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Chapter 1 

The impact of dispersity on the bulk assembly of 

hierarchically organized nanostructures 

ABSTRACT: The self-assembly of liquid crystals and block copolymers into 

hierarchically organized nanostructures makes these materials interesting candidates for 

(opto)electronic applications and adaptive materials. The interactions that drive the 

assembly determine the nanostructure dimensions and features, which are (in)directly 

coupled to the function of these materials. Therefore, a detailed understanding of driving 

forces for bulk assembly and factors that influence the nanostructure formation is crucial. 

In this chapter, we introduce the concepts of block copolymer and liquid crystal assembly 

and draw analogies between them. The boundaries between those fields started to fade 

with the recent development of discrete, low molecular weight block co-oligomers, that 

find themselves at length scales of macro-organic chemistry. We provide a literature 

overview of such two-component (macro)molecules that form highly ordered 

nanostructures by means of phase segregation and/or crystallization or other 

supramolecular interactions. 

 

 

 

Part of this work is published in: 
B. v. Genabeek, B.A.G. Lamers, C.J. Hawker, E.W. Meijer, W. R. Gutekunst and B.V.K.J. 

Schmidt, J. Pol. Sci., 2021, 59, 373–403. 
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1.1    Introduction 

The self-organization of molecular components into hierarchically ordered 

nanostructures is an essential part for the development of emerging nanotechnologies.1 

Recent progress in bulk and thin film applications such as nanolithography has focused 

on the miniaturization of self-assembled nanostructures to support the ever-growing 

microelectronics industry.2–6 These nanostructures can be readily and reproducibly 

accessed by organic, hybrid macromolecules, constructed by linking two or more 

building blocks. Classic examples of such macromolecules are block copolymers (BCPs) 

forming nanostructures by microphase segregation of the two blocks. Alternatively, 

hierarchically organized nanostructures can be constructed by small molecules such as 

amphiphilic liquid crystals (LCs) that assemble as a result of their molecular shape and 

phase segregation in combination with supramolecular interactions. The intrinsic length 

scale of the nanostructure feature sizes is coupled to the molecular length for both LCs 

and BCPs. Hence, the search for sub-10 nm feature sizes emerged the development of 

“high χ–low N”  BCPs: minimizing block lengths and maximizing the extent of demixing 

between the blocks for high resolution nanostructures.7,8 

Through the developments of minimizing block lengths in BCPs, the boundaries 

between LC and BCP self-assembly have faded. The only factor that still distinguishes 

both fields is the dispersity in molecular weight of BCPs as a result of the polymer 

synthesis. New synthetic methods enabled the formation of polymers with no molar mass 

dispersity (Đ) and resulted in the development of discrete block co-oligomers (BCOs).9–11 

These biphasic macromolecules bridge LC and BCP assembly, converging synthetic 

organic and polymer chemistry, a field sometimes termed “macro-organic chemistry”.12 

The discrete design allows for an exact correlation between molecular structure, 

nanostructure and material properties. Which in turn provides an understanding of the 

supramolecular interactions that govern the organization of individual molecules 

resulting in specific properties at nano- meso-, and macroscopic length scales. Moreover, 

it contributes to the general understanding and development of complex systems and 

novel material properties by self-organization. 

In the introductory chapter of this thesis, the bulk assembly of discrete BCOs is 

reviewed. First, general principles of BCP and LC assembly are introduced focusing on 

the driving forces and supramolecular interactions for nanostructure formation. Then, 

the organization of discrete BCOs is discussed and we distinguish between the driving 

forces for assembly with the focus on the interplay between phase segregation and 

crystallization. We draw analogies between BCP, LC and discrete BCO assembly to 

emphasize the fading boundaries between those fields. Finally, the aim and outline of this 

thesis are presented. 
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1.2    Assembly of block copolymers 

Block copolymers come in many different sizes, shapes and compositions. In general, 

BCPs include all polymers that have at least two chemically distinct blocks linked by 

means of covalent bonds. When the blocks are mutually incompatible, they microphase 

separate into ordered morphologies. The theory for microphase separation in linear 

diblock copolymers was first described by Leibler in 1980, showing the criteria for phase 

segregation.13 The volume fraction of one of the blocks (f ), BCP length (N ) and Flory-

Huggins interaction parameter (χ ), describing the extent of demixing between the blocks 

were the only relevant parameters proposed. Using self-consistent mean-field (SCFT) 

theory, a phase diagram was computed by plotting the product of χN versus f  (Figure 

1A). The type of thermodynamically stable morphology formed is mainly dependent on 

the volume fraction. Geometrical structures such as such lamellae, gyroids, hexagonally 

packed cylinders and bcc-packed spheres are formed (Figure 1B). The theory for BCP 

microphase segregation was extended both theoretically and experimentally by Bates and 

Fredrickson.14 They distinguished between a strong and weak segregation limit where χN 
>> 10.5 and χN ≈ 10.5, respectively. Low molecular weight (MW) materials with a small 

N come close to the theoretical segregation limit of χN = 10.5. Thus, to obtain ordered 

structures with low-MW BCPs, a large incompatibility between the blocks is necessary. 

With these materials, known as “high χ–low N” BCPs, ordered morphologies with sub-

10 nm feature sizes can be assembled.7  

A benchmark for small BCP feature sizes was set by Russell and coworkers by the 

assembly of polystyrene-b-poly(ethylene oxide) (PS-b-PEO) enriched with metal salts on 

sapphire wafers.6 Macroscopic arrays of cylindrical microdomains as small as 3 nm were 

developed, representing – in terms of information storage – 10 terabit per square inch. 

However, the use of metal salts in BCP thin films can compromise subsequent processing 

steps and device applications. Consequently, the focus of BCP chemists shifted to fully 

organic or silicon containing BCPs.  

BCPs containing polydimethylsiloxane (PDMS) gained much attention due to its 

intrinsically large interaction parameter and the facile nanopattern transfer by oxygen 

plasma etching.15 One of the first examples of a successful nanopattern transfer was 

shown by Ross and coworkers using PS-b-PDMS which self-assembles into 8 nm line 

patterns.16,17 Furthermore, PDMS-b-poly(lactic acid) (PMDS-PLA) has been used for 

nanopatterning purposes as it has one of the largest χ-parameter, estimated to be close to 

unity at 150 °C by Hillmyer and coworkers.18 Another category of silicon containing BCPs 

places the silicon atom pendant to the polymer backbone. Pioneering work on these type 

of BCPs was performed by Willson and Ellison and coworkers, conjugating fully organic 

polymers (e.g., PS) with silicon containing polymers such as poly(trimethylsilylstyrene) 

(PTMSS),19 poly(methyltrimethylsilyl-methacrylate)20 and poly(pentamethyldisilylstyrene).21 

When PTMSS was conjugated to PLA, lamellae with a domain size of 5.7 nm were formed 

which are the smallest among this category.22  
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Fully organic, high-χ BCPs are often comprised of a highly apolar block combined 

with a polymer containing a large number of hydroxyl groups such as oligosaccharides.23 

The smallest feature sizes reported for BCPs containing a largely hydroxylated block were 

reported by Russell and coworkers. Microdomains down to 2.7 nm were obtained using 

poly(glycerol monomethacrylate)-b-PS (PGM-b-PS).24 Interestingly, in this work, the χ-

parameter was varied in the solid state material by transforming poly(solketal 

methacrylate)-b-PS (PSM-b-PS) into PGM-b-PS using acid vapor.25 Thereby, disordered 

PSM-b-PS BCPs were converted to highly ordered microphase-separated nanostructures 

by the chemical transformation into PGM-b-PS. This illustrates the importance of a high 

χ-parameter in low MW BCPs for the phase segregation of BCPs into ordered 

nanostructures. 

 
Figure 1. (A) Theoretical phase diagram of a diblock copolymer calculated using self-consistent 

mean-field theory. Stable morphologies are indicated: lamellar (L), gyroid (G), cylindrical (C), bcc 

spherical (S), hcp spherical (Scp) and Fddd (O70). Lower dot indicates the order-disorder transition 

at f=0.5 (B) Graphical representation of various BCP microstructures that can be accessed by 

altering the volume fraction. (C) Overview of selected molecular architectures for diblock 

copolymers. Images adapted from refs 26 and 27. 

 

Variations in BCP topologies have also been applied as a tool to lower the 

nanostructure feature sizes.28,29 The molecular architectures such as miktoarm, star and 

grafts result in similar geometrical morphologies (Figure 1C).30,31 The SCFT phase diagram 

shifts significantly by a change in BCP topology.26 Moreover, architectural asymmetry 

may lead to the formation of complex tetrahedral close-packed sphere phases, described 

theoretically by Shi and coworkers32 and experimentally by C. Bates and coworkers.33,34 

The formation of Frank-Kasper σ and dodecagonal quasicrystalline phases in BCP melts 

was first discovered by F. Bates and coworkers.35,36 They highlighted the importance of 

conformational asymmetry (ε), either originating from an entropic penalty for chain 

stretching increasing the interfacial curvature or architectural asymmetry.32,37 Since then, 
ε was incorporated in the SCFT altering the sphere forming window. Hence, the BCP 

nanostructure does not only depend on χ, N and f, also the BCP architecture and ε must 

be considered as important factors that influence the BCP assembly. 
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1.2.1 The impact of dispersity and molecular weight distribution on the 

BCPs bulk assembly  

The MW distribution (MWD) and corresponding dispersity are other intrinsic 

parameters of BCPs which follow from the synthetic route and may alter the 

nanostructured morphology. The molar mass dispersity (Đ) is a measure of the width of 

the MWD. In general, the segmental dispersity alters the locations of both the 

composition-dependent morphology windows and the order−disorder transition 

(ODT).38,39 Calculations showed that the phase diagram is shifted to lower χN upon 

increasing Đ as illustrated in Figure 2A.27 The higher stability of the microphase-

separated state with broad-dispersity BCPs was shown experimentally by Mahanthappa 

and coworkers who obtained obtain stable, periodic nanoscale assemblies from a variety 

of BCP combinations.40–42  

Similar stabilizing effects on the microphase-segregated state due to dispersity were 

observed in oligodimethylsiloxane-b-oligo(lactic acid) (oDMS-b-oLA) by van Genabeek 

et. al.43 However, the overall degree of ordering decreased. The effect of increased 

segregation stability can be explained by enhanced interactions between the disperse 

oligomer blocks that possess increased oligomer lengths, while the effect of decreased 

ordering is due to a hampered packing of disperse blocks. In a related study, Hawker and 

coworkers studied the phase segregation of oDMS-b-oligomethylmetacrylate           

(oDMS-b-oMMA).44 Consistent with results by van Genabeek et. al., discrete oligomers 

(Đ = 1) showed a significant decrease in domain spacing and sharper scattering peaks by 

small-angle X-ray scattering (SAXS) compared to the corresponding disperse structures. 

In contrast, the microphase separation of oDMS-b-oMMA was destabilized by dispersity, 

contradicting the results by van Genabeek et. al. and SCFT. This work highlights that 

fluctuations at low N results in unpredictable experimental outcomes, illustrating the 

importance of a discrete BCP design, especially when low MW polymers are used. 

 The impact of the dispersity on the morphology has been long limited by the MWD 

breadth for most BCPs. However, pioneering work by Fors and coworkers showed that 

manipulation of the entire MWD is a promising tool to tailor the BCP phase behavior.45 

They found that controlling the MWD shape, breadth and skew, different morphologies 

were obtained by BCPs with the same composition, MW and Đ (Figure 2B). Moreover, 

the domain spacing could be tuned by the skew of the MWD.45 In their most recent work, 

they even showed the impact of the MWD on the BCP mechanical properties, making a 

direct link between molecular design, nanostructure and material properties.46,47  
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Figure 2. (A) Random phase approximation prediction (SCFT) for χNODT versus f for an AB-diblock 

copolymer. (B) Schematic representation of the influence of MWD shape on the morphology for 

BCP with the same MW, f and Đ. Hexagonally packed cylinders, perforated lamellae and lamellar 

structures were obtained (left to right). Image adapted from refs 27 and 45. 

1.2.2 The impact of directional driving forces on the BCP bulk assembly 

Amorphous-crystalline BCPs, composed of an amorphous and crystalline block, 

introduce an additional driving force for nanostructure development next to phase 

segregation.48–50 The driving forces can have a synergistic effect resulting in crystallization 

within the nanoscale domains prescribed by microphase separation. This confined 

crystallization usually occurs when the amorphous block is glassy during crystallization. 

When the amorphous matrix is non-glassy, crystallization and phase segregation compete 

resulting in breakout crystallization into a structure that differs considerably from the 

microphase separated structure. Usually, alternating layers of amorphous and crystalline 

blocks are obtained. This does not only apply to the bulk assembly of conventional 

amorphous-crystalline BCPs, but also rod-coil and liquid-crystalline BCPs.51,52 However, 

in case of liquid-crystalline BCPs and rod-coil BCPs containing a mesogenic rod, the 

nomenclature of LC assemblies is often used although similar nanostructures are obtained 

as for classical BCPs. This illustrates the overlap between the fields of BCP and LC 

assembly when crystallization is a driving force for structure development.  

Principles of supramolecular polymers can also be combined with phase segregation 

to form ordered morphologies. First examples were shown by Stadler and coworkers who 

grafted a polymer with supramolecular motifs that associated via hydrogen bonding and 

phase separated from the polymer backbone.53 Initially, these were synthesized to obtain 

thermoplastic elastomers from relatively small building blocks and the importance of the 

phase-segregated morphology was ignored. For the same reason, ureidopyrimidinones 

(UPys) were developed and attached to polymers to obtain thermoplastic elastomers via 

quadruple hydrogen bonding.54 The importance of the morphology on the properties was 

emphasized later when fibers of UPys were observed when attached to a variety of 

polymers such as polydimethylsiloxane,55 polycaprolactone56 and poly(ethylene butylene).57 
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These UPy end-functionalized polymers were the first telechelic building blocks for the 

formation of supramolecular BCPs. Today, many examples of polymers or oligomers end-

functionalized with supramolecular motifs exist with an extraordinary variety of 

polymers and supramolecular motifs and interactions to choose from.58 Readily 

synthesized homotelechelic polymers give main-chain supramolecular BCPs comprised 

of two phases (Figure 3A).59 More complex BCPs architectures can be formed by 

orthogonal supramolecular motifs.60 When they are attached to different polymers, 

multiblock copolymers are formed (Figure 3B). The orthogonal supramolecular chemistry 

is also used for the formation of supramolecular diblock copolymers.61,62 Herein, only one 

end of a polymer is functionalized with a supramolecular motif (Figure 3C). 

 
Figure 3. Schematic illustration of telechelic polymers with (A) self-complementary and 

(B) orthogonal supramolecular motifs and (C) one chain-end functionalized, forming a 

supramolecular diblock copolymer. 

 

The telechelic building blocks assemble into ordered morphologies by phase 

segregation according to the phase diagram for BCP assembly. When the supramolecular 

motifs crystallize, similar phenomena are observed as for amorphous-crystalline BCPs.63 

However, the materials may then be referred to as supramolecular liquid crystalline 

materials mainly due to the smaller and sometimes discrete size of the building blocks in 

contrast to covalent BCPs.64 Again, both nomenclature for LCs as well as for BCPs are 

valid. 

 

1.3  Ordering of liquid crystals and the analogy with BCP 

assembly 

The discovery of the first LC by Reinitzer in 1888 opened a new field of research and 

a class of materials that are nowadays indispensable in modern society.65 The materials 

owe their unique properties to the condensed state of matter allowing for enough 

mobility to form hierarchical assemblies. The simplest assemblies are smectic, nematic 

and columnar phases, however, with the development of more LC molecules, more 

nanostructure geometries with a higher degree of structural complexity were 

discovered.66 The nanostructure stems largely from anisotropic interactions and the self-
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assembly is heavily influenced by molecular geometry. Hence, rod-like structures are 

more prone to form layered nanostructures while disc-like molecules prefer a columnar 

phase.  

The LC state is defined as a mesomorphic liquid phase having long-range orientational 

order. The mesomorphic state can be used more generally, also describing 

conformationally disordered crystals (CDC) and plastic crystals (PC). LCs, PCs and CDCs 

have conformational dynamic disorder in common while PCs only exhibit long-range 

positional order and CDCs have long-range positional and orientational order. The 

nanophase separation of small and large molecules into these LC, PC or CDC phases has 

been summarized by Wunderlich and coworkers.67 They bridge the gap between BCPs 

and small molecule assembly as similar mesophases are observed by assembling molecules 

ranging from rod-like mesogens to amphiphiles and BCPs.  

Two decades ago, the analogies between LC and BCP assembly were already pointed 

out by Tschierske.68 In his review on non-conventional mesogens, the importance of 

microphase segregation for self-organization was emphasized. Likewise, Kato pointed out 

the broad scope of phase-segregated LCs in high-tech and biorelated fields.69 In the 

present time searching for sub-10 nm patterning solutions, the phase-segregated LCs are 

of even greater interest due to the small size of the molecules and high effective                    

χ-parameter giving rise to a sharp interface between the blocks. For the design of the 

phase-segregated LCs, the rigidity from LC molecules is combined with phase 

segregation, classically known from BCPs. The assemblies arise from block 

incompatibility and space filling, giving access to similar nanostructures as obtained for 

BCPs. Thus, the concepts of LCs and BCPs are closely related and often only differ in 

semantics. For example, the notation of SA and LAM, that denote an ordered array of 

layer-like aggregates or the notation of Colh and HEX, which denote all mesophases 

consisting of hexagonally ordered columns. To link BCP and LC assembly, Tschierske 

introduced the term block molecules that includes all macromolecules with at least two 

dissimilar blocks which assemble by a combination of entropic and enthalpic forces, i.e., 

directional interactions and phase-segregation.68 Throughout this thesis, we use the 

nomenclature that is used for BCP assembly.  

 

1.4     Self-assembly of discrete block co-oligomers 

The BCP and LC assemblies can be related in terms of driving forces for nanostructure 

formation and the resulting morphologies as described above. What remains that 

distinguishes BCPs and LCs is the difference in their molecular size and dispersity. 

However, the boundaries between LC and BCP designs started to fade with the search for 

smaller feature sizes and thereby minimization of BCP length. This results in assemblies 

that organize on the nanoscale where clarification of the exact phase can be challenging. 

The field of science that deals with length scales in-between LCs and BCPs can be termed 



The impact of dispersity on the bulk assembly of hierarchically organized nanostructures│ 

9 

 

as macro-organic chemistry. It draws inspiration from both traditional polymer and 

organic chemistry, combining the molecular precision of organic synthesis with the 

material properties of macromolecules. Examples are (block co-)oligomers which have 

properties that vary significantly with the removal of one or a few of the repeating units. 

Therefore, dispersity in the oligomer material as known from traditional (block 

co)polymers may have vast effects on the material properties. Thus, in order to obtain 

highly organized nanostructures with predictable properties, discrete block co-oligomers 

(BCOs) with no chain length variations, are necessary.  

1.4.1 Synthesis of discrete oligomers 

Due to the prospect of utilizing precision oligomeric species with Đ = 1, a variety of 

synthetic strategies that permit the highest level of control of the oligomer sequence have 

been developed, based on oligomer structure, size and scale requirements. The 

approaches to precise oligomers can be divided into two general strategies involving 

either iterative, multi-step syntheses or the separation of disperse oligomeric mixtures 

(Figure 4).  

Iterative synthesis of oligomers involves the sequential introduction of each monomer 

unit through individual chemical steps and can be categorized into two distinct growth 

modes: linear – either monodirectional or bidirectional – or exponential (Figures 4A–C).70 

The linear monodirectional growth strategy find inspiration from solution or solid-

supported oligopeptide synthesis while the bidirectional growth yields faster growing, 

sequence-controlled oligomers.71 The exponential growth strategy, also frequently named 

divergent/convergent approach (Figure 4C), is presently the most efficient process for the 

scalable synthesis of discrete, high molecular weight oligomers.72 The key concept in this 

approach is the use of a bifunctional building block, of which both functionalities 

(X and Y) can react with each other, leading to coupling. To prevent uncontrolled 

coupling or polycondensation, the use of orthogonal protecting groups or orthogonal 

chemistries is required, allowing deprotection or activation of the two end-groups 

separately (the divergent step). Subsequent ligation of these two mono-activated 

components (the convergent step) leads to materials that regain two, non-reactive end 

groups with an overall doubling of the number of repeating units. With this higher-

molecular weight material, the divergent/convergent process can be repeated until the 

desired molecular weight is reached, and purification at each step is greatly facilitated by 

the dramatic increase in molecular weight at each step. While drawbacks of the 

exponential growth include reduced flexibility for inserting chemically different 

monomer residues and the need for orthogonal reactions to protect the end groups, it is 

a versatile approach for the synthesis of large periodic oligomers. 
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Figure 4. (A-B) Linear growth strategy based on sequential coupling of building blocks at (A) one 

or (B) both sides of the growing chain, and activation or deprotection to restore the reactive end 

group. (C) Exponential growth strategy or divergent/convergent approach based on the selective 

activation or deprotection of bifunctional molecules. (D) Chromatographic separation of a disperse 

mixture to obtain discrete oligomers. 

 

The stepwise synthetic methods have been very successful in producing oligomeric 

materials of precise length from a wide variety of building blocks. However, the multi-

step nature is inefficient for preparing large libraries of discrete oligomers. To address 

these challenges, separation-based strategies have been developed to isolate individual 

oligomers from disperse materials. In these systems, libraries of material are formed from 

a single synthetic step, i.e. polymerization, to give oligomers that are frequently 

inaccessible through iterative synthesis methods (Figure 4D). The genesis of these 

strategies can be traced back to the analytical analysis of oligomer mixtures using affinity-

based chromatography techniques. Initial studies using preparative HPLC as separation 
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method resulted in high purity oligomers, however, the primary drawback of these 

approaches is the limited scalability.73,74 With the advances in automated flash 

chromatography systems, this challenge was addressed  by Hawker and coworkers 

yielding discrete-length oligoacrylates, oligostyrenics, oligovinylacetates, 

oligodimethylsiloxanes and conjugated oligomers.9,75 This method allows large scale 

separations (2 to >10 grams) to be conducted leading to practical quantities of individual 

oligomers with degree of polymerization (DP) up to approximately 15 repeat units. 

Recently, this method was extended to the separation of discrete length diblock 

copolymers.76 This allows for the rapid generation of block copolymer libraries 

simplifying the exploration of BCP morphologies. Current limitations of the 

chromatographic separation method are reduced separation with higher MW oligomers 

and decreased statistical yield of one oligomer length at higher degrees of 

polymerizations.  

1.4.2 Self-assembly of BCOs driven by phase segregation 

It has long been appreciated that the thermal properties of a disperse material change 

as it transitions from an oligomer to polymer. Recent synthetic advances permit this effect 

to be evaluated for defined oligomer systems with increased resolution for both homo- 

and co-oligomers. Moreover, highly organized nanostructures can be formed due to the 

uniformity of the oligomers. In this section, we review amorphous BCOs that form 

ordered morphologies driven by microphase segregation, following BCP theory. These 

materials exhibit an order-disorder transition temperature (TODT) upon heating resulting 

in isotropization of the nanostructure, either detected by differential scanning 

calorimetry (DSC) or SAXS. 

The microphase segregation of BCOs occurs when χN > 10.5 as known from BCP 

theory (vide infra). Hence, when the BCO length is small, χ must be relatively large for 

phase segregation to occur. Oligomers of oDMS have found wide promise in self-assembly 

processes due to high-χ values when combined with a range of different monomers. The 

utilization of discrete oDMS structures for the formation of highly ordered 

nanostructures was highlighted by van Genabeek et.al. in combination with the work by 

Hawker and coworkers, as described in Section 1.2.1.43,44 The discrete design of oDMS-b-

oLA allows for precise control over the block lengths resulting in the formation of 

lamellar, cylindrical and gyroid morphologies with feature sizes down to 6.5 nm.10 Similar 

self-assembled morphologies are found in thin films of oDMS-b-oLA (Figure 5). AFM 

studies revealed minor height fluctuations from different numbers of polymer layers and 

a constant height difference of approximately 8.5 nm in the case of oDMS27-b-oLA15, 

which is in-line with the obtained bulk material SAXS results. In the case of oDMS59-b-

oLA33 a larger phase difference was observed due to stronger segregation (Figure 5C). 

However, decreased long-range order and a larger number of defects were obtained at 

higher molecular weights due to lower chain mobility. These studies highlight the power 

of oDMS-based BCOs in self-assembly with unprecedented control of morphologies and 
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extremely small feature sizes being observed. This was further showcased by Dong and 

coworkers who obtained different complex spherical phases based on the change in a 

single repeat unit for a series of precise BCOs.77 Discrete length oDMS-b-oLA BCOs were 

synthesized with diverse architectures and compositions yielding various branched BCOs 

and stable, low-symmetry spherical phases.  

 
Figure 5. (A) Tapping mode AFM phase image of oDMS27-b-oLA15, (B) extracted height profile of 

oDMS27-b-oLA15 and (C) tapping mode AFM phase image of oDMS59-b-oLA33. Image adapted from 

ref 10. 

 

Stereochemistry can play a central role in the assembly of oligomeric materials. Johnson 

and coworkers studied the effect of stereochemistry on BCO self-assembly of discrete 

oligomers with pendant allyl functionalities (Figures 6A–B).78 The stereochemical 

information was introduced through commercially available (D)- or (L)-epichlorohydrin 

building blocks with allyl-functionality allowing for functionalization  with tetra(EG) or 

decane groups to obtain amphiphilic BCOs. Five combinations of blocks with different 

configurations and philicities were then assembled and segregation of each BCO was 

interrogated in the bulk via SAXS. Interestingly, double gyroid, lamellar and hexagonal 

phases were observed depending on the stereochemistry of the blocks. The changes in 

morphology by changing stereochemistry of the blocks was attributed to slight variations 

in the packing of the BCOs in space due to the orientation of the individual blocks.  

Solid-phase synthesis is a great tool for the synthesis of oligopeptoids which are a 

family of comb-like polymers based on nitrogen-substituted glycine monomers. Using 

the submonomer synthesis method, Balsara and Zuckermann obtained a series of BCO 

peptoids in which one block contains a hydrophobic 2-ethylhexyl (Neh) sidechain and 

the other a hydrophilic triethylene glycol (Nte) sidechain Figure 6C).79 The volume 

fraction of the Nte-block was systematically varied from 0.11 to 0.65, while maintaining 

the overall chain length constant at exactly 36 units. Structures with domain sizes 

between 7.1 and 6.2 nm were obtained which were further explored for application in 

lithium-ion batteries80 and later extended to phosphonate containing BCOs for proton 

transfer membranes.81 Remarkably, only disordered or lamellar nanostructures were 

formed in contrast to what is predicted by BCP theory (Figure 6D). This raises questions 

on the role of molecular architecture and molecular dispersity on the phase behavior of 

the diblock co-oligomers that remain unknown.  



The impact of dispersity on the bulk assembly of hierarchically organized nanostructures│ 

13 

 

 
Figure 6. (A) Molecular structure and (B) SAXS data of stereocontrolled CuAAc-derived oligomers. 

(C) Molecular structure and (D) phase diagram of the EG and ethyl hexyl-based peptoid BCO. Image 

adapted from refs 78 and 79. 

