 
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2.3 Synthesis of Napy 

In this second synthesis it was possible to make use of the general methods that have previously 

been reported for the synthesis of this class of compounds.69,70 Using those methods that had 

previously been used successfully, with some improvements from more recent literature after yields 

were found to be unsatisfactory,71 a synthesis was devised that would afford the target compound 

Napy 2 in four steps starting from compound 2a. A brief overview of the synthetic route is given in 

scheme 2.2. 

 

Scheme 2.2: Synthesis of 2,7-diamido-1,8-naphthyridine derivative Napy 2 

Before we could begin this synthesis, however, it was necessary to synthesize an amount of the Napy 

core 2a. While this compound can be obtained from commercial vendors, it is not feasibly available 

in the quantities required. It can, however, be easily synthesized from simple precursors by the 

method shown in scheme 2.3 .72 

 

 
Scheme 2.3: Synthesis of 7-amino-2-oxo-1,8-naphthyridine 2a 

 

In this reaction, malic acid and 2,6-diaminopyridine are ground to an intimate powder, after which 

concentrated sulphuric acid is added. After addition of the acid the reaction proceeds readily to yield 
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2a with good purity after only minimal purification. The compound was characterized by 1H-NMR. 

(figure 2.10)  All peaks could be assigned and correspond well to values reported in literature. 

 

Figure 2.10: 
1
H-NMR spectrum of 2a in DMSO-d6 

 

The first step in the synthesis proper serves to generate an amide at the 2 position of the 

naphthyridine core which is functionalized with the desired aliphatic tail for solubility. To accomplish 

this 2a  is treated with ethylhexanoyl chloride to yield 2b in moderate yield. The compound could be 

analysed with 1H- and 13C-NMR (figure 2.11, 2.12). For 1H-NMR, all peaks could be assigned. Trace 

amounts of ethanol could be detected, but no major impurities were present. For the 13C-NMR 

spectrum all product peaks could be assigned, but a small peak at a chemical shift of around 183.5 

could not be identified. Mass was verified by MALDI-ToF MS, yielding m/z = m/z 288.27 (M+H)+, 

310.24 (M+Na)+, matches calculated exact mass M = 287.16. 

 

 

 

 

 

 

 

 

 

Figure 2.11: 
1
H-NMR spectrum of 2b in CHCl3-d. * = chloroform peak. ** = water peak. 
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Figure 2.12: 
13

C-NMR spectrum of 2b in CHCl3-d. * = chloroform peak 

 

For the second step of the reaction, 2b is treated with phosphoryl chloride to convert the oxo group 

on the Napy core into the corresponding chloride in order to obtain the required reactivity for the 

next step in the reaction. The compound was analysed with 1H- and 13C-NMR (figure 2.13, 2.14). In 

both 1H-NMR and 13C-NMR spectra all peaks could be assigned. Mass was verified by MALDI-ToF MS, 

yielding m/z = m/z 306.22 (M+H)+, 328.19 (M+Na)+, matches calculated exact mass M = 305.13. 

 

 

 

 

 

 

 

 

 

Figure 2.13:  
1
H-NMR spectrum of 2c in CHCl3-d. * = chloroform peak. 
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Figure 2.14: 
13

C-NMR spectrum of 2c in CHCl3-d. * = chloroform peak 

 

 

The third step in this synthesis is the coupling of a protected amide, to the chlorine position created 

in the previous step. This is accomplished by means of a Buchwald-Hartwig amidation reaction using 

Xantphos as a bidentate ligand on palladium to extend the primary amide. This reaction yields the 

DAAD hydrogen bond donor/acceptor array that we require as a mirror to our UG molecule. Despite 

requiring column chromatography to obtain the product in sufficient purity, the reaction afforded a 

good yield. The product obtained after purification was characterized by 1H- and 13C-NMR (figure 

2.15, 2.16). All product peaks could be assigned, and peak chemical shifts for both corresponded well 

with reported values. Mass was verified by MALDI-ToF MS, yielding m/z = m/z 473.33 (M+H)+, 495.30 

(M+Na)+, matches calculated exact mass M = 472.29. 

 

 

 

 

 

 

 

 

 

Figure 2.15:  
1
H-NMR spectrum of 2d in CHCl3-d. * = chloroform peak. ** = TMS reference 
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Figure 2.16: 
13

C-NMR spectrum of 2d in CHCl3-d. * = chloroform peak. ** = TMS reference 

 

The final step in the synthesis is the deprotection of the amide that was coupled to the molecule in 

the last step in order to obtain a free alcohol to serve as the reactive handle that we require for the 

synthesis of our functionalized polymers. The tert-butyldimethylsilyl ether that serves as a protecting 

group can be readily converted into the corresponding alcohol by treating it with triethylamine 

trihydrofluoride, a procedure suggested in literature to be more reliable than deprotection with 

tetrabutylammonium fluoride.73 The final product was characterized with 1H- and 13C-NMR (figure 

2.17, 2.18), all product peaks could be assigned and chemical shift values corresponded well with 

what could be expected based on the spectra of the precursor compounds. Mass was verified by 

MALDI-ToF MS, yielding m/z = m/z 359.27 (M+H)+, 381.25 (M+Na)+, matches calculated exact mass M 

= 358.20. 
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Figure 2.17:  
1
H-NMR spectrum of Napy 2 in CHCl3-d. * = chloroform peak. 

 

 

 

 

 

 

 

 

 

 

Figure 2.18: 
13

C-NMR spectrum of Napy 2 in CHCl3-d. * = chloroform peak. 
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2.4 Concluding remarks 

The syntheses for both target molecules UG 1 and Napy 2 were successfully completed. Both 

molecules could be synthesized from commercially available materials, on a multigram scale and with 

high purity. Compounds were characterized by 1H-NMR, 13C-NMR and Maldi-ToF MS. 

UG 1 retains the ribose ring of its precursor, with the vicinal alcohols on the 2 and 3 positions of the 

ribose protected in the form of an acetonide. The final alcohol group was extended with a succinic 

acid to serve as a reactive handle for later use. 

Napy 2 is an asymmetric 1,8-naphthyridine which incorporates a free primary alcohol on one side, 

also to serve as a reactive handle. Characterization shows complete deprotection of the alcohol 

group. 