 

Peptoids have also been used to examine fundamental questions in polymer science, 

such as the impact of chain stiffness on self-assembly. Using a diblock platform composed 

of disperse poly(n-butyl acrylate) (pBA) and discrete peptoid oligomers, Segalman and 

Zuckermann were able to tune the rigidity of the peptoid block through control of the 

secondary structure.82 Both the structured and unstructured BCOs form hexagonally 

packed cylinders. Despite the helical block filling less space than the unstructured analog, 

larger domain spacings were observed for the chiral diblocks. Interestingly, for lamellae 

forming pBA-b-polypeptoid polymers, a domain spacing independent of the presence of 

secondary interactions was observed.83 Herein, the impact of chain helicity on the 

thermodynamics of block copolymer self-assembly was studied yielding insight into the 

enthalpic and entropic contributions that arise from polymer chains with nonideal shapes 

in block copolymer self-assembly.  

The limits of self-assembly governed by phase segregation were pushed by Sita and 

coworkers using oligo(saccharide-olefin) conjugates.84 Although, disperse olefins were 

utilized, remarkable nanostructures were obtained with the second “block” being a small 

molecule derivative. In an initial study, monosaccharides were coupled to 

oligo(propylene) or oligo(iso-butylene) derivatives via CuAAc. Both acetyl-protected and 

deprotected saccharides were studied as thin films via AFM showing segregated 

structures with feature sizes below 10 nm. In a similar way, a disaccharide-

oligo(propylene) conjugate revealed feature sizes of around 7 nm by GISAXS.85 Pushing 

the theoretical limits for self-assembly further, Lodge and Siepmann and coworkers 
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accessed feature sizes down to 1 nm by computational design of di- and triblock 

copolymers.86,87 The phase behavior stands in between that of a BCP and a solvent-free 

surfactant, arising from the interplay between “χ, N, and f”  and headgroup interactions. 

Considering the length scale and design of these conjugates, which lies between small 

molecule surfactants and amphiphilic BCPs, correct nomenclature for this new class of 

macromolecules is open for debate.  

1.4.3 Self-assembly of BCOs driven by crystallization 

In analogy to conventional BCPs and phase-segregated LCs, BCOs are also able to form 

an ordered nanostructure via directional interactions next to phase segregation. 

Crystallization in synergy with phase segregation always results in highly ordered 2D 

nanostructures, ignoring the morphologies predicted by BCP theory. These 2D, lamellar 

morphologies composed of alternating amorphous and crystalline blocks, are recognized 

by medium- and wide-angle X-ray scattering techniques (MAXS and WAXS, 

respectively). Crystallization of the material is evidenced by the presence of sharp 

scattering peaks in the WAXS region in combination with an enthalpic contribution to 

melting of the ordered structure that is larger than ∼15 kJ mol-1.88 However, it can be 

challenging to denote crystallinity in BCOs due to the short crystalline building blocks, 

resulting in crystalline domains on nanoscopic length scales. At these length scales, it can 

be difficult to distinguish between crystallization or other directional driving forces for 

assembly. These include shape anisotropy, hydrogen bonding, π-stacking or topology. 

Each of these interactions, in synergy with microphase segregation, can force the bulk 

assembly into a certain morphology that may be 1D, 2D or 3D, in contrast to the 

crystallization-driven assembly for which only 2D nanostructures are formed. Moreover, 

the enthalpy of fusion for isotropization of the supramolecular assembled morphology is 

much smaller (TODT < 5 kJ mol-1) due to weaker interactions compared to crystallization.88 

Throughout this thesis, we use these definitions for crystallization-driven and 

supramolecular assembled nanostructures. Here, we review examples in literature of BCOs 

that assemble via crystallization or directional supramolecular interactions next to phase 

segregation. 

Synthetic polypeptide-based block co-oligomers typically exhibit the phase behavior 

of rod-coil block copolymers due to the tendency of the rigid rods to form anisotropic 

domains. The domains originate from the formation of either β-sheets or the more 

common α-helices, as was shown by Lecommandoux and Klok through the study of low-

molecular weight diblock co-oligomers consisting of styrene and benzyl glutamate.89 

Variations in block length ratio resulted in changes in the peptide structure yielding 

different bulk morphologies for the peptide-based BCOs. The α-helical rods tend to 

arrange as hexagonally packed cylinders, which are assembled into a superstructure due 

to the phase segregation induced by the coil in combination with aggregation of the rods. 

Schlaad and coworkers showed the formation of lamellar superstructures using 

polystyrene-b-poly(Z-L-lysine) (PS-b-PZLLys) polymers as a result of crystallization by 
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the hexagonally packed PZLLys rods.90 The thicknesses of the PS and PZLLys phases 

calculated from the SAXS data vary widely which is a direct result of breakout 

crystallization-driven assembly, ignoring the volume fractions of the blocks in the 

morphology. The authors highlight the importance of dispersity by the formation of a 

disordered zigzag lamellar structure of a polydisperse BCO. In contrast, the monodisperse 

analogue with a discrete PZLLys block formed a phase with almost perfect smectic order. 

In a similar way, dispersity effects on the morphology of amorphous-crystalline BCOs 

were observed van Genabeek et. al. using oDMS-b-oLLA (Figure 7A).43 The dispersity was 

varied systematically in the subsequent BCO library allowing the effect of chain length 

variations in each block to be studied while keeping the composition and DP constant. The 

bulk oligomers show the formation of a lamellar morphologies using SAXS in both discrete 

and disperse oDMS-b-oLLA (Figure 7B). Interestingly, the discrete BCO possessed scattering 

peaks that are very defined while the introduction of a disperse oDMS block resulted in a 

domain spacing which is 6% larger. Dispersity in the crystalline part (oLLA) has a dramatic 

effect on the long-range organization. The effect was attributed to imperfect packing of the 

oLLA chains due to large chain length variations as a result of crystallization which hampers 

the formation of a sharp interface between the two phases. It is proposed that crystallization 

governs the chain alignment of oLLA in the discrete system as well as the disperse case. Near-

perfect alignment is possible for discrete oLLA chains and therefore the lamellar domain 

spacing is constant over macroscopic distances. Later, the effect of stereocomplexation in 

oDMS-b-oLA was explored and less-defined lamellar structures were found as a result of an 

imbalance between crystallization rate and diffusion kinetics.91 By reducing the size of the 

blocks using oligomethylene (oM) chains, very small feature sizes of 5.8 nm were observed 

for oDMS7-b-oM33 with a crystalline orthorhombic substructure found in the oM block, 

consistent with linear alkane crystals.92  Moreover, a more detailed study on triblock co-

oligomers allowed for a correlation between the domain sizes and the molecular organization 

of the blocks. Hence, information on the balance between block volumes, block length, 

crystallization strength, dispersity and the density of interblock links at the domain 

boundary was obtained. In particular, the block volumes – classically dictating the 

morphology of the microphase-segregated state – are ignored due to crystallization, yielding 

lamellar structures, irrespective of the volume fractions of the blocks. Similar results were 

obtained by Zuckermann and Balsara using discrete peptoid block copolymers with 

amorphous Nte and crystalline polydecylglycine (Nde) sidechains.93 As a result of Nde 

crystallization, lamellar phases are formed and hence the formation of a microphase results 

from crystallization instead of the interaction parameter between the two blocks. These 

results show the value that discrete oligomeric materials can provide for understanding the 

crystallinity of two-component phase-segregated systems. 
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Figure 7. (A) Molecular structure of oDMS-b-oLLA. (B) SAXS data for discrete and partially disperse 

oDMS-b-oLLA (The broad peak at q = 4 nm-1 results from background scattering). (C) Molecular 

structure, (D) tapping mode AFM phase image (scale bars: 50 nm) and (E) Grazing incidence XRD 

data of LC-22Si. Image adapted from refs 43 and 94. 

 

Other two-component phase segregated systems that assemble via crystallization or 

supramolecular driving forces are block molecules composed of phase segregating, 

discrete length oligomer size coils conjugated to rigid, rod-like or supramolecular blocks. 

They are distinguished from phase-segregated LCs by the size of the coil which is usually 

very short (DP ≤ 3) for phase-segregated LCs,95,96 while the structures described below 

have oligomeric coils. 

Periodic structures with nanoscale dimensions are obtained based on an extended 

biphenyl core decorated with oligo(propylene oxide) on the periphery by Lee and 

coworkers.97 The repulsion between the blocks and anisometric shape of the rod segment 

imparts orientational organization and gives rise to 1D, 2D and 3D nanostructured 

assemblies by varying the oligo(propylene oxide) chain length. Another example includes 

perfluorinated coils in block molecules which have been extensively studied due to the 

promising technological applications. Neubert and coworkers showed a striking increase 

in chemical and thermal stability of the mesophases when a perfluorinated chain is 

attached to the periphery of a rod.98 Furthermore, only smectic phases were obtained due 

to the strong segregation. This feature was also utilized by Marks and coworkers to form 

highly ordered layers of thiophene oligomers segregated by perfluorohexyl chains with 

high thermal stability.99 As a result, reproducible film growth and defect free charge-

transport properties were obtained leading to efficient n-type semiconductors. 

Highly organized films with a low defect density were obtained by Schenning and 

coworkers using a strongly phase segregating oDMS block attached to an azobenzene LC 

rod (figure 7C).94 Regardless of the number of siloxane repeating units, columnar 

structures were observed due to the architecture of the molecular building block. The 

cylindrical domains could be easily aligned via graphoepitaxy with the resulting sub-5 
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nm patterns of significant utility for the fabrication of nanopatterned devices. Building 

on these oDMS-based block molecules, materials with well-ordered, switchable 

morphologies can be obtained where both azobenzene crystallization and oDMS phase 

segregation drive the morphology, as described by Zha and coworkers.100 End-

functionalization of a discrete oDMS with azobenzene gives monolayers of crystalline 

azobenzenes that are exfoliated by the liquid-like siloxane oligomer. Moreover, 

irradiation with light leads to reversible changes in the physical state of the material from 

solid to liquid via trans to cis photoisomerization of azobenzene (365 nm) and cis to trans 
isomerization (455 nm). The change in physical state can be attributed to a shift from an 

ordered lamellar to a disordered state as shown via SAXS. Remarkably, the nature of the 

end-group on the azobenzene segment has a significant impact on material morphology 

as was observed by exchanging a methoxy with a hydroxy end-group. This results in a 

change from lamellar to a cylindrical morphology, associated with a loss of the crystalline 

interactions. Hence, these end-functionalized oligomers are sensitive to small changes in 

molecular structure, giving rise to substantial transformations in the nanoscale 

morphology. Similar effects were observed for discrete oDMS with ureidopyrimidone or 

benzyl protected ureidopyrimidone end-groups, switching between block copolymer-

like and liquid crystalline self-assembly, respectively.101 The ureidopyrimidone solely 

segregates from the oDMS forming block copolymer assemblies (lamellar, hexagonal, base 

cubic centered or disordered) which could be tailored via the number of DMS repeating 

units. The introduction of a benzyl protecting group provides a driving force for the 

ureidopyrimidone end-groups to crystallize and only lamellar structures were obtained 

irrespective of the oDMS volume fraction. Not only ureidopyrimidone and azobenzenes 

have been utilized for oligomer materials with interesting properties and highly ordered 

morphologies, also naphthalenediimides (NDI) were attached to the periphery of oDMS, 

enlarging the understanding of driving forces for assembly and the influence of molecular 

geometry.102  

The ability to tailor these A-oDMS-A type molecules has given great insight in the 

assembly driving forces and properties of rod-like mesogens and supramolecular moieties 

in a liquid-like matrix. In general, low molecular weight BCOs and decorating LC rods 

with discrete oligomers has blurred the boundaries between both assembly fields and thus 

many similarities in assembling properties have been observed. 

 

1.5     Aim and outline of this thesis 

The above literature review shows that discrete macromolecules composed of two 

distinct blocks form highly organized and long-range ordered nanostructures when 

assembled by a synergistic effect between phase segregation and directional interactions. 

However, crystallization in competition with phase segregation can have a profound 

influence on the morphology of the materials and thereby affects its function. This 

balance between entropic and enthalpic forces for bulk assembly is difficult to predict 
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from the molecular structure and thereby it remains a challenge to predict the assembly 

structure and material function from the molecular design. Thus, in this thesis, we 

explore the area that merges BCOs and LCs to find structure-property relationships of a 

variety of new oDMS-based amorphous-crystalline block combinations. Thereby, we aim 

to gain a better understanding of molecular driving forces that influence the assembly 

morphology in the bulk and tune the material properties by the block design or 

processing conditions.  

In Chapter 2, we describe the synthesis of molecularly defined symmetrically and 

asymmetrically end-functionalized dimethylsiloxane oligomers via a linear growth 

strategy. In addition, we demonstrate the covalent linkage of the oDMS to alkene-

functionalized substrates using the Karstedt-catalyzed hydrosilylation reaction. We 

discuss how byproduct formation can be circumvented and present the reaction 

conditions that give the highest yield of the desired, coupled product.  

Chapter 3 describes the complex interplay between aggregation and phase segregation 

in both bulk and solution. Hereto, amphiphilic oDMS-oligoproline conjugates were 

synthesized that assemble into disordered micelles in methylcyclohexane and 

crystallization-driven, lamellar nanostructures in the bulk. Most block compositions 

resulted in predictable morphologies and properties, while one block co-oligomer 

combination assembles via multiple assembly pathways giving rise to different 

morphologies and thereby interesting material properties. 

The control of assembly pathways is shown in Chapter 4 in which polymorphism in 

the assembly of hydrazone end-functionalized oDMS results in 1D and 2D 

nanostructures, depending on the block composition and processing conditions. We show 

how the effect of dispersity in the oDMS block obtained by synthesis or mixing gives 

striking differences in nanostructures which highlights the impact of the molecular 

weight distribution.  

Chapter 5 also focusses on the effect of mixing in combinations of oDMS-pyrene and 

oDMS-NDI conjugates and oDMS-azobenzene and oDMS-hydrazone conjugates. Bulk 

co-assembly is observed for pairs of oDMS-pyrene and oDMS-NDI, while self-sorting is 

always obtained by pairs of oDMS-azobenzene and oDMS-hydrazone. We also show the 

striking difference in assembly structure and material properties between 

heterotelechelic siloxanes and a mixture of homotelechelic siloxanes. 

In Chapter 6, the consequences of molecular architecture on the supramolecular 

assembly of discrete amorphous-crystalline BCOs are presented. For this, the oDMS was 

present as the main chain or as pendant grafts on a supramolecular BCP of 

ureidopyrimidone-urethane-oDMS. The balance between crystallization and phase 

segregation is different for both molecular geometries. This strongly influences the order 

in the nanostructure and thereby the material properties, giving applications in either 

flexible, plastic films or crystalline micrometer sized 2D sheets. 
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The knowledge of the supramolecular assemblies in an amorphous, discrete siloxane 

matrix is utilized for applications in recyclable plastics in Chapter 7. A disperse 

polydimethylsiloxane is grafted with three supramolecular moieties, varying in bond 

strength. Hereto, non-covalent crosslinked materials are obtained with properties 

ranging from viscous to thermoplastic elastomeric and brittle materials.  

Lastly, Chapter 8 provides an overview of the scope and limitations of discrete end-

functionalized oDMS. Herein, we link the molecular structures to the nanostructure in 

order to increase our understanding of the balance between molecular driving forces for 

bulk assembly.  

 

1.6    References 
1 G. M. Whitesides and B. Grzybowski, Science, 2002, 295, 2418–21. 

2 C. M. Bates, M. J. Maher, D. W. Janes, C. J. Ellison and C. G. Willson, Macromolecules, 2014, 47, 2–12. 

3 Y. S. Jung, W. C. Jung, H. L. Tuller and C. A. Ross, Nano Lett., 2008, 8, 3777–3780. 

4 T. R. Albrecht, D. Bedau, E. Dobisz, H. Gao, M. Grobis, O. Hellwig, D. Kercher, J. Lille, E. Marinero, K. 

Patel, R. Ruiz, M. E. Schabes, L. Wan, D. Weller and T. W. Wu, IEEE Trans. Magn., 2013, 49, 773–778. 

5 G. E. Moore, Electronics, 1965, 38, 114. 

6 S. Park, D. H. Lee, J. Xu, B. Kim, S. W. Hong, U. Jeong, T. Xu and T. P. Russell, Science, 2009, 323, 1030–1033. 

7 C. Sinturel, F. S. Bates and M. A. Hillmyer, ACS Macro Lett., 2015, 4, 1044–1050. 

8 C. J. Hawker and T. P. Russell, MRS Bull., 2005, 30, 952–966. 

9 J. Lawrence, S. H. Lee, A. Abdilla, M. D. Nothling, J. M. Ren, A. S. Knight, C. Fleischmann, Y. Li, A. S. 

Abrams, B. V. K. J. Schmidt, M. C. Hawker, L. A. Connal, A. J. McGrath, P. G. Clark, W. R. Gutekunst and 

C. J. Hawker, J. Am. Chem. Soc., 2016, 138, 6306–6310. 

10 B. Van Genabeek, B. F. M. de Waal, M. M. J. Gosens, L. M. Pitet, A. R. A. Palmans and E. W. Meijer, J. Am. 
Chem. Soc., 2016, 138, 4210–4218. 

11 K. Takizawa, C. Tang and C. J. Hawker, J. Am. Chem. Soc., 2008, 130, 1718–1726. 

12 C. J. Hawker and K. L. Wooley, Science, 2005, 309, 1200–1206. 

13 L. Leibler, Macromolecules, 1980, 13, 1602–1617. 

14 F. Bates and G. H. Fredrickson, Annu. Rev. Phys. Chem., 1990, 41, 525–557. 

15 A. Nunns, J. Gwyther and I. Manners, Polym., 2013, 54, 1269–1284. 

16 Y. S. Jung, J. B. Chang, E. Verploegen, K. K. Berggren and C. A. Ross, Nano Lett., 2010, 10, 1000–1005. 

17 Y. S. Jung and C. A. Ross, Nano Lett., 2007, 7, 2046–2050. 

18 M. D. Rodwogin, C. S. Spanjers, C. Leighton and M. A. Hillmyer, ACS Nano, 2010, 4, 725–732. 

19 C. M. Bates, T. Seshimo, M. J. Maher, W. J. Durand, J. D. Cushen, L. M. Dean, G. Blachut, C. J. Ellison and 

C. G. Willson, Science, 2012, 338, 775–779. 

20 C. M. Bates, M. J. Maher, D. W. Janes, C. J. Ellison and C. G. Willson, Macromolecules, 2014, 47, 2–12. 

21 A. P. Lane, X. Yang, M. J. Maher, G. Blachut, Y. Asano, Y. Someya, A. Mallavarapu, S. M. Sirard, C. J. Ellison 

and C. G. Willson, ACS Nano, 2017, 11, 7656–7665. 

22 J. D. Cushen, C. M. Bates, E. L. Rausch, L. M. Dean, S. X. Zhou, C. G. Willson and C. J. Ellison, 

Macromolecules, 2012, 45, 8722–8728. 

23 K. Aissou, I. Otsuka, C. Rochas, S. Fort, S. Halila and R. Borsali, Langmuir, 2011, 27, 4098–4103. 

24 G. Jeong, D. M. Yu, J. K. D. Mapas, Z. Sun, J. Rzayev and T. P. Russell, Macromolecules, 2017, 50, 7148–7154. 

25 D. M. Yu, J. K. D. Mapas, H. Kim, J. Choi, A. E. Ribbe, J. Rzayev and T. P. Russell, Macromolecules, 2018, 

51, 1031–1040. 

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

27 N. A. Lynd, A. J. Meuler and M. A. Hillmyer, Prog. Polym. Sci., 2008, 33, 875–893. 

28 W. Shi, Y. Tateishi, W. Li, C. J. Hawker, G. H. Fredrickson and E. J. Kramer, ACS Macro Lett., 2015, 4, 1287–1292. 



│Chapter 1 

20 

 

29 H. Minehara, L. M. Pitet, S. Kim, R. H. Zha, E. W. Meijer and C. J. Hawker, Macromolecules, 2016, 49, 

2318–2326. 

30 C. M. Bates and F. S. Bates, Macromolecules, 2017, 50, 3–22. 

31 F. S. Bates and G. H. Fredrickson, Phys. Today, 1999, 52, 32–38. 

32 N. Xie, W. Li, F. Qiu and A. C. Shi, ACS Macro Lett., 2014, 3, 909–910. 

33 S. M. Barbon, J. Song, D. Chen, C. Zhang, J. Lequieu, K. T. Delaney, A. Anastasaki, M. Rolland, G. H. 

Fredrickson, M. W. Bates, C. J. Hawker and C. M. Bates, ACS Macro Lett., 2020, 9, 1745-1752. 

34 M. W. Bates, S. M. Barbon, A. E. Levi, R. M. Lewis, H. K. Beech, K. M. Vonk, C. Zhang, G. H. Fredrickson, 

C. J. Hawker and C. M. Bates, ACS Macro Lett., 2020, 9, 396–403. 

35 S. Lee, M. J. Bluemle and F. S. Bates, Science, 2010, 330, 349–353. 

36 T. M. Gillard, S. Lee and F. S. Bates, Proc. Natl. Acad. Sci., 2016, 113, 5167–5172. 

37 M. W. Schulze, R. M. Lewis, J. H. Lettow, R. J. Hickey, T. M. Gillard, M. A. Hillmyer and F. S. Bates, Phys. 
Rev. Lett., 2017, 118, 1–5. 

38 M. W. Matsen, Eur. Phys. J. E, 2013, 36, 1–7 

39 S. W. Sides and G. H. Fredrickson, J. Chem. Phys., 2004, 121, 4974–4986. 

40 A. K. Schmitt and M. K. Mahanthappa, Macromolecules, 2017, 50, 6779–6787. 

41 J. M. Widin, A. K. Schmitt, A. L. Schmitt, K. Im and M. K. Mahanthappa, J. Am. Chem. Soc., 2012, 134, 3834–3844. 

42 J. M. Widin, A. K. Schmitt, K. Im, A. L. Schmitt and M. K. Mahanthappa, Macromolecules, 2010, 43, 7913–7915. 

43 B. van Genabeek, B. F. M. de Waal, B. Ligt, A. R. A. Palmans and E. W. Meijer, ACS Macro Lett., 2017, 6, 674–678. 

44 B. Oschmann, J. Lawrence, M. W. Schulze, J. M. Ren, A. Anastasaki, Y. Luo, M. D. Nothling, C. W. Pester, 

K. T. Delaney, L. A. Connal, A. J. McGrath, P. G. Clark, C. M. Bates and C. J. Hawker, ACS Macro Lett., 
2017, 6, 668–673. 

45 D. T. Gentekos and B. P. Fors, ACS Macro Lett., 2018, 7, 677–682. 

46 S. I. Rosenbloom and B. P. Fors, Macromolecules, 2020, 53, 7479–7486. 

47 S. I. Rosenbloom, D. T. Gentekos, M. N. Silberstein and B. P. Fors, Chem. Sci., 2020, 11, 1361–1367. 

48 Y. L. Loo, R. A. Register and A. J. Ryan, Macromolecules, 2002, 35, 2365–2374. 

49 B. Nandan, J. Y. Hsu and H. L. Chen, Polym. Rev., 2006, 46, 143–172. 

50 W. N. He and J. T. Xu, Prog. Polym. Sci., 2012, 37, 1350–1400. 

51 T. Kato, J. Uchida, T. Ichikawa and B. Soberats, Polym. J., 2018, 50, 149–166. 

52 M. Lee, B. K. Cho and W. C. Zin, Chem. Rev., 2001, 101, 3869–3892. 

53 C. Hilger and R. Stadler, Die Makromol. Chemie, 1990, 191, 1347–1361. 

54 R. P. Sijbesma, F. H. Beijer, L. Brunsveld, B. J. B. Folmer, J. H. K. K. Hirschberg, R. F. M. Lange, J. K. L. 

Lowe and E. W. Meijer, Science, 1997, 278, 1601–1604. 

55 N. E. Botterhuis, D. J. M. van Beek, G. M. L. van Gemert, A. W. Bosman and R. P. Sijbesma, J. Polym. Sci. 
Part A Polym. Chem., 2008, 46, 3877–3885. 

56 D. J. M. Van Beek, A. J. H. Spiering, G. W. M. Peters, K. Te Nijenhuis and R. P. Sijbesma, Macromolecules, 
2007, 40, 8464–8475. 

57 H. Kautz, D. J. M. Van Beek, R. P. Sijbesma and E. W. Meijer, Macromolecules, 2006, 39, 4265–4267. 

58 J. Kim, H. Y. Jung and M. J. Park, Macromolecules, 2020, 53, 746–763. 

59 J. D. Fox and S. J. Rowan, Macromolecules, 2009, 42, 6823–6835. 

60 E. Elacqua, D. S. Lye and M. Weck, Acc. Chem. Res., 2014, 47, 2405–2416. 

61 D. Montarnal, N. Delbosc, C. Chamignon, M. A. Virolleaud, Y. Luo, C. J. Hawker, E. Drockenmuller and J. 

Bernard, Angew. Chemie - Int. Ed., 2015, 54, 11117–11121. 

62 L. M. Pitet, A. H. M. Van Loon, E. J. Kramer, C. J. Hawker and E. W. Meijer, ACS Macro Lett., 2013, 2, 1006–1010. 

63 J. Cortese, C. Soulié-Ziakovic, M. Cloitre, S. Tencé-Girault and L. Leibler, J. Am. Chem. Soc., 2011, 133, 

19672–19675. 

64 T. Kato, Supramol. Sci., 1996, 3, 53–59. 

65 F. Reinitzer, Monatshefte für Chemie und verwandte Teile anderer Wissenschaften, 1888, 9, 421–441. 

66 C. Tschierske, Angew. Chemie - Int. Ed., 2013, 52, 8828–8878. 

67 W. Chen and B. Wunderlich, Macromol. Chem. Phys., 1999, 200, 283–311. 

68 C. Tschierske, J. Mater. Chem., 1998, 8, 1485–1508. 

69 T. Kato, Science, 2002, 295, 2414–2419. 



The impact of dispersity on the bulk assembly of hierarchically organized nanostructures│ 

21 

 

70 S. C. Solleder, R. V. Schneider, K. S. Wetzel, A. C. Boukis and M. A. R. Meier, Macromol. Rapid Commun., 
2017, 38, 1–45. 

71 D. M. Rosenbaum and D. R. Liu, J. Am. Chem. Soc., 2003, 125, 13924–13925. 

72 S. Binauld, D. Damiron, L. A. Connal, C. J. Hawker and E. Drockenmuller, Macromol. Rapid Commun., 
2011, 32, 147–168. 

73 S. Park, D. Cho, J. Ryu, K. Kwon, W. Lee and T. Chang, Macromolecules, 2002, 35, 5974–5979. 

74 L. Groenendaal, H. W. I. Peerlings, J. L. J. van Dongen, E. E. Havinga, J. A. J. M. Vekemans and E. W. 

Meijer, Macromolecules, 1995, 28, 116–123. 

75 J. Lawrence, E. Goto, J. M. Ren, B. McDearmon, D. S. Kim, Y. Ochiai, P. G. Clark, D. S. Laitar, T. Higashihara 

and C. J. Hawker, J. Am. Chem. Soc., 2017, 139, 13735–13739. 

76 C. Zhang, M. W. Bates, Z. Geng, A. E. Levi, D. Vigil, S. M. Barbon, T. Loman, K. T. Delaney, G. H. 

Fredrickson, C. M. Bates, A. K. Whittaker and C. J. Hawker, J. Am. Chem. Soc., 2020, 142, 9843–9849. 

77 Y. Sun, R. Tan, Z. Ma, Z. Gan, G. Li, D. Zhou, Y. Shao, W.-B. Zhang, R. Zhang and X.-H. Dong, ACS Cent. 
Sci., 2020, 0–7. 

78 M. R. Golder, Y. Jiang, P. E. Teichen, H. V. T. Nguyen, W. Wang, N. Milos, S. A. Freedman, A. P. Willard 

and J. A. Johnson, J. Am. Chem. Soc., 2018, 140, 1596–1599. 

79 J. Sun, A. A. Teran, X. Liao, N. P. Balsara and R. N. Zuckermann, J. Am. Chem. Soc., 2013, 135, 14119–14124. 

80 J. Sun, X. Liao, A. M. Minor, N. P. Balsara and R. N. Zuckermann, J. Am. Chem. Soc., 2014, 136, 14990–14997. 

81 J. Sun, X. Jiang, A. Siegmund, M. D. Connolly, K. H. Downing, N. P. Balsara and R. N. Zuckermann, 

Macromolecules, 2016, 49, 3083–3090. 

82 E. C. Davidson, A. M. Rosales, A. L. Patterson, B. Russ, B. Yu, R. N. Zuckermann and R. A. Segalman, 

Macromolecules, 2018, 51, 2059–2098. 

83 B. Yu, S. P. O. Danielsen, A. L. Patterson, E. C. Davidson and R. A. Segalman, Macromolecules, 2019, 52, 

2560–2568. 

84 T. S. Thomas, W. Hwang and L. R. Sita, Angew. Chemie - Int. Ed., 2016, 55, 4683–4687. 

85 S. R. Nowak, W. Hwang and L. R. Sita, J. Am. Chem. Soc., 2017, 139, 5281–5284. 

86 Z. Shen, J. L. Chen, V. Vernadskaia, S. P. Ertem, M. K. Mahanthappa, M. A. Hillmyer, T. M. Reineke, T. P. 

Lodge and J. I. Siepmann, J. Am. Chem. Soc., 2020, 142, 9352–9362. 

87 Q. P. Chen, L. Barreda, L. E. Oquendo, M. A. Hillmyer, T. P. Lodge and J. I. Siepmann, ACS Nano, 2018, 

12, 4351–4361. 

88 S. Lee, T. M. Gillard and F. S. Bates, AIChE J., 2013, 59, 3502–3513. 

89 H. A. Klok, J. F. Langenwalter and S. Locommandoux, Macromolecules, 2000, 33, 7819–7826. 

90 H. Schlaad, B. Smarsly and M. Losik, Macromolecules, 2004, 37, 2210–2214. 

91 B. A. G. Lamers, B. van Genabeek, J. Hennissen, B. F. M. de Waal, A. R. A. Palmans and E. W. Meijer, 

Macromolecules, 2019, 52, 1200–1209. 

92 B. Van Genabeek, B. F. M. de Waal, A. R. A. Palmans and E. W. Meijer, Polym. Chem., 2018, 9, 2746–2758. 

93 J. Sun, A. A. Teran, X. Liao, N. P. Balsara and R. N. Zuckermann, J. Am. Chem. Soc., 2014, 136, 2070–2077. 

94 K. Nickmans, J. N. Murphy, B. De Waal, P. Leclère, J. Doise, R. Gronheid, D. J. Broer and A. P. H. J. 

Schenning, Adv. Mater., 2016, 28, 10068–10072. 

95 J. Newton, H. Coles, P. Hodgeb and J. Hannington, J. Mater. Chem., 1994, 4, 869–874. 

96 M. Funahashi, Flex. Print. Electron., 2020, DOI:10.1088/2058-8585/aba19c. 

97 M. Lee, B. Cho, Y. Jang and W. Zin, 2000, 7449–7455. 

98 M. E. Neubert, S. S. Keast, C. C. Law, M. C. Lohman and J. C. Bhatt, Liq. Cryst., 2005, 32, 781–795. 

99 B. A. Facchetti, M. Mushrush, H. E. Katz and T. J. Marks, Adv. Mater., 2003, 15, 33–38. 

100 R. H. Zha, G. Vantomme, J. A. Berrocal, R. Gosens, B. F. M. de Waal, S. Meskers and E. W. Meijer, Adv. 
Funct. Mater., 2018, 28, 1–8. 

101 R. H. Zha, B. F. M. De Waal, M. Lutz, A. J. P. Teunissen and E. W. Meijer, J. Am. Chem. Soc., 2016, 138, 5693–5698. 

102 J. A. Berrocal, R. H. Zha, B. F. M. de Waal, J. A. M. Lugger, M. Lutz and E. W. Meijer, ACS Nano, 2017, 11, 

3733–3741. 

  



│Chapter 1 

2 

 

  



The impact of dispersity on the bulk assembly of hierarchically organized nanostructures│ 

 

 

Chapter 2 

The iterative synthesis of discrete dimethylsiloxane 

oligomers 

ABSTRACT: Discrete dimethylsiloxane oligomers are interesting building blocks for the 

synthesis of high χ– low N block co-oligomers (BCOs) that are capable of forming highly 

organized nanostructures. Here, the synthesis of molecularly defined 

oligodimethylsiloxanes (oDMS) from a 7-mer to a 40-mer using a linear growth strategy 

is described. The iteration of a hydroxylation reaction and the condensation of mono- or 

bifunctional hydroxysiloxanes with chloro-octamethyltetrasiloxane results in 

asymmetrically and symmetrically end-functionalized siloxanes, respectively. The 

synthesis procedure contains washing and purification steps that are critical to remove 

minor amounts of low and high molecular weight byproducts, which are detected using 

FT-IR, GC-MS and SEC. The oligomers are obtained on a multi-gram scale in yields of 

50–94% and in high purity. The chloride, hydroxide or hydride functional groups are 

adequately assessed using 29Si NMR spectroscopy. The hydride-terminated siloxane 

oligomers are used in Karstedt-catalyzed hydrosilylation reactions with alkene-

functional substrates to obtain oDMS-based oligomers and BCOs. Byproduct formation 

as a result of isomerization and reduction are revealed by 1H NMR spectroscopy and can 

be minimized using dry conditions and low catalyst loadings.  

 

 
These results are obtained in close collaboration with Bas de Waal. 
Part of this work is published in: 
B.A.G. Lamers, B.F.M. de Waal, E.W. Meijer, J. Polym. Sci., 2020, 

DOI:10.002/pol.20200649
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2.1    Introduction 

Silicone polymers are widely used in society due to their unique physiochemical 

properties which include oxidative stability, high electrical insulation and low surface 

tension.1 The nature of the Si–O–Si bond is very different from that of the C–O bond due 

to a substantial ionic and double bond character of the siloxane bond. This results in a 

large Si–O–Si bond angle (165.4°), giving rise to a reduced energy barrier for bond 

rotation, which provides the well-known flexibility of silicone polymers.  

Poly(dimethylsiloxane) (PDMS) is used for many daily life and technological 

applications and therefore the chemistry to form –Si(Me2)–O– bonds is well established.2,3  

PDMS is generally synthesized by acid or base catalyzed ring-chain equilibration of cyclic 

siloxane monomers, which is enabled by the partial ionic nature of the Si–O bond.4–6 The 

average molecular weight (MW) is controlled by the amount of organofunctionalized 

disiloxane chain capper added. As a result, PDMS polymers have a broad MW distribution 

due to the ring-chain equilibria during the synthesis. The susceptibility of siloxanes to 

acid or base will re-start equilibration leading to loss of polymer structure and properties.7 

Therefore, controlling the PDMS dispersity is intrinsically impossible with the 

traditional, low-cost method currently applied. 

One of the current great challenges in polymer chemistry is the ability to strictly 

control the MW and MW-distribution of polymers. Such control has sparked a plethora 

of novel synthesis strategies as discussed in Chapter 1 and is needed to obtain precision 

polymers which are envisaged to show predictable and defined properties. The first 

discrete siloxanes were obtained via iteration of a condensation reaction of 

hydroxysiloxane with chlorosiloxane and a hydroxylation reaction resulting in siloxane 

dendrimers.8 Recently, linear siloxanes were obtained by Matsumoto and coworkers 

using a one-pot synthetic route with a B(C6F5)3 catalyst.9-10 The two-step, linear iterative 

approach in which one monomer is added in every two steps resulted in sequence-defined 

oligosiloxanes with a degree of polymerization (DP) up to eleven repeating units. A 

chromatographic separation method yielded discrete oligo(dimethylsiloxane) (oDMS) 

with a DP up to fifteen repeating units from commercially available monohydroxyl-

terminated PDMS.11 Both methods result in discrete oligomers, however, the DP is 

relatively low due to the linear, monomeric growth strategy or chromatographic 

limitations. To overcome these MW limitations, a robust synthetic route towards discrete 

mono- and bifunctional oDMS is developed in our group by Bas the Waal. The growing 

oDMS chain is extended with four or eight repeating units in each step via iterative 

condensation and hydroxylation reactions. Thereby, oligomers with a DP up to 59 

repeating units are obtained in good yields and at reasonable scales. Some of the oligomers 

and most of the experimental procedures have been reported previously.12,13  

In this chapter, we describe the large-scale synthesis of the discrete dimethylsiloxane 

oligomers which are used for the synthesis of end-functionalized oDMS and block co-
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oligomers (BCOs) in this thesis. We mainly focus on the purification steps that vary with 

oligomer length and end-groups as low and high MW byproducts are formed during the 

synthesis which are detected by gas chromatography-mass spectrometry (GC-MS) and 

size exclusion chromatography (SEC). Moreover, the functional end-groups are 

characterized by Fourier-transform infrared (FT-IR) spectrometry and 29Si NMR, which 

have not been reported before. For clarity, we abbreviate the oDMS as A-Six-B, where Six 

represents the number of silicon atoms in the oligomer and A and B represent the 

oligomer chain-end functionalities. In this thesis, the discrete oDMS with hydride chain-

ends are used in hydrosilylation reactions with olefin-functionalized oligomers or 

molecules. In this chapter, we discuss the functionalization and byproduct formation 

during the Karstedt-catalyzed hydrosilylation reactions in general. Details on end-

functionalized siloxane synthesis using the Karstedt’s catalyst can be found in the 

corresponding chapter discussing the specific end-functionalized siloxane. 

 

2.2    Synthesis of mono- and bifunctional discrete oDMS 

An iterative, linear growth strategy was applied by Bas de Waal for the synthesis of 

discrete length oDMS, yielding asymmetric and symmetric siloxanes by mono- and 

bidirectional growth, respectively. In general, the growth of the oligomer chains proceeds 

via the condensation of chloro-octamethyltetrasiloxane (Cl-Si4-H) to a hydroxide end-

functionalized siloxane (Scheme 1). Therefore, the short building block, Cl-Si4-H, was 

prepared in large quantities (~100 g) using the method described by Brown and 

coworkers.14 The synthesis of all short building blocks, i.e., Cl-Si4-H, HO-Si4-H and CH3-

Si3-OH, is described comprehensively in the thesis of Bas van Genabeek.15 Here, we focus 

on the two crucial steps for the iterative growth of symmetric and asymmetric siloxanes 

and thereby describe the synthesis of the longer oligomers (DP ≥ 7).  

First, hydride chain-ends are converted to hydroxide end-functionalized siloxanes. 

The hydroxide-functionalized siloxanes were formed in a solution of 1 M phosphate 

buffer (pH = 7) and dioxane containing catalytic amounts of Pd/C (10%). Upon addition 

of a solution of hydride end-functionalized oligomer in dioxane to the reaction mixture, 

foaming was observed indicating the formation of hydrogen gas. Full conversion of the 

reaction was confirmed by FTIR upon disappearance of the Si-H stretch peak at 2127 cm-1 

(Figure 1A). The cloudy reaction mixture was filtered over a paper filter to remove most 

of the Pd/C. The filter paper was rinsed with toluene and the filtrate, that contains the 

product in a biphasic mixture of phosphate buffer, toluene and dioxane, was collected. 

The mixture was transferred to a separation funnel and the layers were allowed to 

separate. The organic layer containing the hydroxide end-functionalized siloxane product 

was collected and washed with water several times (see experimental for each oligomer 

length). The organic layer was collected and filtered over a paper filter to remove residual 

Pd/C. The solvents were removed in vacuo and the resulting Me-Siy-OH and HO-Six-OH 

oligomers were obtained as colorless oils. We used high vacuum (< 0.1 mbar) to dry the 



│Chapter 2 

26 

 

oligomers but avoided heating (T = 20 °C) while high vacuum was applied since homo-

condensation of the silanols can occur. This homo-condensation can be detected by SEC 

by the appearance of a shoulder at lower retention times compared to the product peak. 

An example is shown in Figure 1B for HO-Si32-OH in which a shoulder at a retention 

time of 8.1 minutes next to the product peak at 8.5 minutes was observed. The remaining 

water in the product was removed by co-evaporation with toluene which is important 

for the next step in which Cl-Si4-H, prone to hydrolysis, is coupled to the hydroxide end-

functionalized oligomer. 

 
Scheme 1. Synthesis of symmetric and asymmetric siloxanes. (a) acetonitrile, DMF (cat.), r.t.; (b) 

diethyl ether, sodium bicarbonate, water, R.T.; (c) pyridine, toluene, r.t.; (d) Pd/C, dioxane, 1 M 

phosphate buffer (pH = 7), r.t. 
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The second iterative step in order to stepwise grow the discrete siloxane oligomers is 

the condensation of Cl-Si4-H with hydroxy terminated siloxane to form the Si–O–Si 

bond. The reaction mixture must be as water-free as practically convenient and therefore 

dry solvents and glassware were used. Me-Siy-OH or HO-Six-OH is reacted with one or 

two equivalents of Cl-Si4-H, respectively. Hence, the symmetric siloxane increases with 

eight repeating units while the asymmetric siloxane grows with only four repeating units 

during this step. Me-Siy-OH or HO-Six-OH in dry toluene were added dropwise to a 

cooled solution (0 °C) of Cl-Si4-H and pyridine in dry toluene. Both Cl-Si4-H and pyridine 

were added in slight excess to compensate for the ppm’s of water still present in the 

reaction mixture. Moreover, excess pyridine compensates quickly for the HCl formed 

during the reaction; an acidic environment is destructive for the siloxane oligomers. After 

stirring for approximately three hours at room temperature, full conversion was reached, 

and the reaction mixture was diluted with toluene. The mixture was washed three times 

with water, yielding the crude, hydride terminated product.  

 
Figure 1. (A) FTIR spectra of HO-Si32-OH (red) and H-Si32-H (black). (B) SEC trace (RI detector) of 

HO-Si32-OH (red) in chloroform. 

 

In the crude Me-Siy-H and H-Six-H products, high and low MW byproducts are 

present which must be removed during work-up. In general, the low MW byproduct is 

HO-Si4-H which is formed by hydrolysis of Cl-Si4-H during the extractions or during the 

reaction as a result of ppm’s of water present in the reaction mixture, regardless of the 

dry working conditions. Moreover, HO-Si4-H and Cl-Si4-H can react to form H-Si8-H; 

another low MW byproduct. Homo-condensation of the hydroxide oligomers resulted in 

the higher MW byproducts. The work-up of the crude mixture was dependent on the 

length of siloxane oligomer synthesized. The shortest, asymmetric siloxane (Me-Si7-H) 

was purified by fractional vacuum distillation, collecting the fraction at 95–96 °C at 0.17 

mbar. Me-Si11-H, Me-Si15-H and H-Si8-H were simply dried in high vacuum (< 0.1 mbar) 

at 70 °C removing the byproducts and yielding the pure oligomers as an oil.  

All longer symmetric and asymmetric siloxane oligomers were washed with 

acetonitrile after concentration of the oil in vacuo. Short siloxanes dissolve in acetonitrile 
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while longer siloxanes phase segregate from acetonitrile. We measured the solubility of 

Me-Si7-H, H-Si8-H, Me-Si11-H, Me-Si15-H and H-Si16-H in acetonitrile, which is 

approximately 34, 31, 22, 2 and 2 g per liter, respectively. Hence, all siloxanes with at 

least fifteen repeating units can be washed with acetonitrile to remove the lower MW 

byproducts since only minor amounts of the siloxane product dissolve in acetonitrile. The 

removal of the low MW byproducts can be followed by GC-MS as the short siloxanes 

appear in the GC-trace. The most abundant low molar mass byproducts are represented 

in the GC-trace in Figure 2A. Hence, siloxanes with DP ≥ 15 are free from low MW 

byproducts when no peaks are present in the GC-trace. After the washing step, some high 

MW byproducts were still present, observed by SEC. Herein, a shoulder at low retention 

times appears next to the narrow product peak (Figure 2B, blue trace). The high MW 

byproducts were removed by automated column chromatography using a system with 

ELSD detector, convenient for non-UV active compounds like the siloxanes. A gradient 

of heptane and chloroform mixtures was used, yielding the pure and discrete siloxane 

oligomers (see Section 2.5.2 for details). The removal of byproducts was confirmed by 

SEC by the disappearance of the low retention time shoulder (Figure 2B, black trace) and 

MALDI-ToF spectrometry in which only one molar mass peak is detected, representing 

the single siloxane oligomer length. 

 
Figure 2. (A) GC-trace of CH3-Si3-OH (green), Cl-Si4-H (cyan) and HO-Si4-H (gray), Toven = 50 to 

300 °C. (B) SEC trace (RI detector) of H-Si32-H in chloroform before (blue) and after (black) column 

chromatography purification. 

 

The oligomers are obtained in good yields and high purity (Table 1) due to the 

extensive purification and the iterative growth strategy. Especially the short oligomers 

(DP ≤ 16) were synthesized on large scale (> 44 g), making them relevant for applications 

in polymer science. The oligomers are stable for several years when stored at 7 °C. The 

siloxanes with mono- and dihydride functionality and the chloride functionalized 

tetramer did not degrade within four years while stored in the fridge. However, it is 

important to keep the chloride functionalized tetramer under inert atmosphere to 

prevent hydrolysis due to humidity in the air. The oligomers with a hydroxide 
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functionality were not stored over a long period of time as they are prone to degradation. 

We determined the bulk density of the oligomers, which is low for the short oligomers 

(0.89 g mL-1) and increases with increasing siloxane length (Table 1). The density of H-

Si40-H approaches the bulk density of PDMS which is 0.97 g mL-1. 

 

Table 1. Properties and yield of discrete asymmetric and symmetric siloxane oligomers. 

Oligomer a  MW b [g mol-1] Density c [g mL-1] Scale [gr.] (Yield) 

Me-Si7-H 541.2 0.89 86.5 (85%) 

Me-Si11-H 837.2 0.92 90.2 (90%) 

Me-Si15-H 1133.3 0.93 43.9 (88%) 

H-Si8-H 601.2 0.92 58.1 (94%) 

H-Si16-H 1193.4 0.93 44.4 (91%) 

H-Si24-H 1785.5 0.94 20.4 (92%) 

H-Si32-H 2377.6 0.94 16.9 (95%) 

H-Si40-H 2971.6 0.95 6.0 (50%) 

a Oligomers as depicted in Scheme 1. b Determined by MALDI-TOF. c Determined at 19–21 °C using 

a microbalance, weighing 0.1 mL oligomer, measured by a micropipette. 

 

All oligomers were characterized using 1H NMR, 13C NMR, MALDI-ToF, the results 

have been published in previous work.12,13 Here, we focus on the characterization of the 

oligomers using 29Si NMR spectroscopy.16 For this, 100 mg of oligomer is dissolved in 

deuterated chloroform and 2 mg of Cr(acac)3 is added as a relaxation agent. Representative 

spectra of chloride, hydroxide, di- and monohydride end-functional siloxane oligomers 

are shown in Figure 3. The major part of the Me2Si–O groups exhibit a shift of −22 ppm 

upfield of tetramethylsiloxane (TMS), equal to the value reported for PDMS.16 

Interestingly, the discrete design allows us to distinguish the Me2Si–O next to a 

functionalized silicon atom at the chain-ends. The signals are shifted slightly downfield 

compared to the bulk dimethyl silicon groups. When the oligomers are very short, e.g., 

Cl-Si4-H, the signals of the two middle silicon atoms are shifted even further downfield 

(−19 to −19.5) (Figure 3A). A chloride next to the silicon results in a resonance peak at 4 

ppm. The silicon with a hydroxide attached appears at −10.5 ppm (Figure 3B) and a silicon 

with a hydride functionality appears at −7 ppm (Figure 3C). A trimethylsilicon group 

gives a signal at 7.5 ppm (Figure 3D). 
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Figure 3. 29Si NMR spectrum of (A) chloride, (B) hydroxide, (C) dihydride and (D) monohydride 

siloxane oligomers. 

 

2.3 General synthetic route for oDMS-based BCOs and 

macromolecules using Karstedt’s catalyst 

The hydride functionality of the oDMS provides a synthetic handle that can be used 

in various coupling reactions. The reactivity is unlocked by using catalysts such as Pt, Pd, 

Rh and Lewis acids, e.g., (B(C6F5)3).9,17 Commercially, the most commonly used catalyst 

for Si–H containing polymers is the so-called Karstedt’s catalyst as a result of its high 

efficiency.18 This platinum catalyst with divinyltetramethylsiloxane ligands allows for a 

hydrosilylation reaction with an alkene, alkyne or C=O. The mechanism of the Karstedt-

catalyzed hydrosilylation reaction involves oxidative addition of the Si–H at the 

platinum, followed by coordination and insertion of the olefin.19 Finally, reductive 

elimination of the alkylsilane yields the desired, coupled product. In this thesis, we use 

the Karstedt’s catalyst to couple the discrete oDMS to an olefin-terminated molecule or 

oligomer. Here, we discuss the general observations and byproduct formation during the 

hydrosilylation reaction. 

The hydrosilylation reactions were performed in dry conditions and under argon 

atmosphere. One equivalent of siloxane was added to a solution of olefin in a minute 

amount of toluene, chloroform or dichloromethane. A slight excess of olefin was used to 

compensate for the byproduct formation. Subsequently, a drop of Karstedt’s catalyst in 

xylene (2 wt%) was added to the mixture and the reaction was stirred at room 

temperature until full conversion of the siloxane hydride. The conversion during the 

reaction is easily followed by 1H NMR spectroscopy in which the hydride septet at 4.73 
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ppm disappears and the protons of the newly formed Si–C bond appear at 0.6 ppm (Figure 

4B). In the 29Si NMR spectrum of the coupled product shown in Figure 4C, a signal at 7.5 

ppm appears and the resonance peak at −7 ppm, representative for the hydride (vide 
supra), disappears. Interestingly, the newly formed resonance peak at 7.5 ppm following 

from the alkylation of the silicon is at the same position as a trimethylsilicon group 

(Figure 3D). 

 
Figure 4. (A) General reaction scheme of a siloxane hydride with an olefin using Karstedt’s catalyst 

giving the desired hydrosilylation product and the undesired reduced and isomerized byproducts. 

(B) 1H NMR shifts of the siloxane hydride, (by)products and alkene substrate. (C) 29Si NMR 

spectrum of the hydrosilylation product.  

 

Although Karstedt’s catalyst provides a robust synthetic route towards the 

hydrosilylation product, side reactions can occur (Figure 4A). Factors governing the 

byproduct formation have been carefully investigated by Moon and coworkers.20 They 

described a second catalytic cycle which leads to isomerized substrate. We observed 

isomerization by 1H NMR spectroscopy in which the byproduct is clearly visible at 5.55 

ppm (Figure 4B). Isomerization mainly occurred when the concentration of both siloxane 

and olefin are low (< 0.1 M) as also follows from the catalytic cycle in which the 

hydrosilylation product is strongly dependent on substrate concentration while the 

isomerization cycle is not. Therefore, isomerization can be significantly suppressed when 

no solvents are used, however, this is only possible when both substrates are liquids. 

Hence, it is key to use minimal amounts of solvent to dissolve the substrates in order to 

perform the Karstedt-catalyzed hydrosilylation reaction.  

Furthermore, the presence of water or alcohol also lowers the yield of the desired 

product as a result of the reduction of the olefin. This is attributed to the generation of 

hydrogen gas from alcohol or water under conventional hydrosilylation conditions and 
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the presence of colloidal platinum (vide infra), acting as a catalyst for the hydrogenation 

of the olefin.20 Therefore, working in dry conditions with oven-dried glassware and dry 

solvents is key to increase the yield towards the hydrosilylation product. 

Finally, we found that a low catalyst concentration (0.1 mol %) is important to prevent 

the formation of byproducts and to increase the yield towards the hydrosilylation 

product. This is in line with the results reported by Kühn and coworkers who observed 

particle formation at high catalyst concentrations (> 125 ppm with respect to the olefin).22 

These platinum colloids are inactive species and therefore lower the conversion in the 

hydrosilylation reaction. Moreover, the formation of byproducts is promoted by the 

colloids. Hence, low catalyst loadings are beneficial for high conversions and prevent 

byproduct formation, while the reaction still proceeds very fast (< 10 minutes).  

In some cases, however, the reaction was not efficient with low catalyst loadings 

which usually occurred when olefin substrates containing secondary amines were used. 

Substrates such as triazine 1 and acylhydrazone 2 (Figure 5) described in Chapter 8, are 

better ligands for the platinum catalyst than the relatively unstable 

divinyltetramethylsiloxane ligands. Therefore, the siloxane ligands dissociate easily from 

the catalyst resulting in the formation of colloidal platinum species.22 This deactivates the 

catalyst before full conversion is reached and therefore more drops of catalyst were added 

during the reaction. In this case, the high catalyst concentration and the nature of the 

substrates both caused an increased amount of platinum particles which is also observed 

by a dark brown to black color in the reaction flask. This yielded an increased amount of 

isomerized and reduced byproducts. Nevertheless, the reaction towards the 

hydrosilylation product also proceeds further upon addition of extra catalyst during the 

reaction. To overcome these difficulties with byproduct formation due to Pt colloids, a 

metal-free route could be used in the future. For this, B(C6F5)3 is a good candidate as it 

catalyzes the coupling of an alcohol or ether to the siloxane hydride, forming a Si–O 

bond.9 In this way, an alcohol or ether functional molecule or oligomer can be directly 

coupled to the siloxane hydride forming the oDMS-based macromolecule or BCO. 

 
Figure 5. Triazine (1) and acylhydrazone (2) substrates for the Karstedt-catalyzed hydrosilylation 

resulting in many side-reactions. 
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2.4    Conclusions 

With this detailed experimental procedure and new ways to characterize the 

oligomers, we presented a practical guide to the synthesis of discrete dimethylsiloxane 

oligomers with a DP up to 40 repeating units using a stepwise, linear growth strategy. By 

the iteration of hydroxylation and condensation reactions, the chain growth is controlled 

yielding molecularly defined oDMS on multigram scale. Mono- or bidirectional growth 

by four or eight repeating units resulted in asymmetric and symmetric siloxanes, 

respectively. The work-up of the crude oligomers is essential to obtain discrete siloxanes 

and is dependent on the oligomer length and end-groups. A variety of functional chain-

ends, i.e., chloride, hydroxide and hydride, were included as a result of the synthesis. The 

siloxanes with hydride reactive chain-ends are conveniently coupled to oligomers or 

small molecules via a Karstedt-catalyzed hydrosilylation reaction when dry conditions 

and low catalyst loadings are used. This minimizes isomerized and reduced product and 

effectively yields the discrete oDMS-based BCOs or macromolecules. 

 

2.5    Experimental section 

2.5.1 Materials and methods 

Hexamethylcyclotrisiloxane (98% purity), chlorodimethylsilane (99.5% purity), and 1,1,1,3,3,5,5-

heptamethyltrisiloxane were purchased from ABCR. Palladium on carbon (Pd/C, 10%) was 

purchased from Merck. Me-Si3-OH, Cl-Si4-H, and HO-Si4-H were synthesized according to 

literature procedure.15 The synthesis of triazine 1 and acylhydrazone 2 is described in Chapter 8. 