 

2.5 Experimental 

Materials 

Bulk solvents used were purchased from Biosolve BV Chemicals. Solvents were used without further 

purification unless otherwise indicated. Deuterated solvents were purchased from Cambridge 

Isotope Laboratories. Other chemicals were purchased from Sigma-Aldrich and used as received 

unless otherwise noted. 

Characterization 
1H and 13C NMR spectroscopy was performed on a Varian Inova instrument operating at 400 MHz 

(1H) or 100 MHz (13C). Both Proton and carbon chemical shifts are reported in ppm downfield from 

tetramethylsilane (TMS).  

MALDI-TOF MS spectra were acquired using a Perspective Biosystem Voyager‐DE PRO spectrometer 

(matrix materials: α‐cyano‐4‐hydroxycinnamic acid (CHCA) and trans-2-(3-(4-t-Butylphenyl)-2-methyl-

2-propenylidene)malononitrile (DCTB)) 

Synthesis of 1b 

A solution of guanosine (10.07g, 35.5 mmol), triethylamine (29 ml, 197.2 mmol) and 

(dimethylamino)pyridine (393 mg, 3.3 mmol) in 120 ml acetonitrile was prepared and cooled to 0 °C. 

10 ml of acetic anhydride (105.9 mmol) was added dropwise, after which the mixture was stirred for 

1h before being warmed to room temperature. The mixture was then stirred for a further 3h after 

which the reaction was quenched with 10 ml of methanol. Excess solvent was removed on a rotary 

evaporator at reduced pressure and the resulting concentrated solution (approx. 30 ml) was added 

dropwise to 300 ml of diethyl ether to precipitate a fine, white powder which was collected by 

filtration and washed with diethyl ether. The resulting solid was slurried in acetone and stirred at 

room temperature for 1h resulting in a homogenous suspension. Filtration followed by drying of the 

solid under high vacuum afforded 12.2 g (99%) of 1b.  
1H NMR (400 MHz, DMSO) δ 10.72 (s, 1H), 7.91 (s, 1H), 6.51 (s, 2H), 5.96 (d, J = 6.1 Hz, 1H), 5.77 (t, J = 

6.0 Hz, 1H), 5.47 (dd, J = 5.9, 4.1 Hz, 1H), 4.36 (dd, J = 11.2, 3.7 Hz, 1H), 4.32 – 4.20 (m, 2H), 2.09 (s, 

3H), 2.02 (s, 3H), 2.01 (s, 3H). 
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Synthesis of 1c 
A mixture of 1b (12.2g, 37.5 mmol) and butyl isocyanate (6ml, 53.3 mmol) in 120 ml of pyridine was 
stirred overnight at 130 °C yielding a clear, dark orange solution. An excess of pyridine was removed 
on a rotary evaporator at reduced pressure to yield 40 ml of concentrated solution which was added 
dropwise to 400 ml of pentane, yielding a viscous material. Excess pentane was removed by 
decanting. This solution was again added dropwise to 400 ml of pentane yielding a solid precipitate. 
Excess pentane was again removed by decanting and the precipitate was dried under high vacuum, 
affording 15.9 g (>99%, some pyridine still present) of 1c at sufficient purity for further use. 
1H NMR (400 MHz, DMSO) δ 11.98 (s, 1H), 9.92 (s, 1H), 8.12 (s, 1H), 6.93 (t, J = 5.4 Hz, 1H), 6.03 (d, J = 
6.0 Hz, 1H), 5.77 (t, J = 6.0 Hz, 1H), 5.43 (dd, J = 5.9, 4.3 Hz, 1H), 4.37 – 4.21 (m, 3H), 3.13 (q, J = 12.7, 
6.8 Hz, 2H), 2.09 (s, 3H), 2.02 – 2.01 (m, 6H), 1.47 – 1.38 (m, 2H), 1.33 – 1.23 (m, 2H), 0.91 – 0.82 (m, 
3H). 
 
Synthesis of 1d 
To solution of 1c (15.9 g, 37.5 mmol) in 120 ml of methanol was added 25.6 ml of a sodium 
methoxide stock solution (30t% methanol, 327.8 mmol), the solution was then stirred at room 
temperature overnight. Aqueous hydrochloric acid was added until the mixture measured as mildly 
acidic, followed by dropwise addition of 300 ml water to precipitate the product, which was collected 
by filtration and washed with water and pentane. The product was dried under high vacuum, yielding 
11.5 g (80%) of 1d. (Care must be taken when drying, as the product forms a fine powder containing 
a relatively large amount of solvent, and it is prone to fluidization as the solvent boils.) 
1H NMR (400 MHz, DMSO) δ 11.89 (s, 1H), 9.93 (s, 1H), 8.14 (s, 1H), 6.94 (t, J = 5.3 Hz, 1H), 5.71 (d, J = 
5.6 Hz, 1H), 5.43 (d, J = 5.9 Hz, 1H), 5.13 (d, J = 4.9 Hz, 1H), 5.00 (t, J = 5.5 Hz, 1H), 4.39 (dd, J = 10.8, 
5.5 Hz, 1H), 4.09 (dd, J = 9.0, 4.7 Hz, 1H), 3.88 (q, J = 4.0 Hz, 1H), 3.57 (tdd, J = 11.7, 9.6, 4.7 Hz, 2H), 
3.14 (dd, J = 13.0, 6.5 Hz, 2H), 1.49 – 1.39 (m, 2H), 1.29 (dq, J = 14.0, 7.1 Hz, 2H), 0.92 – 0.81 (m, 3H).; 
13C NMR (100 MHz, DMSO) δ 155.49, 155.32, 149.56, 149.20, 137.52, 119.60, 87.43, 85.69, 74.37, 
70.60, 61.60, 31.66, 19.85, 14.04.; MS m/z (Maldi-ToF) 383.19 (M+H)+, matches calculated exact mass 
M = 382.16 
 