Bulk solvents were purchased from Biosolve Chemicals and dried using 4 Å molecular sieves if 

necessary. Glassware was dried in an oven at 120 °C overnight. All reactions were performed under 

inert atmosphere (argon or nitrogen). Automated flash column chromatography was performed on 

a Grace Reveleris X2 machine using Büchi Flashpure ID 40µ irregular silica prepacked columns. 

NMR spectra were recorded on a Varian Mercury Vx 400 MHz spectrometer or Bruker ASCEND 

400 MHz (400 MHz for 1H NMR, 100 MHz for 13X NMR and 80 MHz for 29Si NMR) spectrometers. 

Deuterated solvents used are indicated in each case. Chemical shifts (δ) are expressed in ppm and 

are referred to the residual peak of the solvent. Peak multiplicity is abbreviated as s: singlet; q: 

quartet; p: pentet; m: multiplet. Cr(acac)3 (2 mg) was added to the 29Si NMR samples to improve the 

signal-to-noise ratio. Infrared measurements were performed on a Perkin Elmer FT-IR Spectrum 

Two apparatus. Size exclusion chromatography (SEC) measurements were conducted on a 

Shimadzu Prominence-i LC-2030C 3D with Shimadzu RID-20A refractive index (RI) detector, 

using eluent flow of 1 mL min-1 (chloroform). To obtain a positive signal in the chromatogram, the 

RI was set in negative mode because the RI of siloxane is lower than that of chloroform. Solutions 

were of concentration 10 mg mL-1 and were filtered through 0.2 μm Whatman Anatop 10 filters 

before injection. Matrix-assisted laser desorption/ionization mass spectra (MALDI) were obtained 

on a Bruker Autoflex Speed spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) and 2-[(2E)-

3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as matrices. Gas 

chromatography-mass spectrometry (GC-MS) was performed on a Shimadzu GC-2000 equipped with a 
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GSMS-QP2010+ detector using a Phenomenex Zebron ZB-5 MS column (l = 30 meters, ID = 0.25 mm, 

film thickness = 0.25 µm).   

2.5.2 Synthetic procedures 

H-Si8-H 
To an ice bath-cooled reaction flask containing Cl-Si4-H (1) (34.21 g, 107.6 mmol, 1.02 eq) in 

100 mL toluene, pyridine (10.0 mL, 122.5 mmol) was dropwise added over 10 minutes, using a 

dropping funnel. A solution of HO-Si4-H (31.64 g, 106.0 mmol) in 50 mL toluene was then added 

dropwise over 40 minutes using a dropping funnel. After 2.5 h, the ice bath was removed, and the 

reaction was left to stir for 1 h at room temperature. The white, turbid reaction mixture was mixed 

with 300 mL toluene, transferred to a separation funnel and washed with water (3 × 300 mL). The 

organic layer was collected and the solvents were removed by rotary evaporation. The crude 

product was then co-evaporated with toluene (2 × 60 mL) and the low molecular weight siloxanes 

were removed by high vacuum (0.30 mbar, 70 °C water bath) to yield 58.1 g product (94%). 1H NMR 

(400 MHz, CDCl3): δ = 4.70 (sept, J = 2.8 Hz, 2H, H-Si), 0.20 (d, J = 2.8 Hz, 12H, H-Si-(CH3)2), 0.10 

– 0.08 ppm (m, 36H, CH3). 13C NMR (100 MHz, CDCl3): δ = 1.04, 1.02, 0.85, 0.69 ppm. 29Si NMR 

(80 MHz, CDCl3, Cr(acac)3): δ = -6.89, -19.86, -21.80, -21.86 ppm. IR (ATR): ν = 2963, 2905, 2127, 

1413, 1258, 1017, 907, 788 cm-1. GC/MS (EI, oven 50–300 °C): t = 5.45 min. MALDI-TOF: m/z calc. 

for C16H50O7Si8: 578.17; found: 601.22 Da [M+Na]+. 

 

HO-Si8-OH  
A mixture of dioxane (65 mL) and 1 M phosphate buffer (34 mL, pH = 7.0) was stirred and bubbled 

through with nitrogen gas. Pd/C (480 mg) was added. The reaction flask was kept under nitrogen 

atmosphere and cooled in an ice bath while H-Si8-H (11.23 g, 19.39 mmol) was added dropwise 

using a dropping funnel. After 3.5 h, the ice bath was removed and the reaction was stirred for 

another 1 h. The mixture was filtered over a paper filter to remove the Pd/C. The filter paper was 

rinsed with 400 mL toluene and the filtrate was moved to a separation funnel. The mixture was 

washed with water (3 × 300 mL) and the organic layer was collected. The solvents were removed 

by rotary evaporation and the product was then co-evaporated with toluene (2 × 10 mL) to yield 

11.14 g (94%) product as a clear viscous oil. 1H NMR (400 MHz, CDCl3): δ = 2.30 (s, 2H, OH), 0.14 

(s, 12H, HO-Si-(CH3)2)), 0.12 – 0.05 ppm (m, 36H, CH3). 13C NMR (100 MHz, CDCl3): δ = 1.06, 1.00, 

0.31 ppm. 29Si NMR (80 MHz, CDCl3, Cr(acac)3): δ = -10.486, -20,773, -21.219, -21.274 ppm. IR 

(ATR): ν = 3304, 2963, 2906, 1412, 1258, 1017, 891, 858, 787 cm-1. MALDI-TOF: m/z calc. for 

C16H50O9Si8: 610.16; found: 633.24 Da [M+Na]+. 

 

H-Si16-H 
A solution of Cl-Si4-H (30.73 g, 96.94 mmol, 2.3 eq) in toluene (70 ml) was cooled on an ice bath, 

followed by the dropwise addition of pyridine (9.2 mL) using a dropping funnel. HO-Si8-OH 

(25.68 g, 42.84 mmol) dissolved in toluene (20 mL) was added dropwise to the reaction mixture 

using a dropping funnel. After 15 minutes of stirring, toluene (40 mL) was added to the viscous 

reaction mixture. After 1.5 h, the ice bath was removed and stirring continued for an additional 

1.5 h at room temperature. The reaction mixture was combined with 400 mL toluene, transferred 

to a separation funnel and washed with water (2 × 400 mL). The organic layer was collected and 

the solvents were removed by rotary evaporation. The crude product, obtained as an oil, was 

transferred to a separation funnel and washed with acetonitrile (4 × 80 mL). The oil was collected 

and further purified by automated flash column chromatography using heptane/CHCl3 (gradient 
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100/0 to 88/12) as eluent, yielding 44.4 g (91%) pure product. 1H NMR (400 MHz, CDCl3): δ = 4.70 

(sept, J = 2.8 Hz, 2H, H-Si), 0.19 (d, J = 2.8 Hz, 12H, H-Si-(CH3)2), 0.08 – 0.06 ppm (m, 36H, CH3). 
13C NMR (100 MHz, CDCl3): δ = 1.06, 1.05, 1.04, 1.02, 0.85, 0.69 ppm. 29Si NMR (80 MHz, CDCl3, 

Cr(acac)3): δ = -6.887, -19.850, -21.798, -21.874, -21.918 ppm. IR (ATR): ν = 2963, 2906, 2127, 1413, 

1258, 1013, 910, 788 cm-1. MALDI-TOF: m/z calc. for C32H98O15Si16: 1170.32; found: 1193.35 Da 

[M+Na]+. 

  

HO-Si16-OH  
Nitrogen gas was bubbled through a solution of dioxane (100 mL) and 1 M phosphate buffer (31 mL, 

pH = 7.3). Pd/C (340 mg) was added. The reaction flask was kept under nitrogen atmosphere and 

cooled by an ice bath. A solution of H-Si16-H (8.05 g, 6.87 mmol) in dioxane (10 mL) was added 

dropwise using a dropping funnel. After 15 minutes, the ice bath was removed and the reaction 

was stirred for another 23 h at room temperature. The mixture was filtered over a paper filter to 

remove the Pd/C. The filter paper was rinsed with 250 mL toluene and the filtrate was moved to a 

separation funnel. The mixture was washed with water (2 × 200 mL) and the organic layer was 

collected. The solvents were removed by rotary evaporation and the product was then co-

evaporated with toluene (2 × 20 mL), yielding 6.74 g (82 %) pure product as a viscous oil. 1H NMR 

(400 MHz, CDCl3): δ = 2.27, (s, 1H, OH), 0.14 (s, 12H, HO-Si-(CH3)2), 0.10 – 0.06 ppm (m, 84H, 

CH3). 13C NMR (100 MHz, CDCl3): δ = 1.02, 0.97, 0.29 ppm. 29Si NMR (80 MHz, CDCl3, Cr(acac)3): 

δ = -10.452, -20.738, -21.287, -21.389, -21.707, -21.866, -21.900. IR (ATR): ν = 3305, 2963, 2906, 

1412, 1258, 1017, 891, 787 cm-1. MALDI-TOF: m/z calc. for C32H98O17Si16: 1202.31; found 1225.44 

Da [M+Na]+.  

 

H-Si24-H 
To an ice bath-cooled solution of Cl-Si4-H (9.95 g, 31.46 mmol 2.5 eq) in toluene (60 mL), pyridine 

(3.4 mL) was added dropwise using a dropping funnel. A solution of HO-Si16-OH (15.09 g, 

12.49 mmol) in toluene (20 mL) was added dropwise to the reaction mixture using a dropping 

funnel. Formation of a white, turbid mixture was immediately observed. After 2 h, the ice bath was 

removed and the solution was stirred for another 2 h at room temperature. The reaction mixture 

was mixed with 300 mL toluene, transferred to a separation funnel and washed with water (3 × 

300 mL). The organic layer is collected and the solvents were removed by rotary evaporation. The 

crude product was co-evaporated with toluene (2 × 40 mL) and transferred to a separation funnel. 

The crude product, obtained as an oil, was washed with acetonitrile (4 × 60 mL). The colorless oil 

was collected, yielding 20.4 g (92%) pure product. 1H NMR (400 MHz, CDCl3): δ = 4.70 (sept, J = 

2.8 Hz, 2H, H-Si), 0.19 (d, J = 2.8 Hz, 12H, H-Si-(CH3)2), 0.08 – 0.06 ppm (m, 132H, CH3); 13C NMR 

(100 MHz, CDCl3): δ = 1.40, 1.03, 0.84, 0.68 ppm. 29Si NMR (80 MHz, CDCl3, Cr(acac)3): δ = -6.92, 

-19.89, -21.83, -21.91, -21.95 ppm. IR (ATR): ν = 2963, 2906, 2127, 1403, 1258, 1013, 910, 788 cm-1. 

MALDI-TOF: m/z calc. for C48H146O23Si24: 1762.47; found: 1785.46 Da [M+Na]+. 

 

HO-Si24-OH 
Nitrogen gas was bubbled through a solution of dioxane (60 mL) and 1 M phosphate buffer (32 mL, 

pH = 7) and cooled down to 0 °C in ice water. The reaction flask was kept under nitrogen 

atmosphere and Pd/C (198 mg) was added, followed by the dropwise addition of H-Si24-H (3.14 g, 

1.78 mmol) in dioxane (15 mL) over a period of 10 minutes using a dropping funnel. After 

20 minutes stirring at 0 °C, stirring was continued at room temperature for 3 h. The mixture was 

filtered over a paper filter to remove the Pd/C. The filter paper was rinsed with 200 mL toluene 
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and the filtrate was moved to a separation funnel. The mixture was washed with water (3 × 200 mL) 

and the organic layer was collected. The solvents were removed by rotary evaporation, followed 

by co-evaporation with toluene (2 × 20 mL), giving the pure product (3.20 g, quant.) as a viscous, 

colorless oil. 1H NMR (400 MHz, CDCl3): δ = 0.14 (s, 12H, CH3), 0.09 – 0.05 ppm (m, 132H, CH3); 
13C NMR (100 MHz, CDCl3): δ = 1.40, 1.03, 0.98, 0.66, 0.30 ppm;  29Si NMR (80 MHz, CDCl3, 

Cr(acac)3): δ =-10.431, -20.734, -21.282, -21.379, -21.701, -21.901 ppm. MALDI-TOF: m/z calc. for 

C48H146O25Si24+Na+: 1817.45; found: 1817.50 Da [M+Na]+. 

 

H-Si32-H 
A solution of Cl-Si4-H (7.1 mL, 20.89 mmol, 2.9 eq) in toluene (50 mL) was cooled to 0 °C using an 

ice bath. Pyridine (2.06 mL) was added dropwise to the reaction mixture, followed by the dropwise 

addition of a solution of HO-Si24-OH (13.6 g, 7.21 mmol) in toluene (50 mL) using a dropping 

funnel. A turbid white reaction mixture was formed. After 2 h the ice bath was removed and 

stirring was continued for 2 h at room temperature. The reaction mixture was mixed with 300 mL 

toluene, transferred to a separation funnel and washed with water (3 × 300 mL). The organic layer 

was collected and the solvents were removed by rotary evaporation. The crude product was co-

evaporated with toluene (30 mL) and the oil was transferred to a separation funnel. The crude 

product was washed with acetonitrile (4 × 100 mL). The colorless oil was collected, yielding 16.9 g 

(95%) pure product. 1H NMR (400 MHz, CDCl3): δ = 4.70 (sept, J = 2.8 Hz, 2H, H-Si), 0.19 (d, J = 

2.8 Hz, 12H, H-Si-(CH3)2), 0.08 – 0.06 ppm (m, 180H, CH3); 13C NMR (100 MHz, CDCl3): δ = 1.02, 

0.83, 0.67 ppm; 29Si NMR (80 MHz, CDCl3, Cr(acac)3): δ = -6.92, -19.88, -21.83, -21.90, -21.95 ppm. 

IR (ATR): ν = 2963, 2906, 2127, 1413, 1258, 1011, 911, 787 cm-1. MALDI-TOF: m/z calc. for 

C64H194O31Si32+Na+: 2377.61; found: 2377.58 Da [M+Na]+. 

 
HO-Si32-OH 
Nitrogen gas was bubbled through a solution of dioxane (130 mL) and 1 M phosphate buffer (50 mL, 

pH = 7) and cooled to 0 °C using an ice bath. The reaction flask was kept under nitrogen atmosphere 

and Pd/C (250 mg) was added, followed by the dropwise addition of H-Si32-H (5.0 g, 2.12 mmol) in 

dioxane (20 mL) to the reaction mixture using a dropping funnel. After 30 minutes stirring at 0 °C, 

stirring was continued at room temperature for 18 h. The mixture was filtered over a paper filter 

to remove the Pd/C. The filter paper was rinsed with 300 mL toluene and the filtrate was moved to 

a separation funnel. The mixture was washed with water (4 × 200 mL) and the organic layer was 

collected. The solvents were removed in vacuo, giving the pure product as a colorless oil (4.80 g, 

95%). 1H NMR (400 MHz, CDCl3): δ = 0.14 (s, 12H, CH3), 0.09 – 0.06 ppm (m, 180H, CH3); 13C NMR 

(100 MHz, CDCl3): δ = 1.03, 0.98, 0.30 ppm; 29Si NMR (80 MHz, CDCl3, Cr(acac)3): δ = -10.43, -

20.73, -21.28, -21.38, -21.70, -21.90 ppm. IR (ATR): ν = 2963, 2903, 1412, 1258, 1010, 863, 786 cm-

1. MALDI-TOF: m/z calc. for C64H194O33Si32+Na+: 2409.60; found: 2409.62 Da [M+Na]+. 

 

H-Si40-H 
A solution of Cl-Si4-H (3.45 mL, 10.17 mmol, 2.5 eq) in toluene (30 mL) was cooled down to 0 °C 

using an ice bath. Pyridine (1.11 mL) was added dropwise to the reaction mixture, followed by the 

dropwise addition of a solution of HO-Si32-OH (9.69 g, 4.05 mmol) in toluene (30 mL) using a 

dropping funnel. A turbid white reaction mixture was formed. After 2 h the ice bath was removed 

and stirring was continued for 3 h at room temperature. The reaction mixture was mixed with 

300 mL toluene, transferred to a separation funnel and washed with water (3 × 100 mL). The 

organic layer was collected and the solvents were removed by rotary evaporation. The crude 
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product, obtained as an oil, was transferred to a separation funnel and washed with acetonitrile 

(5 × 40 mL). Further purification was performed by automated flash column chromatography using 

heptane/CHCl3 (gradient 100/0 to 70/30) as eluent, yielding the pure product as a colorless oil (6.0 g, 

50%). 1H NMR (400 MHz, CDCl3): δ = 4.70 (sept, J = 2.8 Hz, 2H, H-Si), 0.19 (d, J = 2.8 Hz, 12H, H-

Si-(CH3)2), 0.08 – 0.06 ppm (m, 228H, CH3); 13C NMR (100 MHz, CDCl3): δ = 1.40, 1.03, 0.84, 0.68, 

0.66 ppm; 29Si NMR (80 MHz, CDCl3, Cr(acac)3): δ = -6.889, -19.849, -21.831, -21.908, -21.954, ppm. 

IR (ATR): ν = 2963, 2906, 2127, 1413, 1258, 1010, 912, 787 cm-1. MALDI-TOF: m/z calc. for 

C80H242O39Si40+Na+: 2969.76; found: 2971.56 (3rd isotope peak) Da [M+Na]+. 

 

Me-Si7-H 
A solution of Cl-Si4-H (62.0 g, 195.0 mmol, 1 eq) in toluene (170 mL) was cooled using an ice bath 

and pyridine (21.0 mL) was added dropwise using a dropping funnel. Me-Si3-OH (46.53 g, 

195.0 mmol) in toluene (200 mL) was added dropwise to the reaction mixture using a dropping 

funnel. After stirring 1 h at 0 °C, the ice bath was removed and stirring continued for an additional 

3 h at room temperature. The reaction mixture was combined with 700 mL toluene, transferred to 

a separation funnel and washed with water (3 × 200 mL). The organic layer was collected which 

was cloudy, indicating the presence of water in the organic phase. To absorb some of the water, the 

mixture was filtered over a folded paper filter and then concentrated by rotary evaporation. 

Purification was further performed using fractional vacuum distillation (Vigreux length: 16 cm). 

The pure product was collected at 95–96 °C at 0.17 mbar, yielding a colorless oil (86.5 g, 85%). 
1H NMR (400 MHz, CDCl3): δ = 4.70 (sept, J = 2.8 Hz, 1H, H-Si), 0.19 (d, J = 2.8 Hz, 6H, H-Si-

(CH3)2), 0.09 (s, 9H, (CH3)3-Si), 0.09 – 0.07 (m, 24H, CH3), 0.05 ppm (s, 6H, CH3). 13C NMR (400 

MHz, CDCl3): δ = 1.79, 1.15, 1.05, 1.03, 0.85, 0.69 ppm; 29Si NMR (80 MHz, CDCl3, Cr(acac)3): δ = 

7.241, -6.916, -19.875, -21.406, -21.825, -21.928, -22.059 ppm. MALDI-TOF: m/z calc. for 

C15H46O6Si7+Na+: 541.16; found: 541.16 Da [M+Na]+. 

 

Me-Si7-OH 
Nitrogen gas was bubbled through a solution of dioxane (90 mL) and 1 M phosphate buffer (30 mL, 

pH = 7) and cooled down to 0 °C using an ice bath. The reaction flask was kept under nitrogen 

atmosphere and Pd/C (1.47 g) was added followed by the dropwise addition of Me-Si7-H (66.7 g, 

129 mmol) in dioxane (90 mL) using a dropping funnel. After 1.5 h stirring at 0 °C, stirring was 

continued at room temperature for 3 h. The mixture was filtered over a paper filter to remove the 

Pd/C. The filter paper was rinsed with 400 mL toluene and the filtrate was moved to a separation 

funnel. The mixture was washed with water (3 × 250 mL) and the organic layer was collected. To 

remove residual Pd/C that was left in the washed, organic phase, the mixture as filtered again using 

a paper filter. The product was dried in vacuo, giving the pure product as a colorless oil (67.8 g, 

quant.). 1H NMR (400 MHz, CDCl3): δ = 2.27 (s, 1H, OH), 0.14 (s, 6H, HO-Si-(CH3)2), 0.10 – 0.06 

(m, 33H, CH3), 0.05 ppm (s, 6H, CH3); 13C NMR (100 MHz, CDCl3): δ = 1.78, 1.14, 1.05, 0.99, 0.31 

ppm; MALDI-TOF: m/z calc. for C15H46O7Si7+Na+: 557.15; found: 557.17 [M+Na]+.  

 

Me-Si11-H 
A solution of Cl-Si4-H (44.27 g, 139.6 mmol, 1.15 eq) in toluene (110 mL) was cooled using an ice 

bath, followed by the dropwise addition of pyridine (13.0 mL) using a dropping funnel. 

Subsequently, Me-Si7-OH (65.78 g, 122.9 mmol) in toluene (100 mL) was added dropwise to the 

reaction mixture using a dropping funnel. After 1 h, the ice bath was removed, 110 mL of toluene 

was added to improve the stirring which was continued for an additional 2.5 h at room temperature. 
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The reaction mixture was combined with 220 mL toluene, moved to a separation funnel and washed 

with water (3 × 220 mL). The solvents were removed by rotary evaporation and purification was 

further performed using an Aldrich Kugelrohr at 0.013 mbar and 155–158 °C. The pure product 

was collected as a colorless oil (90.17 g, 99%). 1H NMR (400 MHz, CDCl3): δ = 4.70 (sept, J = 2.8 Hz, 

1H, H-Si), 0.19 (d, J = 2.8 Hz, 6H, H-Si-(CH3)2), 0.10 – 0.00 ppm (m, 63H, CH3); 13C NMR (100 MHz, 

CDCl3): δ = 1.78, 1.14, 1.05, 1.02, 0.85, 0.69 ppm; 29Si NMR (80 MHz, CDCl3, Cr(acac)3): δ = 7.247, 

-6.905, -19.875, -21.411, -21.817, -21.892, -21.966, -22.072 ppm. MALDI-TOF: m/z calc. for 

C23H70O10Si11+Na+: 837.23; found: 837.23[M+Na+]. 
 
Me-Si11-OH 
Nitrogen gas was bubbled through a solution of dioxane (30 mL) and 1 M phosphate buffer (3 mL, 

pH = 7) and cooled down to 0 °C using an ice bath. The reaction flask was kept under nitrogen 

atmosphere and Pd/C (150 mg) was added followed by the dropwise addition of Me-Si11-H (9.59 g, 

11.45 mmol) in dioxane (30 mL) using a dropping funnel. After 1 h stirring at 0 °C, stirring was 

continued at room temperature for 23 h. The mixture was filtered over a paper filter to remove the 

Pd/C. The filter paper was rinsed with 10 mL dioxane and 150 mL toluene and the filtrate was 

moved to a separation funnel. The mixture was washed with water (3 × 100 mL) and the organic 

layer was collected. The solvents were removed by rotary evaporation and the product was co-

evaporated with toluene (100 mL), giving the pure product as a colorless oil (8.48 g, 87%). 1H NMR 

(400 MHz, CDCl3): δ = 2.23 (s, 1H, OH), 0.14 (s, 6H, HO-Si-(CH3)2), 0.10–0.07 (m, 54H, CH3), 0.05 

ppm (s, 6H, CH3); 13C NMR (100 MHz, CDCl3): δ = 1.77, 1.31, 1.04, 0.98, 0.30 ppm; MALDI-TOF: 

m/z calc. for C23H70O11Si11+Na+: 853.23; found 853.21 Da [M+Na]+. 

 

Me-Si15-H 
A solution of Cl-Si4-H (56.83 g, 179.2 mmol, 4 eq) in toluene (160 mL) was cooled using an ice bath, 

followed by the dropwise addition of 1.2 mL pyridine. Subsequently, Me-Si11-OH (44.8 g, 

37.20 mmol) in toluene (40 mL) was added dropwise to the reaction mixture using a dropping 

funnel. After stirring at 0 °C for 1 h, the ice bath was removed and stirring was continued for an 

additional 3 h at room temperature. The reaction mixture was combined with 150 mL toluene, 

moved to a separation funnel and washed with water (3 × 100 mL). The organic layer was collected 

and the solvents were removed by rotary evaporation. The crude product was purified by 

automated flash column chromatography (340 g silica) using heptane/CHCl3 (100/0 to 70/30) as 

eluent, yielding the pure product as a colorless oil (43.86 g, 88%). 1H NMR (400 MHz, CDCl3): δ = 

4.70 (sept, J = 2.4 Hz, 1H, H-Si), 0.19 (d, J = 2.4 Hz, 6H, H-Si-(CH3)2), 0.10 – 0.03 ppm (m, 87H, 

CH3); 13C NMR (100 MHz, CDCl3): δ = 1.78, 1.14, 1.05, 1.02, 0.85, 0.69 ppm; 29Si NMR (80 MHz, 

CDCl3, Cr(acac)3): δ = 7.22, -6.94, -19.90, -21.44, -21.84, -21.92, -21.96, -22.00, -22.10 ppm. MALDI-

TOF: m/z calc. for C31H94O14Si15+Na+: 1133.31; found: 1133.31 [M+Na+]. 
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Chapter 3 

Oligodimethylsiloxane-oligoproline block co-oligomers: 

the interplay between aggregation and phase 

segregation in bulk and solution 

ABSTRACT: Discrete block co-oligomers (BCOs) assemble into highly ordered 

nanostructures, which adopt a variety of morphologies depending on their environment. 

Here, we present a series of discrete oligodimethylsiloxane-oligoproline (oDMS-oPro) 

BCOs with varying oligomer lengths and proline end-groups, and study the 

nanostructures formed in both bulk and solution. The conjugation of oligoprolines to 

apolar siloxanes permits a study of the aggregation of oligoproline moieties in a variety of 

solvents, including a highly apolar solvent like methylcyclohexane. The apolar solvent is 

more reminiscent of the polarity of the siloxane bulk, which gives insights into the 

supramolecular interactions that govern both bulk and solution assembly processes of the 

oligoproline. This extensive structural characterization allows to bridge the gap between 

solution and bulk assembly. The interplay between the aggregation of the oligoproline 

block and the phase segregation induced by the siloxane drives the assembly. This gives 

rise to disordered, micellar microstructures in apolar solution and crystallization-driven 

lamellar nanostructures in the bulk. Whereas most di- and triblock co-oligomers adopt 

predictable morphological features, one of them, oDMS15-oPro6-NH2, exhibits pathway 

complexity even leading to gel formation. The pathway selection in the complex interplay 

between aggregation and phase segregation gives rise to interesting material properties. 

 

 

 
Part of this work is published in: 
B.A.G. Lamers, A. Herdlitschka, T. Schnitzer, M.F.J. Mabesoone, S.M.C. Schoenmakers, 

B.F.M. de Waal, A.R.A. Palmans, H. Wennemers, E.W. Meijer, J. Am. Chem. Soc., DOI: 

10.1021/jacs.1c01076.
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3.1    Introduction 

Amphiphilic peptide aggregates have been studied in great detail and a large variety 

of structures can be obtained depending on the peptide and whether it is in bulk or 

solution.1 Larger amphiphilic structures are formed by the conjugation of a flexible 

polymer coil to a stiff peptide rod, forming a peptide-based block copolymer (BCP) that 

aggregates in solution as a result of (un)favorable interactions with solvent molecules.2–4 

In polar solvents, the helical, stiff peptide rods assemble and a hydrophilic coil solubilizes 

the colloids while an apolar coil is needed for the assembly in apolar solvents.5–8 Studies 

on peptide-based rod-coil block copolymer assemblies in apolar solvents are less common, 

although interesting properties such as organogel formation can occur due to secondary 

interactions of the rods.9 This has been showcased by the work of Mezzenga and 

coworkers who conjugated an -helical peptide to polydimethylsiloxane (PDMS) and 

observed network formation in toluene.10 Herein, the apolar PDMS coil shields the polar 

peptide rods from the solvent and a gel is formed by the interactions between the -

helices.  