Synthesis of 1e 
To a mixture of 1d (3.95 g, 10.3 mmol) and p-toluenesulfonic acid (2.00 g, 11.7 mmol) in 100 ml of 
acetone was added 16 ml of 2,2-dimethoxypropane (130.6 mmol). This mixture was stirred for 3h at 
room temperature, and conc. aqueous ammonia was added until the solution measured as basic. An 
excess of solvent was removed on a rotary evaporator at reduced pressure and the residue was 
dissolved in 30 ml of chloroform and washed with 30 ml of water. The aqueous layer was extracted 
with a further 30 ml of chloroform, after which the organic layers were combined. The combined 
organic layers were washed with a concentrated sodium bicarbonate solution and brine, dried over 
magnesium sulfate and filtered. Solvent was removed under vacuum yielding 3.13 g (71%) of 1e. 
1H NMR (400 MHz, DMSO) δ 11.88 (s, 1H), 9.90 (s, 1H), 8.09 (s, 1H), 7.40 (s, J = 37.3 Hz, 1H), 5.99 (d, J 
= 2.6 Hz, 1H), 5.21 (dd, J = 6.2, 2.6 Hz, 1H), 5.10 (s, 1H), 4.96 (dd, J = 6.2, 2.7 Hz, 1H), 4.20 (td, J = 5.0, 
2.8 Hz, 1H), 3.54 (d, J = 3.5 Hz, 2H), 3.16 (dd, J = 13.0, 6.3 Hz, 2H), 1.53 (s, 3H), 1.46 (dq, J = 12.1, 7.1 
Hz, 2H), 1.38 – 1.21 (m, 5H), 0.94 – 0.86 (m, 3H). ; 13C NMR (100 MHz, DMSO) δ 155.17, 148.93, 
137.55, 119.76, 113.45, 89.89, 87.37, 84.44, 81.71, 61.91, 31.75, 27.46, 25.65, 19.88, 14.05.; MS m/z 
(Maldi-ToF) 423.24 (M+H)+, 445.20 (M+Na)+, matches calculated exact mass M = 422.19 
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Synthesis of UG 1 

A mixture of 1e (1.99g, 4.7 mmol), succinic anhydride (701.9 mg, 7.0 mmol), (dimethylamino)pyridine 

(60.0 mg, 0.49 mmol) and triethylamine (1ml, 0.5 mmol) in 20 ml of dimethylformamide was stirred 

overnight at 70 °C. Solvent was removed by vacuum destillation at 45 °C. The residue was dissolved 

in 100 ml of chloroform washed with 50 ml of water. Aqueous layer was washed 3x with 25 ml of 

chloroform. The organic layers were combined and washed with 100 ml of brine and dried over 

magnesium sulfate and filtrated. Solvent was removed on a rotary evaporator at reduced pressure, 

and the resulting solvent was dried further under high vacuum at 70 °C, yielding 1.93 g (78%) of UG 

1. 
1H NMR (400 MHz, DMSO) δ 12.25 (s, 1H), 12.03 (s, 1H), 10.35 (s, 1H), 8.02 (s, 1H), 7.59 (br, s, 1H), 

6.07 (d, J = 2.0 Hz, 1H), 5.24 (dd, J = 6.1, 1.9 Hz, 1H), 5.12 (dd, J = 6.0, 3.4 Hz, 1H), 4.34 (dd, J = 9.1, 5.4 

Hz, 1H), 4.16 (ddd, J = 17.8, 11.5, 5.6 Hz, 2H), 3.20 – 3.06 (m, 2H), 2.46 – 2.36 (m, 4H), 1.51 (s, 3H), 

1.49 – 1.38 (m, 2H), 1.36 – 1.24 (m, 5H), 0.88 (t, J = 7.3 Hz, 3H).; 13C NMR (100 MHz, DMSO) δ 174.22, 

172.53, 155.45, 149.38, 148.83, 137.92, 119.93, 113.77, 89.51, 84.70, 84.39, 81.52, 64.28, 31.70, 

29.69, 29.31, 27.45, 25.77, 19.89, 14.05.; MS m/z (Maldi-ToF) 545.21 (M+Na)+, matches calculated 

exact mass M = 522.21 

 
Synthesis of 2a 
Malic acid (15g, 111.8 mmol) and 2,6-diaminopropane (11g, 100.86 mmol) were placed in mortar and 
ground to an intimate powder. 2,6-diaminopropane was not cleaned of oxidation layer before use, 
this could be done by washing in a dilute hydrochloric acid solution but was not necessary for this 
reaction, resulting in an ash grey powder. The powder was transferred to a flask and placed in an ice 
bath, and concentrated sulphuric acid (50 ml) was added dropwise. The solution was heated to 110 
°C for two hours, after which the black mixture was allowed to cool to room temperature and left to 
rest overnight. The mixture was poured on ice, and the acid was neutralised by the addition of 
concentrated ammonium hydroxide until an alkaline solution had been obtained (pH of around 9-10 
with pH paper). The solid was collected by filtration and washed with water, yielding 2a as a tan 
powder. To remove trace water, the product was placed in a vacuum flask which was heated to 50 °C 
and placed under high vacuum for 8 hours, yielding 13.62 g (84%) of 2a. 
1H NMR (400 MHz, DMSO) δ 11.63 (s, 1H), 7.66 – 7.56 (m, 2H), 6.81 (s, 2H), 6.31 (d, J = 8.5 Hz, 1H), 
6.08 (d, J = 9.3 Hz, 1H). 
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Synthesis of 2b 
A solution of 2a (5.03g, 31.21 mmol), triethylamine (10 ml, 71.7 mmol) and (dimethylamino)pyridine 
(80 mg, 0.65 mmol) in pyridine (50 ml) was prepared and placed in a three-necked flask. The flask 
was placed under argon atmosphere and cooled to 0 °C in an ice bath, and a mixture of 
ethylhexanoyl chloride (10 ml, 57.72 mmol) and pyridine (25 ml) was added while taking care to not 
let the internal temperature of the reaction flask rise above 15 °C. After addition of the acid chloride, 
the mixture was heated to 100 °C for 18 hours. Pyridine was removed at reduced pressure on a 
rotary evaporator. The residue was dissolved in toluene to co-evaporate remaining pyridine, this step 
was repeated twice. The resulting black residue was transferred to a flask and triturated in 50 ml of 
water under sonication for 30 minutes. Dilute hydrochloric acid was added until an alkaline solution 
was obtained (pH 9-10 by pH paper), and the mixture was sonicated for a further 15 minutes. Solids 
were recovered by vacuum filtration, yielding a coarsely grained black substance. This material was 
again transferred to flask and triturated in 50 ml of ethanol under sonication for 30 minutes. Solids 
were again recovered by vacuum filtration and washed with ethanol, yielding 2b as a fine, tan 
powder. Product was dried under high vacuum, yielding 3.46 g (39%) of 2b. 
 1H NMR (400 MHz, CDCl3) δ 12.86 (s, 1H), 11.76 (s, 1H), 8.46 (d, J = 8.7 Hz, 1H), 7.93 (d, J = 8.7 Hz, 
1H), 7.75 (d, J = 9.4 Hz, 1H), 6.64 (dd, J = 9.4, 1.9 Hz, 1H), 2.91 – 2.73 (m, 1H), 1.84 – 1.67 (m, 2H), 
1.64 – 1.55 (m, 2H), 1.41 – 1.27 (m, 4H), 0.97 (t, J = 7.4 Hz, 3H), 0.86 (t, J = 7.1 Hz, 3H). 13C NMR (101 
MHz, CDCl3) δ 177.75, 165.11, 154.13, 148.68, 139.66, 138.97, 119.88, 111.22, 110.92, 48.53, 32.50, 
29.66, 26.22, 22.86, 14.00, 11.88. MS m/z (Maldi-ToF) 288.27 (M+H)+, 310.24 (M+Na)+, matches 
calculated exact mass M = 287.16 
 