The use of discrete length block co-oligomers (BCOs) enables the formation of 

predictable nanostructures and properties in solution.11–13 Likewise, a discrete BCO design 

(Ɖ = 1) is beneficial to obtain highly organized nanostructures and small feature sizes in 

bulk materials, induced by phase segregation of the incompatible blocks.14,15 The 

combination of a highly incompatible oligodimethylsiloxane (oDMS) block with a 

crystalline block resulted in ordered, lamellar nanostructures with improved long-range 

order compared to the fully amorphous BCOs.16–18 The formation of solely lamellar 

nanostructures driven by crystallization is in analogy to peptide rod-coil BCPs which 

favor lamellar (zigzag) structures in the bulk originating from the strong rod-rod 

interactions.19–22 Hereto, monodispersity is very important to obtain ordered lamellae 

with a sharp interface between the blocks.23 

Oligomers of the amino acid proline (Pro) adopt well-defined, helical secondary 

structures.24–26 These left-handed polyproline II (PPII) helices are, together with -

helices and -sheets, the most abundant secondary structures in peptides and proteins.27–30 

Already at a length of six consecutive Pro residues a stable PPII helix is formed.24,25 This 

helix is pseudo-C3 symmetric along the central screw axis with a helical pitch of ∼1 nm 

and 3 Pro residues per turn.31,32 Due to their well-defined and rigid conformation, and the 

possibility to functionalize them, oligoprolines (oPro) can be used as molecular rulers or 

scaffolds to bring two or more attached entities in a defined distance to each other.33 This 

concept has been broadly applied using oligoproline conjugates for, e.g. tumor targeting,34 

light harvesting,35,36 or in organic electronics.37 Due to the low solubility in apolar organic 

solvents, most of the studies on oligoprolines have been performed in either water or 

polar organic solvents.33,38–41 However, especially for the use of oligoprolines in 

supramolecular assemblies, where weak interactions such as van der Waals interactions 
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or hydrogen bonding are the main contributors, the use of apolar environments is highly 

desired.42,43 

In contrast to other peptides, short-chain oligoprolines have no tendency to self-

assemble since they lack hydrogen bond (H-bond) donors.30 Recently, Wennemers and 

coworkers obtained crystal structures of an oligoproline hexamer31 and a metal-organic 

framework (MOF) based on an oligoproline ligand.44 In these two solid-state structures 

neighboring oligoprolines interact by London dispersion and dipole-dipole interactions 

with each other, either across their full lengths or segments when the oligoprolines are 

shifted relative to each other (Figure 1A).44 In the crystal structure of the oligoproline 

hexamer, the distance between the C-terminal H-bond donor is indicative of a H-bond 

with the amide carbonyl oxygen of a neighboring oligoproline (Figure 1B).31 Van der 

Waals interactions are also the driving force for aggregation of polymers of proline (> 100 

units) into large aggregates or films at temperatures above 60 °C in water.45–47 Little is 

known, however, about the assembly properties of oligoprolines in apolar solvents. In 

apolar environments, oligoprolines can adopt a PPI helix, a conformation that is more 

compact and less symmetric than the PPII helix and in which all amide bonds are cis.48 

We envisioned that a study of oligoprolines in apolar organic media, would allow us to 

explore the interplay between phase segregation and aggregation, for assembly processes 

in solution and in bulk. 

 
Figure 1. Crystal structure of (A) an oligoproline-based metal organic framework44 and (B) 4-

BrC6H4-CO-Pro6-OH.31 (A) Van der Waals interactions and (B) hydrogen bonding between 

adjacent oligoproline helices are highlighted in yellow. 

 

Taking inspiration from the intriguing assembly properties of oligoproline and 

interest in their interactions in apolar environments, we covalently attached hydrophilic 

oligo(L-prolines) of different lengths to hydrophobic siloxane oligomers to form discrete 

block co-oligomers (BCOs) of oligodimethylsiloxane-oligoproline (oDMS-oPro). In this 

chapter, we study the induction of microphase segregation of the two blocks, both in bulk 

and solution. This gave rise to assemblies of the rod-coil BCOs and allowed us to study 
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the supramolecular aggregation of oligoproline. The structure of oligoproline can be 

easily modified and therefore enabled us to study how seemingly subtle changes at the 

molecular level manifest themselves at the supramolecular level. We analyzed the 

assembled structures using X-ray scattering, circular dichroism (CD) spectroscopy, 

transmission electron microscopy (TEM) and light scattering. With this, a thorough 

structural analysis of the aggregation of oligoproline in the apolar environment of 

siloxane oligomers was established. 

 
Scheme 1. Molecular structures of oDMS15-Pron-NH2, oDMS15-Pron-OMe and oDMS40-[Pron-NH2]2 

based on oligodimethylsiloxanes and oligo(L-prolines). The oligomers with the number n indicated 

with an asterisk (*) were also synthesized as the enantiomeric D-proline BCOs. 

 

3.2    Synthesis of oligodimethylsiloxane-oligoproline BCOs 

We synthesized a series of discrete di- and triblock co-oligomers consisting of 

oligo(dimethylsiloxane) (oDMS) and L-oligoproline (oPro) blocks in which the oDMS 

fraction is kept constant while the length of the oPro is varied (Scheme 1). For the diblock 

co-oligomers we chose a siloxane length of 15 repeating units and the triblock co-

oligomers contain a siloxane oligomer of 40 repeating units. The mono- and dihydride 

functionalized oDMS blocks were obtained from the robust synthetic strategy described 

in Chapter 2.49 L-Proline oligomers with an N-terminal 5-hexenoic acid residue were 

obtained by standard solid phase peptide synthesis performed by the Wennemers lab. We 

varied the oligoproline length as the proline 6-mer and 9-mer are expected to form a PPII 

helix in bulk and solution, while the trimer is less prone to form the helical structure.26 

The oligoproline and siloxane chain were linked via platinum-catalyzed hydrosilylation 

(Scheme 2). With this variety of siloxane and proline oligomer lengths, we address a wide 

range of siloxane volume fractions (f si = 0.62 – 0.85). In addition, the functional group on 

the C-terminus was varied between an amide (Pron-NH2) and a methyl ester (Pron-OMe) 
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for some of the diblock co-oligomers to evaluate the effect of the C-terminal end group 

on the supramolecular assembly. Furthermore, the enantiomeric D-proline BCO of the 

amide-terminated diblock co-oligomers were synthesized. The resulting oDMS15-Pron-

NH2, oDMS15-Pron-OMe and oDMS40-[Pron-NH2]2 BCOs were obtained in high purity 

as confirmed by NMR spectroscopy and MALDI-ToF spectrometry (Figure 2A). The 

BCOs containing proline trimers (oDMS15-Pro3-NH2 and oDMS40-[Pro3-NH2]2) are 

pastes while the BCOs with six and nine proline residues are crystalline solids. 

The covalent attachment of a siloxane oligomer to the oligoproline resulted in good 

solubility of all tri- and di-BCOs in solvents such as dichloromethane and in polar 

methanol. The diblock co-oligomers also dissolved in highly apolar methylcyclohexane 

(MCH), even in high concentrations (10 mg mL-1). Hence, they can be extensively 

analyzed in apolar media (vide infra). In contrast, the triblock co-oligomers did not 

dissolve in MCH due to the imbalance between the apolar oDMS and polar oPro fraction. 

Interestingly, at high concentrations (10 mg mL-1), most diblock co-oligomers gave clear, 

non-viscous solutions but oDMS15-Pro6-NH2 formed a gel (Figure 2B). 

 
Figure 2. (A) MALDI-ToF MS spectra of oDMS-oPro BCOs. (B) Gel of oDMS15-Pro6-NH2 in MCH 

(10 mg mL-1). 

 

3.3    Bulk nanostructure of oDMS-oPro BCOs 

In order to address the bulk material properties of all BCOs, their morphologies were 

investigated by medium- and wide-angle X-ray scattering (MAXS and WAXS). First, the 

morphology of the triblock co-oligomers was examined and the 1D transmission 

scattering profiles are shown in Figure 3A. The scattering profile of oDMS40-[Pro3-NH2]2 

shows reflections at q*, √3q* and √4q* in the MAXS region (q < 7 nm-1), demonstrative for 

a hexagonally packed cylindrical phase. The absence of sharp scattering peaks in the 

wide-angle (WAXS) region (q > 7 nm-1) indicates that the ordered structure is fully 

amorphous and originates from phase segregation. This is confirmed by the presence of 

an order-disorder transition temperature (TODT) rather than crystallization and melting 
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transitions (Figure 3B). The 1D transmission scattering profiles of oDMS40-[Pro6-NH2]2 

and oDMS40-[Pro9-NH2]2 show broad reflection peaks at integer multiples of q*, 

representative for a lamellar packing (Figure 3A). A crystalline packing of the Pro6 and 

Pro9 in the BCOs is confirmed by the presence of sharp reflection peaks in the WAXS 

region (q > 7 nm-1). The scattering reflections appear at 10.9, 12.8 and 22.1 nm-1, 

suggesting a crystalline PPII helix.31 The crystallinity of the materials combined with the 

independence of the morphology on the volume fraction of siloxane indicates a break-

out, crystallization-driven assembly for the triblock co-oligomers containing 6 or 9 

proline residues.  

 
Figure 3. (A) 1D transmission scattering profiles of oDMS40-[Pro3-NH2]2 (top), oDMS40-[Pro6-

NH2]2 (middle) and oDMS40-[Pro9-NH2]2 (bottom). (B) DSC trace of oDMS40-[Pro3-NH2]2 (top) 

and oDMS15-Pro3-NH2 (bottom). Endothermic heat flows have a positive value, second heating 

cycle, measured at 10 K min-1. 

 

X-ray scattering experiments also provided insight into the bulk nanostructure of the 

diblock co-oligomers. The 1D transmission scattering profile of oDMS15-Pro3-NH2 has 

sharp scattering peaks at q*, √3q* and √7q* in the MAXS region but no sharp scattering 

peaks in the WAXS region (Figure 4A). This indicates that an amorphous, ordered, phase-

segregated hexagonally packed cylindrical phase is formed, like the triblock analogue, but 

with a smaller domain spacing (Table 1, entry 1 and 6). Moreover, the oDMS15-Pro3-NH2 

material also shows a TODT in the DSC thermogram, in analogy to oDMS40-[Pro3-NH2]2 

(Figure 3B). The diblock co-oligomers containing six and nine proline residues show 

scattering reflections at integer multiples of q* (Figure 4B–C). Hence, a lamellar structure 

is formed driven by crystallization, similar to the triblock co-oligomer analogues with 6 

or 9 proline residues. Moreover, the peaks in the WAXS region are at the equal positions 

as in the PPII-forming triblock co-oligomers. Therefore, we conclude that the crystalline 
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packing of the Pro6 and Pro9 in the diblock co-oligomers is identical to the structure of 

the triblock co-oligomers. The only exception is oDMS15-Pro6-NH2, showing weak 

scattering peaks at different values for q, indicated with arrows in Figure 4B. Hence, the 

crystalline packing of oDMS15-Pro6-NH2 differs from that of the other BCOs, which 

could be an indication for the presence of a PPI helix next to a PPII helix. 

 
Figure 4. 1D transmission scattering profiles of (A) oDMS15-Pro3-NH2, (B) oDMS15-Pro6-OMe 

(top) and oDMS15-Pro6-NH2 (bottom), (C) oDMS15-Pro9-OMe (top) and oDMS15-Pro9-NH2 

(bottom) and (D) stereocomplex of oDMS15-Pro6-NH2 (top) and oDMS15-Pro6-NH2 (bottom), 

formed by mixing the L- and D-enantiomeric BCOs in a 1:1 molar ratio. 
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Remarkably, the reflection peaks in the MAXS region are broad, representing lamellar 

structures with a diffuse interface between the oDMS and oPro phase. This is in stark 

contrast to previous work on discrete amorphous-crystalline BCOs forming long-range, 

highly ordered lamellar morphologies, driven by crystallization.16,18 In an attempt to 

improve the lamellar packing and long-range organization, a racemic mixture of the 

diblock co-oligomers was studied. Hereby, oDMS15-Pro9-NH2 and oDMS15-Pro6-NH2 

were mixed with their D-enantiomeric BCO analogues in a 1:1 ratio. An indication of 

stereocomplex formation is observed by a shift of the scattering peaks in the WAXS 

region (Figure 4D). However, the morphological ordering of the lamellae was not 

improved for both diblock co-oligomer stereocomplexes, represented by the broad 

reflection peaks of q* and its integer multiples, similar to the homochiral constituents.  

To gain more insight into the secondary structure of the L-proline block in the 

homochiral diblock co-oligomers, CD spectroscopic measurements were performed in 

the bulk. Hereby, the BCOs were dissolved in MCH (10 mg mL-1) and spincoated onto a 

quartz substrate. After annealing at 120 °C, the resulting diblock co-oligomer films were 

measured at room temperature. The use of MCH as a solvent was crucial here in order to 

translate the assembly structure in solution (vide infra) to the bulk structure. In case of 

oDMS15-Pro9-NH2, oDMS15-Pro6-OMe and oDMS15-Pro9-OMe the shape and intensity 

of the CD signal were independent of the spot in the film where the spectrum was 

measured and no linear dichroism (LD) was observed in the sample. In addition, for these 

three BCOs, all CD spectra were very similar; they all show a maximum at 230 nm and 

minimum at 211 nm (Figures 5A‒C). The shape of the CD signal is similar to that of a 

PPII helix (maximum at 225 nm, minimum at 207), however, the maximum and 

minimum shifted, which is an indication for aggregation of the PPII helical rods.45,46 In 

contrast, the CD spectra of oDMS15-Pro6-NH2 differed in shape and intensity when 

recorded at different spots of the film – a finding that shows inhomogeneity of the sample 

(Figure 5D). These signals purely originate from a CD effect as LD can be excluded (data 

not shown). These results indicate that a complex interplay of conformations and 

interactions causes the formation of different types and combinations of assemblies, 

which results in inhomogeneity of the sample and therefore a variety of CD curves. 

Remarkably, oDMS15-Pro6-NH2 also forms a different type of crystal structure in the 

bulk (vide supra) and is the only BCO forming a gel. Therefore, we further explored these 

surprising results and the complex assembly of oDMS15-Pro6-NH2 with extensive 

solution studies in Section 3.5. 
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Figure 5. Solid state CD spectra of (A) oDMS15-Pro9-OMe, (B) oDMS15-Pro6-OMe, (C) oDMS15-

Pro9-NH2 and (D) oDMS15-Pro6-NH2 (each line indicates a different spot on the substrate). 

Measured as thin film on a quartz substrate. Samples prepared from 10 mg mL-1 in MCH, spincoated 

at 800 rpm and annealed overnight at 120 °C. 

 

Table 1. Bulk morphology characterization of oDMS-oPro di- and triblock co-oligomers. 

Entry Compound a M w b [Da] f si c Phase d d d [nm] Helix e 

1 oDMS40-[Pro3-NH2]2 3755.26 0.85 CYL 5.9 n.o. 

2 oDMS40-[Pro6-NH2]2 4379.60 0.76 LAM 10.0 PPIIf 

3 oDMS40-[Pro9-NH2]2 5003.98 0.69 LAM  12.0 PPIIf 

4 oDMS15-Pro6-OMe 1820.72 0.70 LAM 7.2 PPII 

5 oDMS15-Pro9-OMe 2111.88 0.62 LAM 8.2 PPII 

6 oDMS15-Pro3-NH2 1514.55 0.80 CYL 4.8 n.o. 

7 oDMS15-Pro6-NH2 1805.73 0.71 LAM 6.8 PPIIg 

8 oDMS15-Pro9-NH2 2196.88 0.63 LAM 8.6 PPII 

a BCOs as depicted in Scheme 1. b Molecular weight obtained by MALDI-ToF. c Volume fraction of 

the siloxane block calculated using bulk densities for PDMS (0.95 g mL-1)17 and crystal structure of 

Pro6 (1.41 g mL-1).31 d Morphology of nanostructure determined with SAXS at room temperature. CYL 

= hexagonally packed cylinders. LAM = lamellae. Domain spacing (d) calculated using d = 2π/q*.                
e Helix formation observed by CD spectroscopy in MeOH, MCH and in the bulk. f PPII helix only 

observed in MeOH due to insolubility in MCH. g PPII helix in MeOH. n.o. = not observed. 
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The X-ray scattering analysis and the corresponding calculated domain spacings of the 

lamellar nanostructures allowed for a molecular packing model (Table 1). We compare 

the molecular packing of all BCOs, except oDMS40-[Pro3-NH2]2 and oDMS15-Pro3-NH2 

as they form amorphous, cylindrical morphologies and therefore cannot be compared to 

the crystallization-driven, lamellar nanostructures formed by all other BCOs with at least 

6 proline repeating units. Among them, the BCOs with the same end-groups and siloxane 

length are compared to observe differences in packing modes related to the molecular 

structure. First, the methyl ester oDMS15-Pro6-OMe and oDMS15-Pro9-OMe diblock co-

oligomers have a domain spacing of 7.2 and 8.2 nm, respectively (Table 1, entries 4 and 

5). The difference of three oligoproline residues equals the length of ∼1 nm.31 Hence, 

extending the oligoproline at a constant siloxane length gives rise to an increase of 1 nm 

in feature size. This finding suggests that the oligoprolines in oDMS15-Pro6-OMe and 
oDMS15-Pro9-OMe interface along their full length into one oPro layer (Figure 6A). 

Second, the triblock co-oligomers oDMS40-[Pro6-NH2]2 and oDMS40-[Pro9-NH2]2 have 

a domain spacing that increases with 2 nm upon increasing the oligoproline length by 

three residues (∼1 nm) (Table 1, entries 2 and 3). We assume that the proline 6-mer in 

oDMS40-[Pro6-NH2]2 packs in a similar fashion as oDMS15-Pro6-OMe and the increase 

of 2 nm in domain spacing for oDMS40-[Pro9-NH2]2 is therefore in line with three proline 

residues sticking out of both sides of the oPro layer, as schematically illustrated in Figure 

6B. This gives rise to a diffuse interface between the oDMS and oPro layer, evidenced by 

the broad scattering peaks in the 1D transmission scattering profile (Figure 3A). Finally, 

the diblock co-oligomers oDMS15-Pro6-NH2 and oDMS15-Pro9-NH2 have a domain 

spacing that increases with 1.8 nm upon increasing the oligoproline length with three 

residues. From the increase of ∼2 nm, we hypothesize a zig-zag interface with three 

proline residues sticking out of the oPro layer (Figure 6C), like the triblock co-oligomers 

with the same amide end-group. The diffuse interface between the oDMS and oPro layer 

for oDMS15-Pro9-NH2 is evidenced by the broad and single scattering peak in the 1D 

transmission scattering profile (Figure 4C). Again, this hypothesis is based on a packing 

of oDMS15-Pro6-NH2 that is similar to oDMS15-Pro6-OMe as a starting point, assuming 

complete overlap of the oPro rods. However, oDMS15-Pro6-NH2 shows different 

scattering peaks in the WAXS region compared to all other BCOs (Figure 4B), indicating 

a different type of crystal structure, which could be a combination of PPI and PPII 

helices. Moreover, the presence of kinetically trapped helical structures evidenced by the 

thin film CD spectra (Figure 5D), in combination with the lack of a PPI crystal structure 

reported in literature, makes it difficult to delineate one molecular picture of          

oDMS15-Pro6-NH2 based on these results.  

The difference in packing of the oPro rods based on the end-groups is clarified by 

comparing oDMS15-Pro9-NH2 and oDMS15-Pro9-OMe that have the same proline and 

siloxane oligomer length. The 1D transmission scattering profiles already pointed out that 
oDMS15-Pro9-OMe has a much sharper interface between the oDMS and oPro phase 

indicated by the presence of multiple and sharper scattering peaks compared to           
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oDMS15-Pro9-NH2 (Figure 4C). This is in accordance with complete and partial 

interdigitation of the oPro rods in oDMS15-Pro9-OMe and oDMS15-Pro9-NH2, 

respectively. We hypothesize that the difference in packing originates from the fact that 

the C-terminal amide end-group is capable of H-bonding in addition to van der Waals 

interactions according to the high-resolution crystal structure.31 This extra interaction in 

oDMS15-Pro9-NH2 could equalize the enthalpy loss due to mixing of the oDMS and oPro 

layer at the interface.  

 
Figure 6. Schematic illustration of the BCO molecular packings showing the diffuse interface 

between the oPro (green) and oDMS (gray) layers. (A) Complete interdigitation of the prolines 

helices for oDMS15-Pro6-OMe, oDMS15-Pro9-OMe and oDMS40-[Pro6-NH2]2 and (B) slight 

interdigitation of the Pro9 helices for oDMS40-[Pro9-NH2]2 and (C) oDMS15-Pro9-NH2. The 

domain spacing is indicated with d*. 

 

3.4    Aggregation of diblock co-oligomers in MCH  

We investigated the solution assembly of diblock co-oligomers oDMS15-Pro6-OMe, 

oDMS15-Pro9-OMe and oDMS15-Pro9-NH2, which all formed similar bulk assemblies. 

CD spectra of the diblock co-oligomers in methanol and MCH were recorded to compare 

the helix formation in polar and apolar solvents, respectively (Figures 7A–C). CD spectra 

of the BCOs in methanol show a maximum at 228 nm and minimum at 205 nm, typical 

for a PPII helical peptide. In MCH, the spectra shift to higher wavelengths with a 

minimum at 211 nm and a maximum at 230 nm which increased in intensity. These 

solution phase spectra are very similar to those observed for the BCO assembly in the 

bulk (Figure 5). Hence, oDMS15-Pro6-OMe, oDMS15-Pro9-OMe and oDMS15-Pro9-NH2 

form PPII helices that aggregate in MCH and the bulk in a similar fashion.  
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Formanek and coworkers have studied the aggregation of polyprolines using Fourier 

transform infrared (FT-IR) spectroscopy.47 This aggregation can be explained by breaking 

the interactions between water molecules and the peptide carbonyl groups, thereby 

allowing for the interaction between polyprolines by van der Waals forces. Following 

this work, we recorded FT-IR spectra of the diblock co-oligomers in the bulk material 

and in MCH and compared the results to those obtained in methanol where no 

aggregation is present. We observed a similar shift in the carbonyl region (1650 cm-1) to 

higher wavenumbers in the bulk material and in MCH (Figure 7D). Hydrogen bonding 

of the oligoproline carbonyls with solvent molecules is absent in MCH and in the bulk 

due to the apolar environment. Therefore, we infer from these results that the 

oligoproline helices in the BCOs aggregate caused by the lack of hydrogen bonds between 

the polyproline and solvent molecules. With this similarity to previous work and the 

results from CD spectroscopy, our data is consistent with aggregation of the BCOs by van 

der Waals forces in both MCH and bulk material.       

 
Figure 7. (A–C) CD spectra of (A) oDMS15-Pro9-OMe, (B) oDMS15-Pro6-OMe and           

(C) oDMS15-Pro9-NH2 and (D) FT-IR spectra of oDMS15-Pro9-NH2 in methanol (red) and MCH 

(cyan) at 0.36 mM and the bulk material (black).  
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3.5    Consequences of multiple pathways in the aggregation of 

oDMS-Pro6-NH2 

The gel formation, the disparity of the CD spectra in the bulk and the crystal structure 

of oDMS-Pro6-NH2 compared to the data obtained for the other BCOs raises questions on 

the assembly processes of this BCO. The findings suggest that oDMS-Pro6-NH2 can form 

various assemblies and/or helical structures. We therefore investigated the properties of 

this BCO in more detail. The CD spectrum in methanol shows that oDMS-Pro6-NH2 

adopts, as the other BCOs, a PPII helix (Figure 8A). In contrast, the CD spectrum in MCH 

shows a broad maximum at 225 nm and is thus, significantly different from the spectrum 

of aggregated PPII helices (vide supra). This spectrum is reminiscent of the spectrum 

typical for PPI helices that are characterized by a maximum at 213 nm and minima at 199 

and 230 nm.48 The observed signals are significantly broader, which indicates aggregation 

of PPI helical and/or a coexistence of PPII helical molecules in the assemblies.  

To gain more insight into the assembly process and capture the effect of the oligomer 

length and end-group, we recorded CD spectra of oDMS-Pro6-NH2 at various temperatures 

and compared them to spectra of oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe. 

Interestingly, the shape of the CD spectra of oDMS15-Pro6-NH2 changes upon heating to 

a spectrum typical for a PPII helix with a maximum and minimum at 229 and 209 nm, 

respectively (Figure 8B). An isosbestic point is observed indicative of the presence of two 

types of interconverting conformations. The CD spectrum of oDMS15-oPro6-NH2 is at 80 

°C less intense compared to the spectra of all other BCOs indicating that the emerging 

PPII helix is less pronounced. The CD spectra of oDMS15-Pro6-OMe (Figure 8C), having 

the same oligomer length, and of oDMS15-Pro9-NH2 (Figure 8D) remained essentially 

the same upon heating, indicating the occurrence of PPII helices regardless of the 

temperature. Upon cooling at a rate of 2 K min-1, identical CD spectra were observed for 

oDMS15-oPro6-NH2 without hysteresis (data not shown). Hysteresis is typical for the 

temperature induced transition from PPII to PPI helical oligoprolines in water and is due 

to slow trans/cis isomerization of the tertiary amide bonds.50 In apolar environments, this 

cis/trans isomerization is significantly faster than in polar solvents,51,52 which explains the 

absence of hysteresis in the interconversion of oDMS15-oPro6-NH2 from PPI to PPII 

helical conformations. Here, either the MCH or the siloxane provides for the apolar 

environment and thus fast cis/trans isomerization. 
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Figure 8. (A) CD spectra of oDMS15-Pro6-NH2 in methanol (red) and MCH (cyan) at 0.36 mM. CD 

spectra of (B) oDMS15-Pro6-NH2, (C) oDMS15-Pro6-OMe and (D) oDMS15-Pro9-NH2 at various 

temperatures in MCH at 0.36 mM, measured upon heating at 2 K min-1. 

 

We measured dynamic light scattering (DLS) to better understand whether the 

changes in CD spectra upon heating are related to a change in the assembly state of 

oDMS15-oPro6-NH2. The aggregates of oDMS15-oPro6-NH2 are compared to those of 

oDMS15-oPro9-NH2, which show no change in CD spectrum with varying temperature. 

Both BCO aggregates show an increase in diffusion coefficient with increasing 

temperature indicating a decrease in aggregate size (Figure 9A). Most likely, the van der 

Waals interactions between the oligoproline rods are weakened upon heating which 

results in a decrease in aggregation. The increase in diffusion coefficient for             

oDMS15-oPro9-NH2 is more gradual throughout the measured temperature range 

(20 – 80 °C) than observed for oDMS15-oPro6-NH2. The increase of the diffusion 

coefficient of the latter BCO is more pronounced at temperatures above 50 °C. This 

decrease in size is in accordance with the observed change of the CD spectrum of 

oDMS15-oPro6-NH2 (Figure 8B) This observation is consistent with a conformational 

switch from PPI to PPII helices in case of the shorter peptide and breaking of the rod-rod 

interactions of oDMS15-Pro9-NH2 that requires more energy than for oDMS15-Pro6-NH2 

due to the longer oPro length. 

Transmission electron microscopy (TEM) gives insight into the aggregate structure 

and size. Also here, we evaluated the effect of the oligoproline length and end-group on 
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the aggregate structure and compared the aggregates of oDMS15-Pro6-NH2 with           

oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe. A fibrillar structure is observed for 

oDMS15-Pro6-NH2 while oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe show disperse 

micellar-type aggregates (Figures 9C–E). In all cases, we expect the oligoprolines to be 

shielded by the oDMS from the apolar MCH solvent. The size of oDMS15-Pro6-NH2 

aggregates is much larger than that of oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe. This 

observation was confirmed by static light scattering (SLS) measurements of              

oDMS15-Pro6-NH2, oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe in MCH (Figure 9B). 

We plotted the Rayleigh ratio (Rϴ) as function of the wave vector (q) and observed a 

curve that is almost horizontal for oDMS15-Pro9-NH2 and oDMS15-Pro6-OMe. In 

contrast, the Rϴ for oDMS15-Pro6-NH2 still increases towards lower q values. This 

increase indicates that oDMS15-Pro6-NH2 forms large aggregates of which the length 

scales are outside the regime of this scattering technique. Hence, both the scattering results 

and the TEM images suggest large elongated structures only for oDMS15-Pro6-NH2 which 

most likely contribute to the network formation and therefore are the origin of the 

gelation at higher concentrations.    

 
Figure 9. (A) Diffusion coefficient as function of temperature for oDMS15-Pro6-NH2 (blue rounds) 

and oDMS15-Pro9-NH2 (black squares), measured by DLS and (B) Rayleigh ratio (Rϴ) as function 

of the wave vector (q) for oDMS15-Pro6-NH2 (blue rounds), oDMS15-Pro9-NH2 (black squares) 

and oDMS15-Pro6-OMe (red triangles) measured by SLS, samples in MCH, 0.36 mM at 20 °C.          

(C–E) TEM images of (C) oDMS15-Pro6-NH2, (D) oDMS15-Pro6-OMe and (E) oDMS15-Pro9-NH2 

in MCH, 50 μM, dried on TEM grid. Scale bar represents 200 nm.  
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Together, the results presented here show the complex aggregation of                        

oDMS15-Pro6-NH2 in which multiple helical conformation and assembly states are 

present. Interestingly, this is the only BCO in this study having a different nanostructure, 

which alters the physical properties of the material. Here, we discuss on the molecular 

origin of the assembly and relate the nanostructure and network formation to the gelation 

at higher concentration of oDMS15-Pro6-NH2. The CD spectrum of oDMS15-Pro6-NH2 

indicates the presence of both PPI and PPII helical structures at room temperature, which 

are most likely aggregated. The shift in maximum and minimum upon changing 

temperature is absent in the methyl ester analogue. This finding shows that the seemingly 

small structural change from a methyl ester to a primary amide has a significant effect on 

the assembly and material properties. It indicates that oDMS15-Pro6-NH2 cannot only 

engage in intermolecular van der Waals interactions, but via its C-terminal amide group, 

also in H-bonding with a backbone amide C=O group of a neighboring molecule, similarly 

to that observed in the crystal structure.31 Thus, next to the van der Waals forces,                 

H-bonding could be a contributing factor that guides the aggregation of oDMS15-Pro6-

NH2 into large structures. We propose that this combination of two different helical 

conformations as well as van der Waals and H-bonding interactions and microphase 

segregation, are involved in the network formation resulting in gelation at high 

concentrations. The multiple interactions and conformations give rise to the pathway 

complexity in the supramolecular assembly. In the bulk material, in which the mobility 

of the BCO is virtually absent, we observe the consequence of this complex pathway 

selection giving rise to an inhomogeneity in the sample. Hence, there are spots in the 

sample in which one conformation is more populated than the other even after annealing. 

This indicates that the thermodynamic equilibrium is not reached for oDMS15-Pro6-NH2 

and therefore kinetically trapped assemblies are obtained in the bulk material. The 

exceptional finding of pathway selection is especially remarkable in light of compound 

oDMS15-Pro9-NH2, having the same terminal end-group, but no pathway complexity is 

observed. This suggests that the larger overlapping rod-length causes an increase in van 

der Waals forces losing the fine interplay between interactions. 

 

3.6    Conclusions 

In this chapter, we have investigated the assembly of oligodimehtylsiloxane-      

oligo(L-proline) BCOs (oDMS-oPro) in apolar environments. The conjugation of a 

siloxane to an oligoproline initiates phase segregation of the rod-coil BCO in both bulk 

and solution, allowing for an extensive structural investigation of oligoproline aggregates 

in apolar media. Assembly of the oDMS-oPro bulk material resulted in a crystallization-

driven lamellar morphology with a diffuse interface between the two phases for the 

oligomers with at least six proline residues. The BCOs formed micellar structures in 

apolar solution driven by the aggregation of PPII helices via van der Waals interactions 

between the oligoproline rods, as expected. Surprisingly, one of the BCOs is able to form 
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an organogel that is the result of multiple assembly pathways and conformations giving a 

supramolecular network. Hence, the complex interplay between aggregation forces and 

phase segregation gives rise to interesting material properties. With this, we have shown 

that subtle changes in the molecular structure, such as length and end-group, result in 

major differences in the supramolecular nanostructure and therefore change the physical 

properties of the materials. It is key to systematically study series of BCOs or molecules 

to find exceptions and explore the structure-property relationships of the supramolecular 

assembly to develop new material properties. 

 

3.7    Experimental section 

3.7.1 Materials and methods 

All chemicals were purchased from commercial sources and used without further purification.  

Discrete length oDMS mono- and dihydrides with a length of 15 and 40 repeating units were 

synthesized according to the procedures described in Chapter 2. Dry solvents were obtained with 

an MBRAUN solvent purification system (MB-SPS). Oven-dried glassware (120 °C) was used for all 

reactions carried out under argon atmosphere. Automated column chromatography was conducted 

on a Grace Reveleris X2 Flash Chromatography System using Reveleris Silica Flash Cartridges. 

NMR spectra were recorded on Varian Mercury Vx 400 MHz spectrometer or Bruker ASCEND 400 

MHz (400 MHz for 1H-NMR and 100 MHz for 13C NMR) spectrometers. Deuterated solvents used 

are indicated in each case. Chemical shifts (δ) are expressed in ppm, and are referred to the residual 

peak of the solvent. Peak multiplicity is abbreviated as s: singlet; d: doublet, q: quartet; p: pentet; 

m: multiplet; ddt: double doublet of triplets. Matrix assisted laser absorption/ionization-time of 

flight mass spectra (MALDI-ToF) were obtained on a PerSeptive Biosystems Voyager DE-PRO 

spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) or trans-2-[3-(4-tert-butylphenyl)-

2-methyl-2-propenylidene]-malononitrile (DCTB) as matrix. CD spectroscopy was performed on a 

Jasco J-815 CD spectrometer. Solution samples were measured using a 1 mm cuvette. Molar 

ellipticity (Δε) was calculated from Δε = CD intensity/(32980c⋅l) in which c is the concentration in 

mol/L and l is the optical path length in cm. Solid state samples were prepared and measured on a 

quartz substrate. A 10 mg mL-1 solution was spincoated onto the substrate at 800 rpm and the coated 

quartz substrate was annealed at 120 °C overnight. Differential scanning calorimetry (DSC) data 

were collected on a DSC Q2000 from TA instruments, calibrated with an indium standard. The 

samples (4–8 mg) were weighed directly into aluminum pans and hermetically sealed. The samples 

were initially heated to 250 °C and then subjected to two cooling/heating cycles from -50 °C to 250 

°C with a rate of 2 K min-1. The data that is presented, represents the second heating and/or cooling 

cycle. 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-1. Scattered X-rays were captured on a 2-dimensional Pilatus 300K 

detector with 487 × 619 pixel resolution. The sample-to-detector distance was 0.084 m (WAXS 

mode) or 0.48 m (MAXS mode). The instrument was calibrated with diffraction patterns from silver 

behenate. For TEM analysis, 10 μL of the sample (50 μM) was applied on a grid with carbon film 

300 mesh with copper (CF300-Cu, Electron Microscopy Sciences). The sample was left to 

equilibrate on the grid for 10 seconds before the excess fluid was removed with filter paper. The 
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grids were left in air to dry overnight. Grids were studied in a Tecnai Sphera microscope operating 

at 200 kV. Images were taken at a defocus setting of 10 μm at a magnification of 25000. SLS and 

DLS measurements were performed on an ALV Compact Goniometer System (GSC-3) 

MultiDetector (MD-4) equipped with an ALV-7004 Digital Multiple Tau Real Time Correlator and 

a laser of 532 nm. The scattering intensity was collected at scattering angles ranging from 30 to 150° 

in steps of 10°. Samples were filtered using PTFE syringe filters with pores of 100 nm and held in 

disposable tubes of glass with an outer diameter of 10 mm. 

3.7.2 Sample preparations 

The samples for solution IR, CD and SLS measurements were prepared by dissolving the appropriate 

BCO in methanol or MCH at a concentration of 0.36 mM. The samples were sonicated for 

20 minutes and equilibrated overnight before the measurement. For SLS, the samples were filtered 

through a 100 nm PTFE filter prior to measuring. Control experiments by CD measurements of the 

filtered solutions showed no effect of the filtration on the solution assembly. 

3.7.3 Synthetic procedures 

 
Scheme 2. Synthesis of oDMS15-Pron-NH2, oDMS15-Pron-OMe and oDMS40-[Pron-NH2]2. 

Reagents and conditions: (a) Karstedt’s catalyst, DCM, r.t., 3‒5 h (10‒82%). 

 

General procedure for the coupling of oPron to oDMS giving the di- and triblock co-oligomers. 
Oligoproline (1 eq) and oligo(dimethylsiloxane) di- or monohydride (2 eq or 1.2 eq respectively) 

were dissolved in dry DCM and stirred under argon. One drop of Karstedt’s catalyst (soln. in xylene, 

2% Pt) was added and the mixture was stirred until full conversion. The crude mixture was 

concentrated in vacuo and purified by automated column chromatography to obtain the pure 

material. 

 

oDMS15-Pro3-NH2 
Starting with alkene-Pro3-NH2 (30 mg, 0.07 mmol, 1 eq), oDMS15 monohydride (99 mg, 0.09 mmol, 

1.2 eq) and Karstedt’s catalyst in DCM (1 mL), the crude product was obtained after 3 h using the 

general procedure. The material was purified by automated column chromatography using DCM 

/MeOH (gradient 100/0 to 90/10) as eluent, giving pure material as a white solid (50 mg, 44%). 
1H NMR (400 MHz, CDCl3): δ = 8.11 and 6.80 (s, 1H, NH2), 5.54 and 5.33 (s, 1H, NH2), 4.79 – 4.18 
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(m, 3H, N-CH-C=O), 4.03 – 3.41 (m, 6H, N-CH2-CH2), 2.65 – 1.56 (m, 16H, N-CH2-CH2-CH2-CH 

and Si-CH2-CH2-CH2-CH2-CH2) , 1.42 – 1.19 (m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.60 – 0.45 

(m, 2H, Si-CH2-CH2-CH2-CH2-CH2), 0.21 – −0.08 (m, 93H, Si(CH3)3-O-Si(CH3)2); 13C NMR 

(100 MHz, CDCl3) δ = 173.68, 172.57, 172.11, 172.09, 171.36, 170.95, 170.65, 60.86, 59.48, 59.03, 

57.95, 57.84, 57.70, 47.60, 47.54, 47.49, 47.39, 47.21, 46.80, 34.60, 34.53, 33.35, 33.28, 31.46, 29.84, 

28.62, 28.59, 28.48, 28.39, 26.90, 25.41, 25.35, 25.22, 25.05, 25.00, 24.45, 24.42, 23.21, 22.28, 18.29, 

18.26, 1.93, 1.56, 1.32, 1.28, 1.22, 1.19, 0.82, 0.31, 0.14 ppm. MS (MALDI-ToF): m/z calc. for 

C52H126N4O18Si15+Na+: 1537.56 [M+Na]+; found: 1537.38 Da; m/z calc. for C52H126N4O18Si15+K+: 

1553.65 [M+K]+; found: 1553.56 Da. 

 

oDMS15-Pro6-NH2 

Starting with alkene-Pro6-NH2 (30 mg, 0.04 mmol, 1 eq), oDMS15 monohydride (58 mg, 0.05 mmol, 

1.2 eq) and Karstedt’s catalyst in DCM (1 mL), the crude product was obtained after 4 h using the 

general procedure. The material was purified by automated column chromatography using 

DCM/MeOH (gradient 100/0 to 80/20) as eluent, giving pure material as a white solid (50 mg, 65%). 
1H NMR (400 MHz, CDCl3): δ = 8.28 and 6.70 (s, 1H, NH2), 5.39 and 5.26 (s, 1H, NH2), 4.85 – 4.20 

(m, 6H, N-CH-C=O), 3.94 – 3.41 (m, 12H, N-CH2-CH2), 2.44 – 1.77 (m, 16H, N-CH2-CH2-CH2-CH 

and Si-CH2-CH2-CH2-CH2-CH2), 1.44 – 1.16 (m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.58 – 0.45 (m, 

2H, Si-CH2-CH2-CH2-CH2-CH2), 0.16 – −0.15 (m, 93H, Si(CH3)3-O-Si(CH3)2); 13C NMR 

(100 MHz, CDCl3) δ = 173.85, 173.57, 172.18, 171.97, 171.00, 170.76, 170.53, 170.49, 170.40, 60.88, 

59.45, 58.98, 58.11, 58.01, 57.97, 57.92, 57.71, 47.46, 47.22, 47.03, 46.94, 46.78, 34.62, 33.36, 31.46, 

28.58, 28.40, 28.18, 28.06, 27.65, 26.99, 25.38, 25.28, 25.10, 24.96, 24.93, 24.88, 24.73, 24.41, 23.21, 

22.28, 18.26, 1.92, 1.56, 1.31, 1.28, 1.19, 0.82, 0.30, 0.13 ppm. MS (MALDI-ToF): m/z calc. for 

C67H147N7O21Si15+Na+: 1828.72 [M+Na]+; found: 1828.73 Da; m/z calc. for C67H147N7O21Si15+K+: 

1844.81 [M+K]+; found: 1844.70 Da. 

 
oDMS15-Pro9-NH2 
Starting with alkene-Pro9-NH2 (40 mg, 0.04 mmol, 1 eq), oDMS15 monohydride (54 mg, 0.05 mmol, 

1.2 eq) and Karstedt’s catalyst in DCM (1 mL), the crude product was obtained after 4 h using the 

general procedure. The material was purified by automated column chromatography using 

DCM/MeOH (gradient 100/0 to 80/20) as eluent, giving pure material as a white solid (70 mg, 82%). 
1H NMR (400 MHz, CDCl3): δ = 8.22 and 6.62 (s, 1H, NH2), 5.32 and 5.21 (s, 1H, NH2), 4.74 – 4.14 

(m, 9H, N-CH-C=O), 3.85 – 3.32 (m, 18H, N-CH2-CH2), 2.56 – 1.45 (m, 22H, N-CH2-CH2-CH2-CH 

and Si-CH2-CH2-CH2-CH2-CH2), 1.35 – 1.20 (m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.52 – 0.38 (m, 

2H, Si-CH2-CH2-CH2-CH2-CH2), 0.08 – −0.12 (m, 93H, Si(CH3)3-O-Si(CH3)2); 13C NMR (100 MHz, 

CDCl3) δ = 173.86, 173.56, 172.11, 171.95, 170.95, 170.73, 170.52, 170.44, 170.38, 170.31, 170.27, 

170.24, 60.87, 59.44, 58.98, 58.11, 58.00, 57.92, 57.71, 47.45, 47.36, 47.20, 47.08, 46.99, 46.91, 46.77, 

34.61, 33.35, 31.46, 28.56, 28.38, 28.17, 28.01, 27.60, 27.02, 25.37, 25.27, 25.08, 24.94, 24.89, 24.82, 

24.58, 24.40, 23.20, 22.27, 18.25, 1.92, 1.55, 1.31, 1.27, 1.21, 1.18, 0.81, 0.30, 0.13 ppm. MS (MALDI-

ToF): m/z calc. for C82H168N10O24Si15+Na+: 2119.88 [M+Na]+; found: 2119.88 Da. 

 

oDMS15-Pro6-OMe 
Starting with alkene-Pro6-OMe (100 mg, 0.14 mmol, 1 eq), oDMS15 monohydride (188 mg, 

0.15 mmol, 1.2 eq) and Karstedt’s catalyst in DCM (2 mL), the crude product was obtained after 2 h 

using the general procedure. The material was purified by automated column chromatography 

using DCM/MeOH (gradient 100/0 to 80/20) as eluent, giving pure material as a white solid 
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(200 mg, 78%). 1H NMR (400 MHz, CDCl3): δ = 4.80 – 4.45 (m, 6H, N-CH-C=O), 3.91 – 3.39 (m, 

15H, N-CH2-CH2 and O-CH3), 2.36 – 1.55 (m, 28H, N-CH2-CH2-CH2-CH and Si-CH2-CH2-CH2-

CH2-CH2), 1.45 – 1.12 (m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.57 – 0.45 (m, 2H, Si-CH2-CH2-CH2-

CH2-CH2), 0.17 – −0.04 (m, 93H, Si(CH3)3-O-Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 172.91, 

171.97, 170.74, 170.65, 170.45, 170.33, 170.30, 58.68, 58.04, 58.02, 57.93, 57.73, 52.29, 47.46, 47.21, 

47.09, 47.02, 46.89, 46.58, 34.62, 33.36, 28.86, 28.57, 28.17, 28.08, 27.97, 25.08, 24.95, 24.92, 24.90, 

24.79, 24.70, 24.41, 23.21, 18.26, 1.93, 1.56, 1.32, 1.28, 1.22, 1.19, 0.82, 0.31, 0.14 ppm. MS (MALDI-

ToF): m/z calc. for C68H148N6O22Si15+Na+: 1843.72 [M+Na]+; found: 1843.74 Da. 

 

oDMS15-Pro9-OMe 

Starting with alkene-Pro9-OMe (50 mg, 0.05 mmol, 1 eq), oDMS15 monohydride (67 mg, 0.06 mmol, 

1.2 eq) and Karstedt’s catalyst in DCM (1 mL), the crude product was obtained after 6 h using the 

general procedure. The material was purified by automated column chromatography using 

DCM/MeOH (gradient 100/0 to 70/30) as eluent, giving pure material as a white solid (60 mg, 57%). 
1H NMR (400 MHz, CDCl3): δ = 4.83 – 4.48 (m, 9H, N-CH-C=O), 3.99 – 3.34 (m, 21H, N-CH2-CH2 

and O-CH3), 2.41 – 1.52 (m, 40H, N-CH2-CH2-CH2-CH and Si-CH2-CH2-CH2-CH2-CH2), 1.41 – 1.18 

(m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.59 – 0.43 (m, 2H, Si-CH2-CH2-CH2-CH2-CH2), 0.11 –  0.00 

(m, 101H, Si(CH3)3-O-Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 172.87, 171.95, 170.71, 170.59, 

170.42, 170.25, 170.20, 68.08, 58.65, 58.03, 58.00, 57.91, 57.70, 52.26, 47.44, 47.19, 47.07, 46.96, 

46.85, 46.55, 34.59, 33.33, 29.81, 28.83, 28.54, 28.14, 28.05, 27.98, 27.93, 25.73, 25.05, 24.92, 24.88, 

24.80, 24.77, 24.75, 24.71, 24.64, 24.38, 23.18, 18.23, 2.19, 1.90, 1.53, 1.29, 1.25, 1.19, 1.16, 0.79, 

0.27, 0.11 ppm. MS (MALDI-ToF): m/z calc. for C83H169N9O25Si15+Na+: 2134.88 [M+Na]+; found: 

2134.95 Da. 

 

oDMS40-[Pro3-NH2]2 
Starting with alkene-Pro3-NH2 (52 mg, 0.13 mmol, 2.2 eq), oDMS40 dihydride (174 mg, 0.06 mmol, 

1 eq) and Karstedt’s catalyst in DCM (1 mL), the crude product was obtained after 3 h using the 

general procedure. The material was purified by automated column chromatography using 

DCM/MeOH (gradient 100/0 to 75/25) as eluent, giving pure material as a white solid (150 mg, 

68%). 1H NMR (400 MHz, CDCl3): δ = 8.11 and 6.80 (s, 1H, NH2), 5.52 and 5.32 (s, 1H, NH2), 4.79 

– 4.17 (m, 6H, N-CH-C=O), 4.00 – 3.39 (m, 12H, N-CH2-CH2), 2.66 – 1.45 (m, 32H, N-CH2-CH2-

CH2-CH and Si-CH2-CH2-CH2-CH2-CH2), 1.46 – 1.18 (m, 8H, Si-CH2-CH2-CH2-CH2-CH2), 0.58 – 

0.46 (m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.11 – 0.03 (m, 240H, Si(CH3)2); 13C NMR (100 MHz, 

CDCl3) δ = 173.63, 172.55, 172.09, 172.06, 171.34, 170.93, 170.62, 60.85, 59.47, 59.02, 57.94, 57.83, 

57.69, 47.59, 47.53, 47.47, 47.38, 47.20, 46.79, 34.59, 34.51, 33.34, 33.27, 31.45, 28.61, 28.58, 28.47, 

28.38, 26.90, 25.41, 25.34, 25.21, 25.04, 25.00, 24.44, 24.40, 23.21, 22.28, 18.28, 18.25, 1.54, 1.32, 

1.21, 1.17, 0.80, 0.31, 0.13 ppm. MS (MALDI-ToF): m/z calc. for C122H306N8O47Si40+Na+: 3778.26 

[M+Na]+; found: 3778.40 Da. 

 

oDMS40-[Pro6-NH2]2 

Starting with alkene-Pro6-NH2 (35 mg, 0.05 mmol, 2.1 eq), oDMS40 dihydride (71 mg, 0.02 mmol, 

1 eq) and Karstedt’s catalyst in DCM (0.5 mL), the crude product was obtained after 4 h using the 

general procedure. The material was purified by automated column chromatography using 

DCM/MeOH (gradient 100/0 to 75/25) as eluent, giving pure material as a white solid (80 mg, 76%). 
1H NMR (400 MHz, CDCl3): δ = 8.27 and 6.70 (s, 1H, NH2), 5.44 and 5.32 (s, 2H, NH2), 4.82 – 4.18 

(m, 12H, N-CH-C=O), 3.91 – 3.36 (m, 24H, N-CH2-CH2), 2.82 – 1.52 (m, 56H, N-CH2-CH2-CH2-CH 
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and Si-CH2-CH2-CH2-CH2-CH2), 1.45 – 1.16 (m, 8H, Si-CH2-CH2-CH2-CH2-CH2), 0.56 – 0.46 

(m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.26 – −0.35 (m, 240H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) 

δ = 173.86, 173.64, 172.11, 171.96, 170.99, 170.75, 170.53, 170.48, 170.39, 125.68, 60.87, 59.45, 

58.97, 58.10, 58.00, 57.96, 57.91, 57.70, 53.54, 47.45, 47.37, 47.21, 47.10, 47.02, 46.93, 46.77, 34.60, 

33.34, 31.46, 28.56, 28.38, 28.17, 28.11, 28.03, 27.64, 27.06, 25.37, 25.26, 25.08, 24.99, 24.94, 24.92, 

24.86, 24.72, 24.40, 23.19, 22.27, 18.24, 1.53, 1.30, 1.20, 1.16, 0.79, 0.29, 0.12, −0.45 ppm. MS 

(MALDI-ToF): m/z calc. for C155H354N14O53Si40+: 4379.60 [M+H]+; found: 4378.84 Da.  

 

oDMS40-[Pro9-NH2]2 

Starting with alkene-Pro9-NH2 (105 mg, 0.11 mmol, 2.1 eq), oDMS40 dihydride (150 mg, 

0.051 mmol, 1 eq) and Karstedt’s catalyst in DCM (1 mL), the crude product was obtained after 5 h 

using the general procedure. The material was purified by automated column chromatography 

using DCM/MeOH (gradient 100/0 to 75/25) as eluent, giving pure material as a white solid (25 mg, 

10%). 1H NMR (400 MHz, CDCl3): δ = 8.22 and 6.62 (s, 1H, NH2), 5.29 and 5.15 (s, 1H, NH2), 4.76 

– 4.14 (m, 18H, N-CH-C=O), 3.90 – 3.44 (m, 36H, N-CH2-CH2), 2.55 – 1.73 (m, 80H, N-CH2-CH2-

CH2-CH and Si-CH2-CH2-CH2-CH2-CH2), 1.66 – 1.41 (m, 8H, Si-CH2-CH2-CH2-CH2-CH2), 0.53 – 

0.39 (m, 4H, Si-CH2-CH2-CH2-CH2-CH2), 0.10 – −0.11 (m, 240H, Si(CH3)2) ppm. MS (MALDI-ToF): 

m/z calc. for C188H402N20O59Si40+: 5003.98 [M+H]+; found: 5004.12 Da. 
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Chapter 4 

Polymorphism in the assembly of phase-segregated 

end-functionalized siloxanes: pathway control to 1D 

and 2D nanostructures 

ABSTRACT: Nanomaterials with highly ordered, one- or two-dimensional (1D or 2D) 

molecular morphologies have promising properties for adaptive materials. In this chapter, 

we present the structural characterization of dinitrohydrazone (hydz) functionalized 

oligodimethylsiloxanes (oDMS) of discrete length, which form both 1D and 2D 

nanostructures by precisely controlling composition and temperature. The morphologies 

are highly ordered due to the discrete nature of the siloxane oligomers. Columnar, 1D 

structures are formed from the melt within a few seconds as a result of phase segregation 

in combination with π-stacking of the hydrazones. By tuning the length of the siloxane, 

the synergy between these interactions is observed which results in a highly temperature 

sensitive material. Macroscopically, this gives a material that switches fast between an 

ordered, solid and a disordered, liquid state at almost equal temperatures. Ordered, 2D 

lamellar structures are formed under thermodynamic control by crystallization of the 

hydrazones in the amorphous siloxane bulk via a slow process. We elucidate the 1D and 

2D morphologies from the nanometer to molecular level by the combined use of solid-

state NMR spectroscopy and X-ray scattering. Upon mixing the discrete end-

functionalized siloxanes, an unprecedented control over the nanostructure domain 

spacing is obtained. These results demonstrate that controlling the assembly pathway in 

the bulk allows for tunable nanostructure dimensions and features. This enables the design 

of material properties for applications in nanotechnology or thermoresponsive materials. 