Synthesis of 2c 
A solution of 2b (3.4 g, 11.8 mmol) in phosphoryl chloride (50 ml) was placed under argon 
atmosphere and heated to 95 °C (reflux condition) for 10 hours. The solution was allowed to cool to 
room temperature, and then concentrated by evaporating approximately 50% of the solvent on a 
rotary evaporator. The remaining solution was poured into iced water (150 ml, ice bath) and 
neutralized with concentrated ammonia until an alkaline solution (pH 9-10 by pH paper) was 
obtained. The mixture was extracted twice with 75 ml of dichloromethane, and the combined 
organic layers were then washed with a concentrated sodium bicarbonate solution, distilled water 
and brine. The organic layer was dried over magnesium sulphate, and the product was recovered by 
evaporation of solvent. The resulting solid was dried under high vacuum, yielding 3.43 g (94%) of 2c. 
1H NMR (400 MHz, CDCl3) δ 9.12 (s, 1H), 8.64 – 8.54 (m, 1H), 8.19 (d, J = 8.9 Hz, 1H), 8.06 (d, J = 8.4 
Hz, 1H), 7.37 (d, J = 8.4 Hz, 1H), 2.35 – 2.22 (m, 1H), 1.69 (dp, J = 22.8, 7.5 Hz, 2H), 1.60 – 1.42 (m, 
2H), 1.30 – 1.19 (m, 4H), 0.97 – 0.87 (m, 3H), 0.81 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 
175.96, 154.58, 154.26, 154.23, 139.15, 138.78, 122.00, 119.15, 115.78, 50.44, 32.25, 29.61, 25.89, 
22.70, 13.86, 11.87. MS m/z (Maldi-ToF) 306.22 (M+H)+, 328.19 (M+Na)+, matches calculated exact 
mass M = 305.13 
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Synthesis of 2d 
In preparation for the reaction, an amount of potassium carbonate was pulverized to a fine powder 
and dried under vacuum at 50 °C for 18 hours. A Schlenk tube was charged with 2c (3.4g, 11.1 mmol), 
(S)-2-((tert-butyldimethylsilyl)oxy)propanamide (2.8g, 13.8 mmol) and the dry potassium carbonate 
(2.2g, 15.9 mmol). To this was added a solution of palladium acetate (28 mg, 0.12 mmol) and 
Xantphos (150 mg, 0.26 mmol) in dioxane (70 ml). The vessel was brought under inert atmosphere 
and the solution was degassed by freeze-pump-thaw cycling (four full cycles, argon flush after each 
cycle). The vessel was then heated to 100 °C and kept at this temperature for 18 hours. The solution 
was then allowed to cool to room temperature and solids were removed by filtration over a paper 
filter, yielding 2d as a crude product. The crude product was further purified by column 
chromatography, using a 100g silica SNAP cartridge on a Biotage Isolera II Chromatography system. 
The column was run with a gradient starting with pure hexane and rising to a mixture of 15% ethyl 
acetate in hexane. The separation yielded a single broad peak visible on the UV detector. The solvent 
of the recovered fraction was evaporated and the resulting solid was dried under high vacuum, 
yielding 4.03 g (79%) of 2d. 
1H NMR (400 MHz, CDCl3) δ 9.28 (s, 1H), 8.48 (d, J = 8.8 Hz, 2H), 8.24 (s, 1H), 8.13 (d, J = 8.8 Hz, 2H), 
4.38 (q, J = 6.7 Hz, 1H), 2.26 – 2.11 (m, 1H), 1.79 – 1.65 (m, 2H), 1.65 – 1.55 (m, 2H), 1.55 – 1.45 (m, 
4H), 1.31 (d, J = 2.3 Hz, 4H), 1.03 – 0.92 (m, 12H), 0.92 – 0.81 (m, 3H), 0.16 (t, J = 2.7 Hz, 6H). 13C NMR 
(100 MHz, CDCl3) δ 175.31, 173.84, 153.84, 153.68, 153.46, 139.01, 138.85, 118.56, 113.49, 113.31, 
70.51, 51.16, 51.15, 32.46, 32.42, 29.74, 26.08, 26.04, 25.91, 22.71, 22.69, 22.13, 18.19, 13.88, 12.00. 
MS m/z (Maldi-ToF) 473.33 (M+H)+, 495.30 (M+Na)+, matches calculated exact mass M = 472.29 
 
Synthesis of Napy 2 
A solution of 2d (4g, 8.5 mmol) in tetrahydrofuran (75 ml) was prepared and degassed by freeze-
pump-thaw cycling (three full cycles, argon flush after each cycle). Triethylamine trihydrofluoride (2 
ml, 12 mmol) was added to the vessel, and the mixture was stirred at room temperature for 2 hours. 
After this time a further amount of triethylamine trihydrofluoride was added (2 ml, 12 mmol), and 
the mixture was stirred for another 2 hours. Next, the solvent was removed on a rotary evaporator 
and the residue was dissolved in 50 ml of dichloromethane. The solution was extracted with 100 ml 
of distilled water, and the aqueous layer was extracted with another 50ml of dichloromethane. The 
organic layers were combined and washed with a concentrated bicarbonate solution, distilled water 
and brine before being dried over magnesium sulphate. Solvent of the dry solution was evaporated 
and the product was dried under high vacuum, yielding 2.47 g (81%) of Napy 2. 
1H NMR (400 MHz, CDCl3) δ 9.68 (s, 1H), 8.51 (b, 1H), 8.46 (dd, J = 8.8, 5.0 Hz, 2H), 8.09 (dd, J = 8.8, 
2.8 Hz, 2H), 5.17 (s, 1H), 4.63 (dd, J = 12.2, 6.9 Hz, 1H), 2.36 – 2.24 (m, 1H), 1.82 – 1.67 (m, 2H), 1.66 – 
1.51 (m, 5H), 1.40 – 1.26 (m, 4H), 0.98 (dd, J = 7.7, 7.0 Hz, 3H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (100 
MHz, CDCl3) δ 175.67, 175.65, 175.26, 154.04, 153.43, 153.29, 139.19, 138.90, 118.38, 113.82, 
113.17, 69.08, 50.79, 50.78, 32.39, 32.36, 29.74, 29.71, 26.03, 26.01, 22.74, 22.71, 20.81, 13.93, 
13.91, 12.01, 11.97. MS m/z (Maldi-ToF) 359.27 (M+H)+, 381.25 (M+Na)+, matches calculated exact 
mass M = 358.20 
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3 Synthesis and characterization of functionalized 

polymers 

 

3.1 Introduction 

In any block copolymer the nature of the monomers that make up each of the two blocks is of key 

importance to the phase separation behaviour of the system, this is no less true of a supramolecular 

copolymer. Since the bonding pair described in the previous chapter is reported to bind very strongly 

there is little risk of macrophase separation due to failure of the supramolecular bond, we are free to 

choose the polymer pair so as to minimise the domain size after phase separation. 

It is only important to note that in order to enable the smallest domain size it is desirable to find the 

largest value of the Flory-Huggins interaction parameter χ so that the domain size can be kept as 

small as possible. Domain size scales according to     
       , while the order/disorder transition 

is determined by the product χN. Since the domain size scales more strongly with the degree of 

polymerization N than with the value of the interaction parameter, we can obtain the smallest value 

of D0 for a given value of  χN by using the largest value of χ possible. 

In this work we shall make use of the exceptionally strong immiscibility between 

poly(dimethylsiloxane) (PDMS) and poly(DL-Lactide) (PLA). The value for the Flory-Huggins 

interaction parameter has been estimated to be close to unity (χPDMS-PLA= 0.94 at 298K)74, which 

allows exceptionally small domains to be generated in this films of block copolymers with low 

degrees of polymerisation. 

In addition to this high degree of selectivity, it is desirable for a block copolymer to have selectively 

etchable domains. These properties have been previously studied for use in nanolithography75, and 

the pair described here has similarly good etch contrast. The silicon-based backbone of the PDMS 

provides etch resistance to O2 plasma in reactive ion etching, while PLA is highly susceptible to this 

etchant. PDMS in turn may be etched using fluorinated etchants. 

Using the binding molecules synthesized in chapter 3 as a starting point, syntheses were developed 

to yield both functionalized homopolymers. These syntheses are outlined in the rest of this chapter. 
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3.2 Synthesis of UG functionalized poly(dimethylsiloxane) 

In this synthesis, commercially available OH-terminated PDMS was used as a starting material. (MCR 

C18; Mn= 5.0 kg/mol; Ɖ= 1.06; 100 μmol OH) The starting material was functionalised with UG using 

a hydroxyl-carboxylate esterification reaction mediated by 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDCI). After a procedure previously reported for a similar functionalization reaction 

proved unsatisfactory, (dimethylamino)pyridine (DMAP) was discarded in favour of 4-

(dimethylamino)pyridinium p-toluenesulfonate (DPTS) for all further functionalization reactions76,77. 

The reaction scheme using DPTS is shown below. 

 

 

Scheme 3.1: Functionalization strategy for preparing PDMS-UG 

Various molecular weights of PDMS were used in functionalization reactions, in all cases the ratio of 

UG and the hydroxyl end group was held constant. The starting materials were dissolved in 

dichloromethane, and to this solution was added a solution of EDCI and DPTS in dichloromethane. 

The resulting reaction mixture was stirred for 15h under an argon atmosphere at room temperature. 

After washing with bicarbonate the solution was dried over MgSO4 and the solvent removed under 

vacuum to yield the crude product. This was further purified by column chromatography to remove 

excess UG to yield the pure final product at a moderate yield. 
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Figure 3.1: 
1
H-NMR spectra of PDMS (top) and UG-functionalized PDMS (bottom) 

 

The final product was characterized by 1H-NMR, the spectrum is shown in figure 3.1 alongside the 

spectrum of the starting PDMS for convenience. The region of interest has been magnified in both 

cases. The distinct shift in the marked peaks for the functionalized PDMS is consistent with a high 

degree of functionalization. 

In addition the functionalized PDMS was characterized by size-exclusion chromatography (SEC), and 

the product was found to have a very low molar mass dispersity (Mn= 5.5 kg/mol; Ð = 1.06, 

measured in THF and compared to polystyrene standards. Figure 3.3). The decreased yield may be 

partially explained by fractionation after column chromatography, which is consistent with this low 

dispersity. 
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3.3 Synthesis of Napy functionalized poly(DL-lactide) 

Using the OH-functional Napy that was described in the previous chapter as an initiator, Napy 

functionalised PLA could be prepared by ring-opening polymerization (ROP). This scheme results in a 

very high degree of functionalization and higher yields compared to a post-polymerization 

functionalization reaction.78,79  

While lactide ROP has been performed using stannous octoate as a catalyst for decades80, attempts 

to use this procedure were unsuccessful. Napy is rather large as an initiator and it is possible that 

stannous octoate is not able to initiate with it as a consequence. After this an attempt was made to 

perform the reaction using the organocatalyst 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU), and this 

reaction was successful.81 This reaction is shown in scheme 2.2 below. 