 

 
 

Part of this work is published in: 
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4.1    Introduction 

Liquid crystals (LCs) and block copolymers (BCPs) form a variety of ordered structures 

that result in well-defined morphologies. These morphologies have been successfully 

applied in electronics as well as in optics or membranes.1–5 Insights into the relation 

between nanostructure morphology and macroscopic property is paramount to create 

functional materials for nanotechnology. Both LCs and BCPs can access the same type of 

morphologies such as lamellar, cylindrical, bicontinuous cubic and spherical phases.6,7 

However, the formation of ordered domains in BCP and LC materials proceeds via 

different mechanisms as described in Chapter 1.8,9 

A recent target in nanotechnology is to enhance long-range order and decrease 

domain spacings. This has resulted in the development of discrete length block co-

oligomers (BCOs).10–12 Herein, the absence of molar mass dispersity (Ɖ = 1.00) results in 

phase-segregated structures even at very low degrees of polymerizations. Inspired by 

telechelic molecules forming supramolecular polymers,13–17 our group recently 

introduced oligodimethylsiloxane (oDMS) end-functionalized molecules. When the 

peripheral blocks crystallize, the synergy between phase segregation and crystallization 

enhances the long range-order nanostructure organization.18–23 However, due to the 

constraints imposed by the crystalline domains, the morphology is forced into a lamellar 

structure, irrespective of the volume fraction of the blocks. The crystallization driven 

self-assembly has been exploited for the formation of two-dimensional (2D) 

nanomaterials.24,25 

The directional interactions of discrete molecules are the driving force for self-

assembly in the bulk and determine the final nanostructure morphology. An analogy can 

be made with the assembly of small molecules in solution since the directional 

interactions between molecules results in a variety of supramolecular morphologies, 

similar to phase-segregated structures in the bulk. Cylindrical, fibrous structures are 

formed through one-dimensional (1D) interactions, which can proceed via an isodesmic 

or cooperative/nucleation‒elongation mechanism.26 Sheet-like architectures mostly 

assemble via crystallization of rigid molecules, hence formed via nucleation and 

growth.27–29 As a result of the mechanism by which they are formed and the pathway 

selection, the assembly of 1D or 2D nanostructures is highly dependent on environmental 

effects such as temperature and solvent.30,31 Structures formed under kinetic control can 

be different than those resulting from the thermodynamic equilibrium.32–36  

Inspired by the pathway control in solution, we here report on the nanostructure 

formation of end-functionalized oDMS in the bulk into 1D and 2D morphologies. For 

this, we synthesized a novel family of oDMS-based discrete oligomers end-capped with 

dinitrophenylhydrazones that can assemble either via crystallization or supramolecular 

interactions (Scheme 1).37,38 The liquid-like siloxane oligomer gives the molecules 

mobility and causes confinement of the hydrazones in an amorphous matrix. Solid state 
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nuclear magnetic resonance (NMR) spectroscopy in combination with X-ray scattering 

gives detailed information on the polymorphism and driving forces of the hydrazone 

assembly in cylinders or lamellae. Moreover, the influence of dispersity on the 

nanostructure is shown by the incorporation of a disperse oDMS linker, in analogy to 

what is known for BCOs.11,39 Finally, we mixed the discrete end-functionalized siloxanes 

to design molecular weight (MW) distributions and thereby control the material 

properties and nanostructure feature sizes. This is correlated to the work by Fors and 

coworkers, who showed the impact of MW distribution shapes on BCP properties and 

phase behavior.40–42 

 
Scheme 1. Molecular structures of hydz-Si15, hydz-Sin-hydz and hydz-Si∼22-hydz and di- and 

triblock molecules. The disperse block is indicated with a tilde (∼) 

 

4.2   Synthesis of dinitrohydrazone-oligodimethylsiloxane di- 

and triblock molecules 

We synthesized a series of oDMS end-functionalized hydrazone triblock molecules 

and one diblock molecule (Scheme 2). Discrete oDMS-dihydrides with chain lengths of 

exactly 8, 16, 24, or 40 repeating units (denoted as Si8, Si16, Si24 or Si40) were synthesized 

via the stepwise procedure described in Chapter 2. The dinitrohydrazone (hydz) was 

synthesized starting from 4-hydroxybenzaldehyde (1) and 1-bromo-5-pentene (2) to 

form the olefin-functionalized benzaldehyde 3. The benzaldehyde was reacted with      

2,4-dinitrophenylhydrazine to form the olefin terminated 2,4-dinitrophenylhydrazone. 

The hydrazone was attached to the oDMS-dihydrides via a platinum catalyzed 
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hydrosilylation reaction, yielding hydz-Sin-hydz (Scheme 2). Similarly, a disperse oDMS 

triblock molecule (Ɖ = 1.22) was obtained from commercially available oDMS-dihydride 

with an average of 22 siloxane repeating units (hydz-Si∼22-hydz). Moreover, a diblock 

oligomer (hydz-Si15) was synthesized from discrete oDMS-hydride containing only one 

reactive hydride group. All compounds were obtained in high yields (60–97%) and purity 

following from 1H and 13C NMR spectroscopy and size exclusion chromatography (SEC). 

Mass spectroscopy (MALDI-ToF) confirmed the presence of a single mass for all end-

functionalized siloxanes. 

Scheme 2. Synthesis of 2,4-dinitrophenylhydrazone and the corresponding hydrazone-oDMS tri- and 

diblock oligomers. Reaction conditions: (a) K2CO3, acetone, reflux, O/N (88%); (b) 2,4-

dinitrophenylhydrazine, ethanol, reflux, 1 h (90%); (c) Karstedt’s catalyst, DCM, r.t., 1–4 h (60–97%). 

 

4.3   Temperature sensitivity of hydz-oDMS di- and triblock 

molecules 

Whereas all oDMS-dihydrides and oDMS-monohydride are viscous fluids, after 

functionalization with the hydrazone group the end-functionalized oDMS appear as 

waxy or brittle solids. Under the polarized optical microscope (POM), the formation of 

birefringent structures was observed upon cooling from the melt (Figure 1). All discrete 

end-functionalized siloxanes formed spherulites (Figures 1B-E), except the shortest 

analogue (hydz-Si8-hydz), which formed a needle-like texture (Figure 1A). Interestingly, 

hydz-Si16-hydz, hydz-Si24-hydz and hydz-Si15 grow spherulites with sizes up to 5 mm 

from one nucleation point (Figure 1F). This has been reported occasionally for mixtures 

of polymers and small molecules,43,44 but for oligomers with covalently attached small 

molecule end-groups, such large textures have not been reported to date. The nucleation 

point for spherulite growth appeared on millisecond timescales, which gives a first hint 
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that a very fast thermal phase transition occurs in these systems. The nucleation is always 

observed within the hole of the hot stage as this spot is slightly cooler than the 

surrounding material that is in direct contact with the hot stage. However, the point 

within the hole varies upon heating above the clearing temperature and cooling to the 

ordered structure repeatedly. When the temperature was kept constant directly after 

nucleation, oscillations of the spherulite growth were observed. These may result from 

the hot stage fluctuations causing small variations in temperature. Alternatively, the 

release of energy upon formation of the ordered structure may cause minor heating of 

the sample resulting in constantly clearing and growing of the structure. Hence, these 

hydrazone end-functionalized siloxanes are highly sensitive to minimal temperature 

changes around their transition temperatures.  

 
Figure 1. Polarized optical microscope images of (A) hydz-Si8-hydz, (B) hydz-Si16-hydz,         

(C) hydz-Si24-hydz, (D) hydz-Si40-hydz and (E) hydz-Si15. Scale bars represent 250 μm. (F) Giant 

spherulite of hydz-Si24-hydz under cross-polarizers, scale bar represents 5 mm. Bulk material was 

melted between two glass plates and cooled down at 2 K min-1.  

 

We evaluated and quantified the thermal sensitivity around the transition 

temperatures by differential scanning calorimetry (DSC). Upon heating, all hydrazone 

end-functionalized siloxanes showed a glass transition (Tg) at temperatures below 41 °C 

(Table 1). For the discrete di- and triblock molecules, very sharp and narrow, 

endothermic peaks at temperatures between 117 and 147 °C (TODT) were observed (Figure 

2). The corresponding enthalpic energy (∆Hfus = 1.3 ‒ 3.9 kJ mol-1) of this transition is 

relatively low compared to the crystalline hydrazone block (∆Hfus = 35.4 kJ mol-1). As 

defined in Chapter 1, the low ∆Hfus (< 5 kJ mol-1) points at the presence of an order-

disorder transition in the discrete hydz-oDMS systems. Moreover, the position of TODT is 

independent of the heating rate (Figure 2B), typical for order-disorder transitions. The 



│Chapter 4 

70 

 

related cooling traces of the materials revealed an equally sharp exothermic transition 

(TDOT) that is also independent of the cooling rate. Going through this transition, the 

material changed into a solid, ordered morphology. For all discrete hydrazone end-

functionalized oDMS, the disorder-order transition (TDOT) was nearly identical to the TODT 

(Figure 2C). In particular, these temperatures differ by only 0.4 ‒ 1.3 °C, indicating that 

almost no supercooling is necessary to obtain the nanostructured material from the 

isotropic melt. Hence, the materials are extremely sensitive towards temperature 

fluctuations, as was observed at elevated temperatures under the POM. 

 

Table 1. Thermal properties of hydz-oDMS di- and triblock molecules. 

Compound a M w b  

[Da] 

T g c 

[°C] 

T ODT d 

[°C] 

T DOT d  

[°C] 

∆H fus d  

[kJ mol-1] 

T cc d 

[°C] 

T m d 

[°C] 

hydz-Si8-hydz 1318.42 40.4 138.2 136.9 1.3 101.7 107.8 

hydz-Si16-hydz 1910.65 3.2 147.7 146.7 2.2 35.4 55.7 

hydz-Si24-hydz 2502.83 −5.8 143.5 143.1 2.6 n.o. n.o. 

hydz-Si40-hydz 3687.15 −12.6 117.3 116.0 3.9 n.o. n.o. 

hydz-Si15 1480.50 −17.5 124.1 123.5 3.3 n.o. n.o. 

hydz-Si∼22-hydz ∼2360 −8.5 115.4 112.8 ∼1.1 47.2 70.0 

a Hydrazone end-functionalized siloxanes as depicted in Scheme 1. Disperse block is indicated with 

a tilde (∼). b Molecular weight obtained by MALDI-ToF. c Glass transition temperature (Tg) 

determined with DSC using a heating rate of 10 K min-1. d Order-disorder transition temperature 

(TODT), measured while heating, disorder-order transition temperature (TDOT) measured while 

cooling and enthalpy of fusion per end-functionalized siloxane (ΔHfus), cold crystallization 

temperature (Tcc) and melting temperature (Tm) measured while heating. Determined with DSC 

using a heating and cooling rate of 2 K min-1. Enthalpic values are per mole of end-functionalized 

siloxane. n.o. = not observed. 

 

Interestingly, for hydz-Si8-hydz and hydz-Si16-hydz two additional transitions were 

observed when a low heating rate was applied (2 K min-1, Figure 2A). With the help of 

variable temperature X-ray experiments (vide infra), we could assign the lower transition 

temperatures to a cold crystallization transition (Tcc) whereas the higher temperature is a 

melt transition (Tm). Both transitions are only observed when heating slowly (2 K min-1) 

and disappear upon heating at 5 K min-1 or faster (Figure 2B). Hence, the formation of the 

crystalline phase for hydz-Si8-hydz and hydz-Si16-hydz is a slow process. The other 

structures with the longer siloxane-spacers did not show any crystallization.   
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Figure 2. DSC traces (second heating run) of (A) hydz-oDMSn-hydz and (B) hydz-Si16-hydz with 

varying heating rates. (C) DSC trace (second heating and cooling run) of hydz-Si15. Endothermic heat 

flows have a positive value. A temperature ramp of 2 K min-1 was used if not otherwise specified. 

 

The fast response towards temperature changes for all hydrazone end-functionalized 

siloxanes shows that these materials have a great potential for a sensitive thermal switch. 

Thus, we evaluated the thermal switching between the liquid and the ordered, solid state 

macroscopically by rheology experiments over a temperature range of 100 °C to 160 °C 

(Figure 3). All discrete end-functionalized siloxanes showed a sharp drop of the viscosity 

by almost two orders of magnitude within 8 seconds (0.25 °C) upon heating the material. 

This drop appears at the order-disorder transition and corresponds to the solid/liquid 

transition. Upon cooling the sample, the material solidifies within the same time span 

and temperature. This result confirms and quantifies the narrow thermal transitions and 

the sensitivity towards thermal oscillations observed by DSC and POM, respectively. 

Such instantaneous drop in viscosity at the order-disorder transition is not reported to 

date for comparable low MW telechelic oligomers or previously reported end-

functionalized siloxanes.24 
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Figure 3. Complex viscosity change of hydz-Si16-hydz measured upon heating (red) and cooling 

(blue) by rheology experiments. A constant strain of 0.01 %, angular frequency of 10 rad s-1 and a 

heating and cooling rate of 2 K min-1 were used. The viscosity values for the liquid region (T > 148 

°C) have a high standard deviation as a result of melting of the end-functionalized siloxanes. 

 

4.4     Nanostructure formation into 1D assemblies under kinetic 

control 

The nanoscale morphology of the hydrazone end-functionalized siloxanes was examined 

using medium- and wide-angle X-ray scattering experiments at room temperature. Well-

defined and long-range ordered nanostructures were observed by the appearance of sharp 

reflection peaks (Figure 4A). All end-functionalized siloxanes with f Si ≥ 0.72 formed a 

hexagonally packed cylindrical phase (Table 2, entries 2–5), evidenced by regular scattering 

reflections at q*, √3q*, √4q* and √7q* in the 1D transmission scattering profiles (Figure 4A). 

In accordance to the microstructure observed by POM, the nanostructure of hydz-Si8-hydz 

was different from all the other discrete hydrazone end-functionalized siloxanes. The 

scattering profile of the shortest analogue reveals a lamellar structure by the presence of 

integer multiples of the principle scattering peak (q*) (Figure 4A). Hence, this structure is a 

result of a balance between phase segregation and directional interactions between the 

hydrazones (vide infra). The domain spacings (d) range from 4.0 to 5.4 nm with increasing 

volume of siloxane (Table 2, entries 1–5). The diblock molecule (hydz-Si15) also forms 

hexagonally packed cylinders and its domain spacing matches perfectly the range of the 

triblock molecules considering the volume taken up by the siloxane fraction. Accordingly, 

we confirm similar packing models for the di- and triblock molecules in which the 

hydrazone block forms a cylinder with a diameter ranging from 2.4 to 2.7 nm.  

 



Polymorphism in the assembly of phase-segregated end-functionalized siloxanes:│ 
Pathway control to 1D and 2D nanostructures│ 

73 

 

 
Figure 4. (A) 1D transmission scattering profiles for hydz-oDMS tri- and diblock molecules at room 

temperature. (B) 2D wide angle X-ray scattering profile for hydz-Si16-hydz showing the alignment 

of the cylinders and π-stacking perpendicular to the cylinders. (C) UV-Vis absorption of hydz-Si16-

hydz as a function of the polarization angle, highest and lowest absorbance perpendicular (⊥) and 

parallel (∥) to the cylinder alignment, respectively. 

 

A single reflection peak was observed in the wide-angle region (q > 7 nm-1) for all tri- 

and diblock molecules (Figure 4A). This represents a domain spacing of 0.3 nm which we 

assign to the inter-disc distances, i.e., π-stacking of the aromatic rods. These interactions 

are highly directional when flow or shear alignment was applied to the sample, as shown 

in the 2D X-ray scattering data of hydz-Si16-hydz (Figure 4B). Herein, the presence of 

highly aligned cylinders was observed, and the direction of the inter-disc interactions are 

found perpendicular to the cylinder orientation. The alignment of the hydrazones was 

further confirmed by measuring the absorbance of light linear and perpendicular to the 

column axis of shear aligned films. We found a dichroic ratio varying from 2.2 to 5.9 

indicating that the absorption of light parallel to the columnar axis is lower than that 

perpendicular to the axis (Figure 4C). Molecular orientation phenomena of the 

hydrazones in the cylindrical morphology were further studied by Fourier transform-

infrared (FT-IR) spectroscopy. The presence of a ν (NH) peak at 3275 nm-1 indicates 

intramolecular hydrogen-bonding as this peak did not disappear upon heating the sample 

to an isotropic state (data not shown). A similar discotic hexagonal packing for semi-
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discoid dinitrophenylhydrazone molecules was reported by Paulus and coworkers.38 We 

share their conclusion and assign the formation of columnar structures to the antiparallel 

dimerization of the hydrazones occurring via dipole-dipole interactions.  

 

Table 2. Morphological characterization of hydz-oDMS di- and triblock molecules. 

Entry Compound a f Si b Phase c d  c [nm] d cryst c [nm] 

1 hydz-Si8-hydz 0.56 LAM 4.0d 3.4e 

2 hydz-Si16-hydz 0.72 CYL 4.2d 4.9e 

3 hydz-Si24-hydz 0.80 CYL 4.6 n.o. 

4 hydz-Si40-hydz 0.87 CYL 5.4 n.o. 

5 hydz-Si15 0.83 CYL 4.9 n.o. 

6 hydz-Si∼22-hydz ∼0.78 LAM  5.6 n.o. 

a Hydrazone end-functionalized siloxanes as depicted in Scheme 1. Disperse block is indicated with 

a tide (∼). b Volume fraction of the siloxane block calculated using bulk densities for PDMS (0.95 g 

mL-1)10 and the crystal structure of 2,4-dinitrophenylhydrazone (1.558 g mL-1).37 c Morphology of 

the nanostructure determined with SAXS at room temperature. LAM = lamellar phase. CYL = 

hexagonally packed cylinders. Domain spacing (d and dcryst) calculated using d = 2π/q*. d Kinetic 

states formed by π-stacking. e Thermodynamic states formed by crystallization induced by slow 

cooling (2 K min-1) after annealing at 102 °C and 36 °C and for hydz-Si8-hydz and hydz-Si16-hydz, 

respectively. n.o. = not observed. 

 

4.5 Nanostructure formation into 2D assemblies under 

thermodynamic control 

We measured variable temperature X-ray scattering patterns in order to elucidate the 

additional transitions (Tcc and Tm) for hydz-Si8-hydz and hydz-Si16-hydz observed by DSC 

upon heating at 2 K min-1 (vide supra). The morphology change of these end-

functionalized siloxanes was followed upon heating with the same rate. We observe a 

transition to a lamellar, crystalline structure for both end-functionalized siloxanes when 

heated to Tcc (Figure 5A). Heating above this temperature results in melting of the 

crystalline structure since melting is directly followed after crystallization, also observed 

by DSC (Figure 2A). However, we were able to trap the crystalline structure for            

hydz-Si8-hydz and hydz-Si16-hydz at room temperature by cooling directly after the Tcc 

was reached (101.7 °C and 35.4 °C, respectively). Alternatively, the crystalline structure 

could be accessed by cooling very slow (< 2 K min-1) from the isotropic state. The resulting 

brittle solid consisted of a lamellar nanostructure for both end-functionalized siloxanes, 

indicated by a principle scattering peak (q*) followed by its integer multiples in the 1D 

transmission scattering profile (Figure 5B). Measuring in the wide-angle regime (q < 7 

nm-1) reveals crystallization of the hydrazone by the presence of multiple scattering 
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peaks. The domain spacing of the lamellar, crystalline structure (dcryst) is 3.4 nm and 4.9 

nm for hydz-Si8-hydz and hydz-Si16-hydz, respectively (Table 2, entries 1–2). As a result 

of the crystallization, the lamellar domain spacing (dcryst) decreased by 0.6 nm compared 

to the amorphous lamellar domain spacing (d = 4.0 nm) for hydz-Si8-hydz. Accordingly, 

the crystallized hydrazone rods are less shifted towards each other (Figure 5D) due to 

intermolecular hydrogen-bonding which was observed by a shift in ν (NH) and ν (CH) to 

lower wavenumbers in the FT-IR spectrum (Figure 5C).37 

 
Figure 5. (A) 1D transmission scattering profiles of hydz-Si16-hydz at various temperatures upon 

heating. (B) 1D transmission scattering profiles of crystallized hydz-Si8-hydz and hydz-Si16-hydz, 

measured at room temperature. (C) FT-IR spectra of amorphous and crystalline hydz-Si8-hydz and 

hydz-Si16-hydz. (D) Schematic illustration of the hydrazone rods that shifts towards each other 

upon crystallization. 

 

Together, these results show that the nanostructure of hydz-Si8-hydz and hydz-Si16-

hydz can be tuned towards 1D or 2D assemblies by precisely controlling the temperature 

and heating and cooling rates. The amorphous assemblies can be accessed by fast heating 

and cooling (> 5 K min-1) and thereby the kinetically trapped state is formed at room 

temperature (RT) (Figure 6A). The crystalline, 2D assemblies are the thermodynamic 

product. These structures can be obtained at room temperature by slow cooling (< 2 K min-1) 

from (1) the isotropic state to room temperature, or from (2) Tcc to room temperature 

(Figure 6B). Hydz-Si40-hydz, hydz-Si24-hydz and hydz-Si15 are only able to form 1D 

structures at room temperature which are stable up to the order-disorder temperature 

irrespective of the heating and cooling rate (Figure 6). Most likely, the siloxane content is 

too high to form crystalline structures and therefore the theoretical cold crystallization 

temperature would be far below room temperature. Hence, the long siloxanes give too 

much mobility to the molecular system in order to allow crystallization of the hydrazones. 
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Figure 6. Pathway control by (A) fast heating and cooling, resulting in the kinetic product or (B) slow 

heating and cooling resulting in the thermodynamic product. Two options to obtain the 2D crystalline 

structures for hydz-Si8-hydz and hydz-Si16-hydz are indicated with an arrow with (1) or (2). 

 

4.6    A molecular picture of the 1D and 2D assemblies revealed 

by solid state NMR spectroscopy 

Additional information on the molecular packing of the hydrazone rods was acquired 

using solid state NMR spectroscopy, performed by Robert Graf at the MPI in Mainz. The 

temperature-dependent 1H MAS NMR spectra indicate that the siloxane is highly mobile 

at all temperatures (Figures 7A and 8A–B). Thus, the amorphous siloxane can be seen as 

a bulk solvent for the hydrazone assembly, separating fibers of π-stacked hydrazone rods 

or layers of crystalline hydrazones. For the 1D assembly formed by hydz-Si24-hydz, the 
1H MAS NMR spectrum also indicates that the α-protons next to the ether experience 

the highest dynamic restrictions compared to the rest of the alkane spacer and siloxane 

oligomer (Figure 7A). This means that this group finds itself at the interface of the 

hydrazone and siloxane phase. The packing of the π-stacked hydrazones in the cylinders 

was analyzed by the 13C CP-MAS NMR spectra (Figure 7B). Herein, motionally 

broadened signals for the hydrazone units were observed, indicating substantial 
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molecular fluctuations on the 10 kHz – MHz time scale. The five sharp signals in the 

spectrum (δ > 60 ppm) can be assigned to the quaternary aromatic sites in the hydrazone 

moiety. The chemical shifts of these signals are significantly less sensitive to local density 

fluctuations and molecular motions. Therefore, they show only a reduced motional 

broadening. Furthermore, the CP-MAS method, based on heteronuclear dipolar 

couplings, reveals that the hydrazone moieties do not move isotropically in the columnar 

phase. Combining these findings with the observed                π-stacking reflection in the 

X-ray diffraction pattern leads to the structural model depicted in Figure 7C. Herein, the 

hydrazone units in the columns are stabilized by phase segregation and stack with a 

typical π-stacking distance of 0.3 nm. The hydrazone pairs are randomly orientated, 

however, the central point of the column is the nitro-substituted phenyl ring that 

experiences the most restrictions in motion. 

 
Figure 7. (A) 1H MAS NMR at various temperatures and (B) 13C CP MAS NMR at 40 °C of the 

cylinder forming hydz-Si24-hydz. (C) Schematic representation of the proposed packing model of 

the cylinder-forming hydz-oDMS tri- and diblock molecules. 

 

Moreover, the molecular packing of hydz-Si8-hydz and hydz-Si16-hydz in the 2D, 

crystalline morphology was obtained next to the packing into the 1D or 2D amorphous 

structures observed above Tm (60 °C and 110 °C, respectively). Insights into the crystalline 

packing of the hydrazones was obtained by the 13C CP MAS NMR spectra. Herein, all peaks 

are sharp and the signal to noise ratio obtained under comparable experimental conditions 

as for the cylinder forming structures is significantly improved (Figure 8C). This indicates 

that in the 2D morphology, the hydrazone units are fully immobilized in a crystalline 

environment within the amorphous, mobile siloxane matrix (Figure 7D). The sudden onset 

for line narrowing of hydz-Si16-hydz and hydz-Si8-hydz at a temperature just above Tm (60 

°C and 110 °C, respectively) in the 1H MAS NMR confirms the crystalline state of the 

hydrazone units below these temperatures (Figure 8A–B). Hence, the molecular mobility is 

increased rapidly above Tm while for the non-crystalline, 1D structure of hydz-Si24-hydz, 

the line narrowing was much more gradual in the same temperature range (Figure 7A). The 
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molecular packing of the hydrazones in the hydz-Si8-hydz and hydz-Si16-hydz 1D 

nanostructures observed above Tm is similar to the hydz-Si24-hydz described above. 

 
Figure 8. (A) 1H MAS NMR of crystallized hydz-Si8-hydz and (B) hydz-Si16-hydz at various 

temperatures. (C) 13C CP MAS NMR spectra of crystallized hydz-Si8-hydz and hydz-Si16-hydz, 

measured at 40 °C. (D) Schematic representation of the proposed packing model of the crystalline 

lamellae-forming hydz-oDMS triblock molecules hydz-Si8-hydz and hydz-Si16-hydz. 

 

4.7    Impact of dispersity on the nanostructure morphology and 

thermal properties 

In previous studies, the effect of dispersity on the morphologies formed by discrete 

length A-B BCOs was shown.11,21,45 However, the consequences of dispersity in the oDMS 

block in A-oDMS-A type co-oligomer has not been reported to date. Therefore, we 

synthesized a disperse hydrazone end-functionalized siloxane (hydz-Si∼22-hydz) 

(Ɖ = 1.22) and compared its properties to the discrete analogues. We explored the effect 

of mixing discrete hydz-Si24-hydz into the disperse hydz-Si∼22-hydz in different ratios to 

observe the variations in phase behavior. Finally, we investigated the effect of dispersity 

on the nanostructure morphology by mixing a variety of discrete hydz-Sin-hydz oligomer 

lengths. We compare the dispersity introduced by mixing to the synthetic dispersity in 

hydz-Si∼22-hydz. 

4.7.1 Dispersity by synthesis 

The disperse hydz-Si∼22-hydz block molecule (Ɖ = 1.22) with an average volume 

fraction siloxane of ∼0.78 shows significant differences compared to its discrete 

counterpart hydz-Si24-hydz. First, the difference is visible under the POM by the 

appearance of an ill-defined structure (Figure 9A). X-ray scattering measurements further 
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highlight the disparity between the morphologies of discrete and the disperse 

compounds. For disperse hydz-Si∼22-hydz, we can assign a lamellar phase by the presence 

of integer multiples of the principle scattering peak (q*) (Figure 9B). The structure is 

somewhat distorted, as inferred by broadened reflection peaks and a shoulder on the low 

q-side of the principal scattering peak. Furthermore, some relatively weak scattering 

peaks are present in the higher q-region (q > 5 nm-1), indicating (partial) crystallization 

and the existence of π-stacking by the hydrazones in the lamellar matrix. As the discrete 

analogues form highly ordered cylinders (vide supra), the presence of dispersity results 

in significant changes in the morphology and dimensions of the nanostructures. 

 
Figure 9. (A) Polarized optical microscope image, (B) 1D transmission X-ray scattering profile, 

(C) DSC trace (second heating and cooling run, endothermic heat flows have a positive value) and 

(D) variable temperature 1D transmission X-ray scattering profiles of disperse hydz-Si∼22-hydz. 