 

 

Scheme 3.2: Synthesis of Napy-functionalized poly(D,L-lactide) 
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To obtain the product, dry D,L-lactide was placed in a flask and dry chloroform was added. The flask 

was sealed under nitrogen atmosphere and the catalyst was added via syringe. The reaction mixture 

was stirred for 1h at room temperature before the catalyst was quenched with benzoic acid. The 

product was purified by running the solution over a silica plug and precipitating into methanol at a 

temperature of -50°C. This reaction proceeded readily to high conversion and with near quantitative 

incorporation of the Napy group.  

 

Figure 3.2: 
1
H-NMR spectrum of Napy-functionalized PLA 

 

The product was characterized with 1H-NMR spectroscopy, the spectrum is shown in figure 4.2 with 

the relevant areas magnified. Like with PDMS-UG, the average molar mass of the functionalized PLA-

Napy could be calculated from the NMR spectrum and verified with Maldi-ToF mass spectrometry. In 

addition, the characteristic proton signals of the Napy core can be readily identified, and the 

spectrum is consistent with excellent functionalization efficiency. The length of the polymer could be 

calculated by integration of relevant NMR peaks, yielding Mn = 4.8 kg/mol. PLA-Napy was also 

characterized with SEC and found to have a very low molar mass dispersity. (Ð = 1.07, measured in 

THF and compared to polystyrene standards. Figure 3.4)  
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3.4 Concluding remarks 

Based upon the supramolecular binding groups developed in chapter 3, synthetic approaches could 

be developed to obtain both functionalized polymers PDMS-UG and PLA-Napy in acceptable yields 

and high purity. Both polymers show a high degree of functionalization as determined by 1H-NMR 

spectrometry, and a very low molar mass dispersity as measured in THF and compared to 

polystyrene standards. 

The synthesis approach allows for variation of the degree of polymerization of the end products, and 

a functionalized polymers of various molecular weights could be readily synthesized without 

compromising their narrow molar mass dispersity. 

 

3.5 Experimental 

Materials 

Bulk solvents used were purchased from Biosolve BV Chemicals. Solvents were used without further 

purification unless otherwise indicated. Deuterated solvents were purchased from Cambridge 

Isotope Laboratories. D,L-lactide was purchased from Sigma-Aldrich and was purified by 

recrystallization from toluene after azeotropic removal of water. The dry monomer was stored in a 

glove box under a nitrogen atmosphere. Polymerization mixtures were prepared in the glove box, 

with sealed flasks before performing the polymerizations outside the glove box.  

Mono-hydroxy functionalized poly(dimethylsiloxane)s were purchased from Gelest Inc. The product 

code was MCR-C18, having a reported average molar mass approximately equal to 5 kg mol–1. The 

molecular characteristics were confirmed by 1H-NMR spectroscopy and size-exclusion 

chromatography. 

Other chemicals were purchased from Sigma-Aldrich and used as received unless otherwise noted. 

Characterization 
1H and 13C NMR spectroscopy was performed on a Varian Inova instrument operating at 400 MHz 

(1H) or 100 MHz (13C). Both Proton and carbon chemical shifts are reported in ppm downfield from 

tetramethylsilane (TMS).  

MALDI-TOF MS spectra were acquired using a Perspective Biosystem Voyager‐DE PRO spectrometer 

(matrix materials: α‐cyano‐4‐hydroxycinnamic acid (CHCA) and trans-2-(3-(4-t-Butylphenyl)-2-methyl-

2-propenylidene)malononitrile (DCTB)) 

Size-exclusion chromatography (SEC) was measured in tetrahydrofuran at 40 °C using a Shimadzu LC 

system (LC-10AD pump; SIL-10AD autosampler; SPD-M10A diode array detector; RID-columns in 

series (PLgel 5 μm Mixed C and PLgel 5 μm Mixed D columns) with a reported measureable molar 

mass range of 200–2,000,000 g mol–1. The molar mass and dispersities were reported from 

comparison with narrow dispersity polystyrene standards purchased from Polymer Source Inc. 
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Synthesis of PDMS-UG 
PDMS was functionalized in the following manner. The ratio of UG 1 to hydroxyl end group was held 
constant. The detailed synthesis of PDMS-UG with a molar mass of 5.5 kg mol–1 is described as an 
example. Into a dried 25 mL round-bottom flask was weighed 0.5 g of hydroxyl-terminal PDMS (MCR 
-18; Mn = 5.0 kg mol–1; Ð = 1.06; 100 μmol OH), 175 mg of UG 1 (330 μmol) and 5.0 mL of CH2Cl2. To 
this mixture was added a solution of 150 mg of EDCI-HCl (780 μmol) and 60 mg of DPTS (190 μmol) in 
2.5 mL of CH2Cl2. The reaction was stirred under an argon atmosphere for 15 h at room temperature 
~20 °C). Approximately 15 mL of CH2Cl2 was added and the reaction mixture was quenched by 
washing with a saturated NaHCO3 solution to remove the acid catalyst and excess EDCI. The organic 
fraction was then washed again with water, and dried with saturated NaCl solution and further dried 
over MgSO4. The solvent was removed by vacuum to afford crude functionalized PDMS (90% yield). 
The excess UG-acid was removed by performing column chromatography with a gradient (using a 
BioTage system) starting with 100% CH2Cl2 up to 10% methanol over a total of 15 column volumes. 
The fractions were monitored with a UV-vis detector and collected and condensed to afford pure 
functionalized PDMS-UG (60% overall yield). 

 
Figure 3.3: SEC chromatogram of PDMS-UG after purification by column. 

 

Synthesis of PLA-Napy 

Dry D,L-lactide (0.5 g; 3.5 mmol) was added to a 10 mL round-bottom flask containing 36 mg of Napy-

OH (0.1 mmol; Ntarget = 35; Mn,target = 5 kg/mol assuming 90% conversion) in a glove-box along with 3.5 

mL of dry chloroform (1 M in monomer).The flask was sealed and removed from the glove-box. The 

catalyst DBU (5 μL; 0.035 mmol; [LA]/[DBU] = 100) was added via syringe, at which point the solution 

became clear. The polymerization solution was stirred for 1 h and the catalyst was quenched with ca. 

50 mg of benzoic acid. The solution was stirred for an additional 5 minutes before running over a 

plug of silica and precipitating into a 10-fold excess of methanol at -50 °C. (conversion: 90%; N = 34; 

Mn,NMR = 4.8 kg/mol). 
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Figure 3.4: SEC chromatogram of PLA-Napy 
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4 Characterization of mixtures of PDMS-UG and PLA-Napy 

 

4.1 Introduction 

In the previous two chapters we have described a synthetic route to create precisely functionalized 

homopolymers bearing end groups capable of highly specific complimentary hydrogen bonding, as 

illustrated in figure 4.1.  

 

Figure 4.1: Illustration of the reversible association between functionalized homopolymers to form a supramolecular block 

copolymer through complimentary hydrogen bonding 

 

In this chapter we shall discuss several techniques used to characterize the behavior of mixtures of 

functionalized poly(dimethylsiloxane) (PDMS-UG) and poly(D,L-lactide) (PLA-Napy). First evidence for 

end-group association in solution is investigated by 1H-NMR spectroscopy. 

In addition to this the bulk properties of the two functionalized polymers and a mixture of the two is 

examined using differential scanning calorimetry (DSC). Finally, phase separation morphology is 

examined using small angle x-ray scattering (SAXS). 
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4.2 Nuclear Magnetic Resonance Spectroscopy 

When using NMR spectroscopy to investigate end-group association in a mixture of PDMS-UG and 

PLA-Napy, we exploit the change in the chemical environment that occurs in the protons involved in 

hydrogen bonding upon association of the two components. 

By using a series of measurements to generate a titration curve one may observe characteristic shifts 

in the chemical shift of the protons involved in the hydrogen bonds as the degree of association 

increases when the ratio of the two components of the mixture increases. The technique has been 

previously used to investigate similar systems to good effect82,83, and an example of the series of 

spectra obtained from such a spectrum is shown in figure 4.2. 

 

 

Figure 4.2: NMR titration series of 1,8-naphthyridine (DAN) and UG showing characteristic chemical shifts of hydrogen bond 

protons with increasing degree of association
54

 

 

A titration series was performed by preparing mixtures of PDMS-UG and PLA-Napy in CDCl3 with 

various ratios of UG to Napy endgroups. Both polymers had approximately equal molecular weights. 

The 1H-NMR spectra obtained from this series are shown in figure 4.3. 
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Figure 4.3: Titration series of a mixture of PDMS-UG and PLA-Napy in various proportions. 

 

In this series the two peaks marked with c and e in figure 4.3 are of particular interest, since they 

mirror precisely the effect observed upon changing the end group ratio in the similar system that is 

shown in figure 4.2. This change is consistent with end group association. 

Considering the similarities between the UG/DAN complex used by Zimmerman et. al. and the 

UG/Napy pair used in this work, it can be safely be concluded from the NMR titration experiment 

that the association between the two polymers is highly stable in solution, and that end group 

bonding complimentarity is not compromised by the presence of carbonyl groups from the PLA 

polymer backbone. 
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4.3 Differential Scanning Calorimetry 

With strong association in solution demonstrated by the NMR titration, the solid state behaviour of 

stoichiometric mixtures of PDMS-UG and PLA-Napy was studied. Samples were prepared by solution-

casting of mixtures with a polymer concentration of approximately 20 mg/mL, yielding end-group 

concentrations of around 10 mM. At this concentration the end groups are nearly quantitatively 

associated, as determined by 1H-NMR spectroscopy. The solvent was then allowed to evaporate 

slowly, over a period of approximately 24 h, before being dried further under vacuum for another 24 

h. The film obtained upon drying of the mixture is clear and colourless, suggesting the absence of 

macrophase separation. 

 

 

Figure 4.4: DSC thermograms for individual functionalized polymers (PDMS-UG 5kg/mol, PLA-Napy 5kg/mol), the mixture of 

the two components (PDMS-mix-PLA) and an analogous conventional block copolymer (PDMS-b-PLA) 

 

DSC thermograms for both homopolymers as well as the mixture of the two are shown in figure 4.4, 

as well as a thermogram for an analogous conventional block copolymer of PLA and PDMS.  

The position of the glass transition temperature observed for PLA-Napy at around 45°C is nearly 

identical for the blend, which is consistent with microphase separation. The thermogram for the 

mixture is also very similar to that of the conventional block copolymer, which is known to phase 

separate on the nanometre scale. This again suggests a lack of macrophase separation. 
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4.4 Small Angle X-ray Scattering 

Small angle x-ray scattering is a powerful technique for analysing relatively large structures, on the 

order of 10-10000 Å in size, compared to similar scattering techniques more commonly applied in 

crystallography. The technique has been applied to the study of microphase separated 

supramolecular assemblies before with considerable success, applied in that case to a system of 

poly(dimethylsiloxane) and polyethyleneimine bound by acid-base complexation.84 

SAXS patterns are typically plotted as the scattered intensity as a function of the magnitude of the 

scattering vector q, where q is given by the following equation. 

           

In this equation θ is half of the angle between the incident beam and the detector, and λ is the 

wavelength of the x-rays. If microphase separation occurs, domain size d* may be calculated from the 

position of the first principal scattering reflection q* with the following relation. 

         

Samples were prepared in the same manner as the PDMS-UG and PLA-Napy mixture used for DSC. 

The procedure yielded polymer films with a thickness of less than 0.5 mm. The presence of a strong 

principal reflection provides evidence for microphase separation, and its position (figure 4.5) yields a 

value for the average domain periodicity of d*=19.2 nm. 

 

 

Figure 4.5: One-dimensional SAXS profiles for PLA-Napy, PDMS-UG and the mixture of the two 
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The blend shows sharp peaks with strong intensities, the positions of higher order diffraction peaks 

are consistent with a lamellar morphology (q/q* = 1, 2, 3, ...). The sample contains a stoichiometric 

ratio of end groups and a weight fraction of PLA of 0.46 due to the close molar masses of the two 

components. Reduced intensity of the q/q* = 2 and 4 peaks is consistent with form factor extinction 

in lamellar samples with near-symmetric compositions. 

When the results obtained for the blend are compared to the SAXS profile of a conventional block 

copolymer (figure 4.6) analogous to the supramolecular block copolymer (Mn=12,4 kg/mol, Ɖ=1.11, 

fPLA= 0.54) formed by our two components, we notice remarkable agreement in terms of the 

structure which we may infer from the position of the peaks. Significantly, the position of the 

principal scattering peak corresponds to a domain periodicity of 20 nm. 

 

Figure 4.6: One-dimensional SAXS profile for a conventional PDMS-b-PLA block copolymer 

 

This remarkable agreement between the conventional covalent block copolymer and its 

supramolecular analog suggests a high degree of functionality and nearly quantitative association of 

the hydrogen bonding units. Therefore, this likely allows the supramolecular junction points to form 

a distinct boundary at the domain interface, perhaps fortified by the intermolecular π–π stacks 

between adjacent groups. Our hypothesis is that the relatively bulky end groups act to reinforce the 

domain boundary such that intermixing is substantially retarded and the consequentially increased 

energetic penalty for mixing manifests itself in exceptionally sharp boundaries and, hence, narrow 

diffraction peaks. 

The extent of broadening of the lamellar interfaces is thus not strictly a function of the interaction 

strength as reflected in the Flory–Huggins interaction parameter χ. The selectivity exhibited by the 

UG–Napy hydrogen-bonded heterodimers is critical to the organization observed in this system. 

Indeed, when analogous UPy functionalized PDMS is mixed with PLA-Napy, the lamellar morphology 

is not adopted (Figure 4.7). 
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Figure 4.7: One-dimensional SAXS profiles for a mixture of UPy-functionalized PDMS (5.5 kg/mol) and PLA-Napy 

 

 

4.5 Transmission Electron Microscopy 

Visualization of the lamellar morphology for thin films of the supramolecular diblock copolymer 

formed by a mixture of PLA-Napy and PDMS-UG could be achieved by TEM. The natural contrast 

between domains rich in PDMS and PLA is apparent in transmission electron micrographs (Figure 4.8) 

with the lamellar periodicity ranging from 13–17 nm. The darker layers also appear thicker than the 

lighter layers. Both of these observations could be manifestations of the morphology orientation. 

Alternating lamellae that are not perfectly oriented normal to the focal plane will cause the dark 

domains to appear artificially large with a concomitant artificial decrease in periodicity. As alignment 

and annealing strategies were not employed, the isotropic arrangement of lamellae is expected. 

Nevertheless, the micrograph is consistent with the bulk morphology and domain spacing 

determined from small-angle X-ray scattering.  
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Figure 4.8: TEM micrograph of PLA-Napy – PDMS-UG thin film 

 

 

4.6 Concluding remarks 

Characterization of mixtures of PDMS-UG and PLA-Napy provide evidence that the two components 

successfully form a supramolecular block copolymer capable microphase separation. 

1H-NMR experiments provide evidence for strong end-group association in solution, and the results 

are found to be consistent with trends previously reported in literature. DSC experiments shows an 

absence of macrophase separation and a thermogram of the supramolecular polymer that is 

practically indistinguishable from its conventional analog. Evidence obtained by SAXS clearly shows 

evidence of microphase separation with an average domain periodicity of 19.2 nm and a lamellar 

morphology, and there is remarkable agreement between SAXS profiles of the PLA-Napy/PDMS-UG 

mixture and an analogous conventional block copolymer. 

Visualization of the bulk structure by TEM is consistent with the evidence obtained from the other 

methods, showing a regularly spaced lamellar morphology. 
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4.7 Experimental 

Characterization 
1H -NMR spectroscopy was performed on a Varian Inova instrument operating at 400 MHz (1H) or 

100 MHz (13C). Both Proton and carbon chemical shifts are reported in ppm downfield from 

tetramethylsilane (TMS). 

Differential scanning calorimetry was collected on a DSC Q2000 from TA instruments. The samples 

were weighed directly into aluminum pans, which were hermetically sealed. The samples were 

subjected to several cooling/heating cycles after first equilibrating at 120 °C in order to have 

consistent thermal history between all samples. The data that is presented represents the 3rd 

heating cycle, with a temperature ramp equal to 10 °C/min. The instrument was calibrated with an 

indium standard. 

Bulk small angle x-ray scattering (SAXS) was performed on an instrument from Ganesha Lab. The 

flight tube and sample holder are all under vacuum in a single housing, with a GeniX-Cu ultra low 

divergence x-ray generator. The source produces x-rays with a wavelength (λ) of 0.154 nm and a flux 

of 1*108 ph/s. Scattered x-rays were captured on a 2-dimensional Pilatus 300K detector with 487 * 

619 pixel resolution. The sample to detector difference was 0.48 m. The instrument was calibrated 

with diffraction patterns from silver behenate. 

Transmission electron microscopy (TEM) was accomplished using a FEI Technai T20 instrument 

operating at 300 kV accelerating voltage. The samples were prepared by dissolving the polymer 

mixture in chlorobenzene followed by direct drop casting onto a carbon coated copper grid (Ted 

Pella). The solvent was allowed to evaporate at ambient conditions for 24 hours before 

measurement. The materials were not stained; the natural contrast between PDMS and PLA was 

exploited. 
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5 Conclusion 

 

In this work we have described a pair of straightforward synthetic pathways to generate precisely 

functionalized homopolymers bearing end groups that, when combined, are capable of highly 

specific complimentary hydrogen bonding. 

 

Stoichiometric mixtures of functionalized poly(dimethylsiloxane) and poly(D,L-lactide) are shown to 

associate strongly in solution, exploiting the strong and selective 4-fold hydrogen bonding between 

UG and Napy derivatives. Thin films cast from dilute solution containing these mixtures are shown to 

adopt ordered lamellar morphologies with an average domain periodicity of 19.2 nm, demonstrating 

that the binding strength of the supramolecular junction is sufficient to enable the associated 

homopolymers to function as true supramolecular block copolymers. The phase separation 

behaviour of the supramolecular block copolymer closely mimics that of the analogous conventional 

copolymer, suggesting nearly quantitative association of the end groups. 

In conclusion, these studies have shown that the formation of well-organized morphologies is a 

consequence of the delicate interplay between polymer component interactions (i.e., χ) and can be 

used to prepare nanoscale patterns in thin films. An additional benefit of this strategy in light of the 

lithographic application discussed in the introduction to this thesis is that removal of one phase does 

not entail cleavage of a covalent bond, possibly allowing for the fabrication of nanoporous materials 

and masks for lithography by simple washing with a selective solvent. This presents a substantial 

advantage and convenient alternative to chemical etching techniques which typically require far 

more aggressive chemicals than simple solvents. 

 