Heating and cooling rates of 2 K min-1 were used. The bulk material was melted between two glass 

plates for the microscope image, scale bar represents 250 μm.  

 

The introduction of dispersity in the hydrazone block molecule also results in the 

disappearance of the narrow transitions in DSC and with that, the fast-thermal switching 

(Figure 9C). Upon heating, a cold crystallization transition temperature (Tcc) is observed 

followed by melting (Tm) similar to the thermal transition in hydz-Si16-hydz. The melting 

is followed by two broad, endothermic transitions at 93.2 °C and 115.4 °C. Variable 

temperature X-ray measurements show the nature of the transitions by changes in the 

morphology and domain spacing (Figure 9D). The first transition is a partial 
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morphological change to another lamellar morphology with a larger domain spacing 

(dlam,2 = 10.5 nm), which is most likely due to the cold crystallization. Then, passing 

through the order-order transition temperature gives a morphology change from two 

lamellar phases to one hexagonally packed cylindrical phase with a domain spacing (d cyl) 

of 4.8 nm. This is followed by the transition to a disordered liquid (TODT). Most likely, the 

appearance of multiple morphological transitions is a result of various siloxane block 

lengths which becomes more important for low MW materials. Next to low MW BCOs, 

these results confirm the importance of a discrete design of end-functionalized siloxanes 

to obtain the desired material properties and morphological precision. 

4.7.2 Discrete mixed in disperse 

Next, we were interested whether we could push the assembly of the disperse        

hydz-Si∼22-hydz to a better ordered system by gradually incorporating the discrete         

hydz-Si24-hydz that has a similar length. Therefore, we mixed 25, 50 and 75 mol% of 

hydz-Si24-hydz in hydz-Si∼22-hydz (Figure 10A). The 1D transmission scattering profile 

shows a pure resemblance of the hydz-Si∼22-hydz morphology up to a mixing percentage 

of 50 mol% hydz-Si24-hydz (Figure 10B). Remarkably, when 75 mol% hydz-Si24-hydz is 

added to hydz-Si∼22-hydz, a linear combination of both individual scattering profiles is 

obtained. Thus, macrophase segregation between hydz-Si∼22-hydz and hydz-Si24-hydz 

occurs when more than 50 mol% hydz-Si24-hydz is added to the disperse end-

functionalized siloxane.  This was highly unexpected as both end-functionalized siloxanes 

are composed of the same building blocks and thereby macrophase segregation usually 

does not occur. Similar results were obtained by Wisse et. al. who observed macrophase 

segregation of molecular fillers with a disperse polymer which had the same 

supramolecular motif.46 They assign this to large domains of filler in the disperse polymer 

phase or a physically separated state. We consider the physically separated state most 

feasible for our hydrazone end-functionalized siloxane system.  

It remains an open question whether some of the oligomer lengths in the hydz-Si∼22-hydz 

material is able to order within the 1D structure of hydz-Si24-hydz for the 75 mol% 

mixture. Thus, are hydrazone end-functionalized siloxanes with e.g. 23 and 25 repeating 

units originating from the disperse hydz-Si∼22-hydz also able to organize in the              

hydz-Si24-hydz structure? This would result in a similar scattering profile and a domain 

spacing that is equal to the one of pure hydz-Si24-hydz. We are not able to answer this 

question using the data of the discrete/disperse mixture since all 1D scattering profiles 

remain equal to the individual components. This could originate from complete phase 

segregation or averaging of siloxane lengths. To answer the question, several discrete 

oligomers are mixed, and their morphology is determined (vide infra). 
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Figure 10. (A) SEC traces in THF (PDA 254 nm) and (B) 1D transmission X-ray scattering profile of 

hydz-Si∼22-hydz (black) and hydz-Si∼22-hydz mixed with 25, 50 and 75 mol% hydz-Si24-hydz. 1D 

transmission scattering profile of hydz-Si24-hydz (black) added as a reference. 

4.7.3 Dispersity by mixing 

Initiated by above results, we were interested whether a variety of oligomer lengths 

are still able to form a single, highly ordered morphology. Therefore, we mixed discrete 

hydrazone end-functionalized oligomers and obtained eleven MW distributions by 

mixing hydz-Si8-hydz, hydz-Si16-hydz, hydz-Si24-hydz and hydz-Si40-hydz in various 

molar ratios, summarized in Table 3. These mixtures allow us to understand how large 

the difference between the oligomer lengths may be in order to still form an ordered 

nanostructure. 

First, we compare mix-1:1:1:1 – in which all components are mixed in a 1:1 molar 

ratio – with the disperse hydz-Si∼22-hydz (vide supra). Their average degrees of 

polymerization (DP) are equal and the polydispersity index obtained from the SEC trace 

is 1.17, thus, very similar to the disperse hydz-Si∼22-hydz analogue (Ɖ = 1.22). However, 

the SEC traces and thereby the molar mass distribution shapes are very different as the 

artificial mixture lacks many oligomer lengths that are present in the SEC trace of hydz-

Si∼22-hydz which shows a Poisson distribution as a result of the polymerization procedure 

(Figure 11A). Hence, four peaks are visible in the SEC trace for the mix-1:1:1:1 mixture, 

representing each oligomer length. X-ray scattering measurements of the mixture show 

the presence of scattering reflections at q*, √3q* and √4q* (Figure 11B), representative for 

a hexagonally packed cylindrical phase with a domain spacing of 5.0 nm. The peaks are 

broad as a result of the dispersity, making it hard to absolutely distinguish between a 
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cylindrical or lamellar phase. Most likely, both phases are present, thus a poorly organized 

morphology was obtained. Remarkably, the nanostructure is very different from the 

disperse hydz-Si∼22-hydz (Figure 9B) regardless of the similarity in DP and Đ. Moreover, 

the order-order transition observed for hydz-Si∼22-hydz is lacking for mix-1:1:1:1 (Figure 

11C). These results highlight the difference between dispersity as a result of mixing or 

synthesis, giving significant differences in nanostructure morphology and properties. 

 
Figure 11. (A) SEC traces of hydz-Si∼22-hydz (black) and mix-1:1:1:1 (red) in THF (PDA 254 nm). 

(B) 1D transmission X-ray scattering profile of mix-1:1:1:1. (C) DSC trace (second heating and 

cooling run) of mix-1:1:1:1. Endothermic heat flows have a positive value and a heating and cooling 

rate of 2 K min-1 was used. 

 

Second, we make a comparison between mixtures with a relatively high (Đ ≥ 1.10) 

and low (Đ ≤ 1.10) dispersity since a stark difference in the degree of morphological order 

was observed. The low dispersity mixtures formed a highly organized cylindrical or 

lamellar phase (Figure 12A), dependent on the volume fraction of siloxane (Table 3, 

entries 7–11). In contrast, the morphologies formed by the high dispersity mixtures were 

less ordered (Figure 12B). As the peaks broadened, it was difficult to distinguish between 

a lamellar or cylindrical morphology for mix-1:1:1:1, mix-1:3:3:1, mix-1:1:2:3 and mix-

1:0:1:1. Most likely, both phases are present in the material as can be concluded from the 

larger intensity of the √4q* peaks in the 1D transmission scattering data compared to the 

√3q* peaks. The √4q* peak accounts for the lamellar structure as well as the cylindrical 

phase, increasing its intensity. We measured the full width at half maximum (FWHM) of 

the principle scattering peaks to add a value to the degree of nanoscale order in all 

mixtures. The FWHM value is approximately twice as large for the high dispersity 

mixtures compared to the low dispersity mixtures (Table 3). The dispersity is related to 

the standard deviation of the average DP (σ ) which we set out against the DP of the 

mixtures in a scatter plot (Figure 12C). We added a color code of green and red for highly 

ordered and distorted structures, respectively, based on their FWHM values. In this way, 

we observe the impact of minor differences in standard deviation on the degree of order 

in the material for a variety of average DPs. A standard deviation of approximately 10 is 

the turning point between highly ordered and distorted nanostructures. Mix-1:3:3:1 is 

the only exception having a standard deviation below 10, but a low degree of order. 
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Hence, the line between good and poor morphological is very narrow or even, non-

existent. To find the relationships between the FWHM and the standard deviation, 

artificial intelligence could be applied on the mixture’s data in the future, to be able to 

design ordered morphologies and gain a better understanding of dispersity. 

 

Table 3. Morphological characterization of mixtures of hydz-Sin-hydz. 

Entry Mixture a DP b  M n b f Si b Đ c Phase d FWHMc d d 

[nm] 

1 mix-1:1:1:1 22 2354 0.74 1.17 CYL/LAM 0.0171 5.0 (4.6) 

2 mix-1:3:3:1 21 2282 0.75 1.10 CYL/LAM 0.0170 4.8 (4.5) 

3 mix-3:2:1:1 17 1990 0.68 1.17 LAM 0.0103 5.1 (4.3) 

4 mix-1:1:2:3 27 2758 0.78 1.17 CYL/LAM 0.0313 5.7 (4.8) 

5 mix-1:1:0:1 21 2303 0.72 1.21 LAM 0.0181 6.1 (4.5) 

6 mix-1:0:1:1 24 2500 0.74 1.22 CYL/LAM  0.0114 5.4 (4.5) 

7 mix-3:2:1:0 13 1706 0.65 1.09 LAM 0.0076 4.8 (4.2) 

8 mix-1:1:1:0 16 1907 0.69 1.09 LAM  0.0075 4.9 (4.3) 

9 mix-0:1:1:1 27 2704 0.80 1.10 CYL 0.0058 4.7 (4.7) 

10 mix-0:1:3:1 26 2625 0.80 1.08 CYL 0.0050 4.7 (4.7) 

11 mix-0:1:2:3 32 3001 0.82 1.08 CYL 0.0046 4.9 (4.9) 

a Mixtures denoted as hydz-Si8-hydz:hydz-Si16-hydz:hydz-Si24-hydz:hydz-Si40-hydz in molar ratios. 
b Calculated average degree of polymerization (DP), number molecular weight (Mn) and volume 

fraction siloxane (f Si). c Dispersity determined by SEC as Mw/Mn, using a PS standard. d Morphology 

of nanostructure determined with SAXS at room temperature. LAM = lamellar phase. CYL = 

hexagonally packed cylinders. Full width half maximum (FWHM) obtained using a Gaussian fit of the 

primary scattering peak. Domain spacing (d) calculated using d = 2π/q*. Values between brackets are 

the theoretical domain spacing; calculated by averaging the values for d of the individual components. 

 

The results above imply that a difference of 32 repeating units between the largest 

and the smallest end-functionalized siloxane results in a standard deviation that is too 

large (> 10) to obtain good morphological order (Table 3, entries 1–6). As a result of the 

large Đ – related to σ – the degree of nanoscale order is low. In these cases, entropy 

overrules the energy gained for an ordered system. It costs too much entropy for the 

system to organize in the preferred way in which the energy is minimized for the siloxane 

with 8 and 40 repeating units. Thus, it is impossible for oDMS8 and oDMS40 to fill space 

effectively in the mixtures as the energy to overcome the entropic penalty is too high.  

To understand the limits of mixing and answer the question which difference in 

oligomer lengths can still overcome the entropic barrier, we focused on the low Đ 

mixtures with a standard deviation below 10 (Table 3, entries 7-11). The difference 
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between the largest and smallest oligomer is 24 repeating units for these mixtures, 

resulting in highly ordered nanostructures (Figure 12A). In these cases, mixing is a tool 

to design an ordered morphology with a specific domain spacing. In particular, mix-

0:1:1:1, mix-0:1:3:1 and mix-0:1:2:3 gave the predicted domain spacing which was 

calculated from the domain spacings of the individual components (Table 3, entries 9–11, 

values between brackets). For mix-1:1:1:0 and mix-3:2:1:0, the domain spacing was 

harder to predict as crystallization plays a role in forming these lamellar structures (Figure 

12A). Therefore, the domain spacing obtained from mixing are 0.6 nm larger than 

predicted (Table 3, entries 7–8). 

 
Figure 12. 1D transmission X-ray scattering profiles of mixtures (A) that give highly organized 

nanostructures with a small FWHM and (B) less ordered nanostructures with a large FWHM. 

(C) Scatter plot of average degree of polymerization (DP) versus standard deviation (σ ) indicating 

the highly ordered and distorted nanostructures in green and red, respectively. 

 

The structures in which no crystallization takes place can be compared with each 

other and thereby we can observe the impact of the MW distribution shape. Pioneering 

work by Fors and coworkers have stressed the impact of the MW distribution shape 

which can alter the BCP properties.40–42 We compare mixtures with a symmetric MW 

distribution (mix-0:1:1:1 and mix-0:1:3:1) with mix-0:1:2:3, having a negatively skewed 

MW distribution, skewing to high molar masses. The domain spacing of the negatively 

skewed mix-0:1:2:3 is 4.9 nm which is larger than a domain spacing of 4.7 nm obtained 

for mix-0:1:1:1 and mix-0:1:3:1. This is in analogy to classical BCPs in which a negative 

skewed MW distribution also results in larger domain spacings.41 With this, we show that 

the nanostructure can be precisely tuned to predicted values by mixing the discrete end-

functionalized siloxanes with the condition that no crystallization takes place and the 

standard deviation of the average DP is maximum 10. 
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4.8    Conclusions 

We have presented the synthesis and bulk assembly of hydrazone-oDMS di- and triblock 

molecules with varying length of discrete siloxane oligomers. The hydz-oDMS-hydz are 

able to organize in both a 1D and 2D nanostructure surrounded by the amorphous, liquid-

like siloxane block. The crystalline, 2D morphology is formed under thermodynamic 

control by a slow heating and cooling rate in combination with a low siloxane volume 

fraction (≤ 0.72). Immobilization of the hydrazone rod was observed due to 

crystallization, while the siloxane remained highly mobile. The 1D structure is a 

kinetically trapped state and formed irrespective of heating and cooling rates for all 

hydrazone end-functionalized siloxane. The driving force for the 1D structure formation 

is phase segregation in synergy with π-stacking. The structure is formed within a few 

seconds over macroscopic length scales which we attribute to nucleation and elongation 

only occurring in one direction. The novel material properties and high degree of 

morphological order completely vanished when a disperse siloxane linker was used 

between the hydrazones. Dispersity was also introduced by mixing discrete end-

functionalized oligomers and distorted morphologies were obtained when Đ was above 

1.10. Below a Đ of 1.10, mixing can be used as a tool to design morphologies, feature sizes 

and properties.  

We showed that we have an unprecedented control over the nanostructure 

dimensions and features by the pathway control to the thermodynamic or kinetic state 

and mixing of discrete end-functionalized siloxanes. This paves the way towards the 

design of nanostructures and thereby properties relevant for adaptive materials in 

nanotechnology. Using artificial intelligence, this work could be expanded to a design 

platform for nanostructured morphologies from discrete building blocks. 

 

4.9    Experimental section 

4.9.1 Materials and methods 

All chemicals were purchased from commercial sources and used without further purification. 

Discrete length di- and monohydride-terminated oDMS were synthesized according to the 

procedures described in Chapter 2. Dry solvents were obtained with an MBRAUN solvent 

purification system (MB-SPS). Oven-dried glassware (120 °C) was used for all reactions carried out 

under argon atmosphere. Automated column chromatography was conducted on a Biotage Isolera 

One system using Biotage KP-SIL Silica Flash Cartridges. Solution NMR spectra were recorded on 

Varian Mercury Vx 400 MHz or Bruker ASCEND 400 MHz (400 MHz for 1H NMR and 100 MHz 

for 13C NMR) spectrometers. Deuterated solvents used are indicated in each case. Chemical shifts 

(δ) are expressed in ppm and are referred to the residual peak of the solvent. Peak multiplicity is 

abbreviated as s: singlet; d: doublet, q: quartet; p: pentet; m: multiplet; dd: double doublet; dt: double 

triplet; ddt: double doublet of triplets. MALDI-ToF spectra were obtained on a PerSeptive 

Biosystems Voyager DE-PRO spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) or 

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as matrix. SEC 
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measurements were conducted on a Shimadzu Prominence-i LC-2030C 3D, using eluent flow of 1 

mL min-1 (THF). The sample solutions (1 mg mL-1) were filtered through 0.2 μm Whatman Anatop 

10 filters before injection. POM samples were placed on glass substrates and imaged using Nikon 

Xfinity1 Lumenera microscope with 5x magnification. DSC data were collected on a DSC Q2000 

from TA instruments, calibrated with an indium standard. The samples (4-8 mg) were weighed 

directly into aluminum pans and hermetically sealed. The samples were initially heated to 180 °C 

and then subjected to two cooling/heating cycles from -50 °C to 180 °C with a rate of 2 K min-1. 

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-1. Scattered X-rays were captured on a 2-dimensional Pilatus 300K detector with 487 

× 619 pixel resolution. The sample-to-detector distance was 0.084 m (WAXS mode) or 0.48 m 

(MAXS mode). The instrument was calibrated with diffraction patterns from silver behenate. The 

solid state NMR measurements have been performed at the Max-Planck-Institute for Polymer 

Research in Mainz, Germany on an Oxford Instruments 11.7 T superconducting 89 mm wide bore 

magnet (corresponding to 500 MHz 1H Larmor frequency) with a Bruker Avance III console and a 

commercial double resonance MAS NMR probe supporting zirconia rotors with 2.5 mm outer 

diameter. If not stated differently, all MAS NMR experiments have been recorded with 25 kHz 

MAS spinning frequency and 100 kHz rf nutation frequency on both, 1H and 13C, rf channels. 1H 

MAS and 1H double quantum filtered MAS NMR spectra have been acquired with 16 or 32 

transients respectively, applying one rotor period of the Back-to-Back xy16 sequence for double 

quantum excitation for the DQ filtered MAS NMR spectra. For the CP-MAS NMR spectra a CP 

contact time of 3 ms was chosen for polarization transfer and swf-TPPM 1H high power decoupling 

was irradiated during acquisition. 2048 transients with a relaxation delay of 3s have been recorded, 

in order to obtain a good signal to noise ratio in 13C CP-MAS NMR spectra. The temperature of the 

spinning samples under fast MAS conditions has been calibrated following the procedure of 

Bielecki and Burum. UV-VIS spectra of sheared films were recorded on a PerkinElmer Lambda 750 

spectrometer with a rotatable polarizer in front of the beam. Oscillatory rheology was performed 

on an Anton Paar MCR 301 rheometer with 10 mm parallel plate tool (Anton Paar PP10) and a gap 

width of 1 mm.  An amplitude sweep was performed to identify the linear viscoelastic region, 

which occurred below 0.01% strain. All measurements were performed with 10 rad s−1 angular 

frequency. 

4.9.2 Synthetic procedures 

4-(Pent-4-en-1-yloxy)benzaldehyde (3) 

A solution of 4-hydroxybenzaldehyde (1) (3.0 g, 24.6 mmol, 1 eq) and K2CO3 (5.1 g, 36.9 mmol, 

1.5 eq) in acetone (50 mL) was stirred at room temperature for 1 h. The 5-bromo-1-pentene (2) (4.0 

g, 27.0 mmol, 1.1 eq) was added dropwise to the solution. Subsequently, the solution was heated to 

65 °C and stirred for 18 h under reflux. The crude mixture was cooled to room temperature and 

poured into 50 mL water. The solution was extracted three times with diethylether (3 x 40 mL). 

The organic layers were collected, combined and dried over MgSO4. The crude mixture was 

concentrated to a volume of ∼6 mL using a rotary evaporator and purified by automated column 

chromatography using heptane/EtOAc (gradient 90/10 to 60/40) as eluent. The pure product was 

obtained as a clear solution (4.1 g, 88%). 1H NMR (400 MHz, CDCl3): δ = 9.88 (s, 1H, Ar-CH=O), 

7.83 (d, J = 8.8 Hz, 2H, CH-C-CHO), 6.99 (d, J = 8.8 Hz, 2H, OC-CH), 5.85 (ddt, J = 16.9, 10.2, 6.6 

Hz, 1H, CH2=CH-CH2), 5.16-4.92 (m, 2H, CH2=CH-CH2), 4.06 (t, J = 6.4 Hz, 2H, CH2-O-Ar), 2.25 
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(q, J = 8 Hz, 2H, CH2=CH-CH2), 1.92 (p, J = 8 Hz, 2H, CH2-CH2-CH2-O); 13C NMR (100 MHz, CDCl3) 

δ =190.78, 164.13, 137.41, 131.96, 129.81, 115.47, 114.73, 67.51, 29.96, 28.16 ppm.  

 

4-(Pent-4-en-1-yloxy)benzaldehyde 2,4-dinitrophenylhydrazone (4) 

The 2,4-dinitrophenylhydrazine (contains 50 % water) (1.15 g, 5.8 mmol, 2.2 eq) was dissolved in 

ethanol (25 mL) and 2 mL of concentrated sulphuric acid was added. The 4-(pent-4-en-1-

yloxy)benzaldehyde (3) (0.5 g, 2.6 mmol, 1 eq) was added and the reaction was heated to reflux. 

After stirring for 1 h, full conversion of aldehyde was reached. The solution was cooled to room 

temperature. The suspension was filtered and the residue was washed with ethanol (20 mL). The 

product was dried in vacuo, yielding an orange powder (0.9 g, 90%).1H NMR (400 MHz, CDCl3): δ 
= 11.27 (s, 1H, CH-N-NH), 9.15 (d, J = 2.6 Hz, 1H, NO2-C-CH-C-NO2), 8.34 (ddd, J = 9.6, 2.6, 0.8 

Hz, 1H, C-CH-CH-C-NO2), 8.07 (d, J = 8 Hz, 1H, C-CH-CH-C-NO2), 8.07 (s, 1H, CH-N-NH), 7.71 

(d, J = 8.8 Hz, 2H, O-C-CH-CH-C), 6.97 (d, J = 8.8 Hz, 2H, O-C-CH-CH-C), 5.86 (ddt, J  = 16.9, 

10.2, 6.7 Hz, 1H, CH2=CH-CH2), 5.18-4.92 (m, 2H, CH2=CH-CH2), 4.04 (t, J = 6.4 Hz, 2H, CH2-O-

Ar), 2.25 (q, J = 8 Hz, 2H, CH2=CH-CH2), 1.92 (p, J = 8 Hz, 2H, CH2-CH2-CH2-O); 13C NMR (100 

MHz, CDCl3) δ = 161.55, 147.91, 144.83, 137.90, 137.56, 129.97, 129.34, 129.09, 125.62, 123.62, 

116.69, 115.42, 115.03, 67.41, 30.04, 28.29 ppm.  

 
General procedure for the coupling of hydrazone to oDMS giving the di- and triblock molecules 
The hydrazone 4 (e.g., 1.35 mmol, 2.2 eq) and oligo(dimethylsiloxane)dihydride (e.g., 0.61 mmol, 

1 eq) were dissolved in dry DCM (0.25 M) and stirred under argon. One drop of Karstedt’s catalyst 

(soln. in xylene, 2% Pt) was added and the mixture was stirred until full conversion of the hydride. 

The crude mixture was concentrated in vacuo and purified by automated column chromatography 

to obtain the pure material. 

 

Hydz-Si8-hydz 
Starting from hydrazone 4 (0.25 g, 0.67 mmol, 2.2 eq), oDMS8 dihydride (0.18 g, 0.31 mmol, 1 eq) 

and Karstedt’s catalyst (1 drop) in DCM (1.3 mL), the crude product was obtained after 1.5 h using 

the general procedure. The material was purified by automated column chromatography using 

heptane/chloroform (gradient 50/50 to 0/100) as eluent, giving pure material as a red solid (0.29 g, 

72%). 1H NMR (400 MHz, CDCl3): δ = 11.26 (s, 2H, CH-N-NH), 9.14 (d, J = 2.6 Hz, 2H, NO2-C-CH-

C-NO2), 8.33 (dd, J = 9.5, 2.6 Hz, 2H, C-CH-CH-C-NO2), 8.06 (d, J = 8 Hz, 2H, C-CH-CH-C-NO2), 

8.06 (s, 2H, CH-N-NH), 7.69 (d, J = 8.8 Hz, 4H, O-C-CH-CH-C), 6.95 (d, J = 8.8 Hz, 4H, O-C-CH-

CH-C), 4.01 (t, J = 6.5 Hz, 4H, CH2-O-Ar), 1.81 (p, J = 8 Hz, 4H, CH2-CH2-O-Ar), 1.55-1.45 (m, 4H, 

Si-CH2-CH2-CH2), 1.45-1.36 (m, 4H, Si-CH2-CH2-CH2), 0.62-0.55 (m, 4H, Si-CH2-CH2-CH2), 0.1-

0.02 (m, 48H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 161.64, 147.92, 144.80, 137.86, 129.93, 

129.30, 129.05, 125.50, 123.59, 116.65, 114.98, 68.24, 29.69, 28.90, 23.07, 18.19, 1.19, 1.09, 0.20 

ppm; MS (MALDI-TOF): m/z calc. for C52H86N8O17Si8+: 1318.43; found 1318.42 Da [M+H]+; m/z calc. 

for C52H86N8O17Si8+Na+: 1341.42; found 1341.42 Da [M+Na]+. 

 
Hydz-Si16-hydz 
Starting from hydrazone 4 (0.5 g, 1.35 mmol, 2.2 eq), oDMS16 dihydride (0.72 g, 0.61 mmol, 1 eq) 

and Karstedt’s catalyst (1 drop) in DCM (2.5 mL), the crude product was obtained after 1.5 h using 

the general procedure. The material was purified by automated column chromatography using 

heptane/chloroform (gradient 40/60 to 0/100) as eluent, giving pure material as a red solid (0.81 g, 

69%). 1H NMR (400 MHz, CDCl3): δ = 11.26 (s, 2H, CH-N-NH), 9.14 (d, J = 2.5 Hz, 2H, NO2-C-CH-
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C-NO2), 8.33 (dd, J = 8.0, 2.6 Hz, 2H, C-CH-CH-C-NO2), 8.07 (d, J = 8.8 Hz, 2H, C-CH-CH-C-NO2), 

8.07 (s, 2H, CH-N-NH), 7.7 (d, J = 8.8 Hz, 4H, O-C-CH-CH-C), 6.96 (d, J = 8.8 Hz, 4H, O-C-CH-

CH-C), 4.01 (t, J = 6.6 Hz, 4H, CH2-O-Ar), 1.82 (p, J = 8 Hz, 4H, CH2-CH2-O-Ar), 1.56-1.47 (m, 4H, 

Si-CH2-CH2-CH2), 1.46-1.37 (m, 4H, Si-CH2-CH2-CH2), 0.68-0.52 (m, 4H, Si-CH2-CH2-CH2), 0.12-

0.01 (m, 96H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 161.84, 148.10, 144.99, 138.08, 130.09, 

129.47, 129.26, 125.68, 123.74, 116.83, 115.18, 68.43, 29.86, 29.08, 23.24, 18.37, 1.34, 1.24, 1.22, 

1.21, 0.84, 0.36, 0.15 ppm; MS (MALDI-ToF): m/z calc. for C68H134N8O25Si16+Na+: 1933.57; found 

1933.65 Da [M+Na]+. 

 

Hydz-Si24-hydz 
Starting from hydrazone 4 (0.25 g, 0.65 mmol, 2.2 eq), oDMS24 dihydride (0.54 g, 0.31 mmol, 1 eq) 

and Karstedt’s catalyst (1 drop) in DCM (1 mL), the crude product was obtained after 2 h using the 

general procedure. The material was purified by automated column chromatography using 

heptane/DCM (gradient 80/20 to 0/100) as eluent, giving pure material as a red solid (0.65 g, 85%). 
1H NMR (400 MHz, CDCl3): δ = 11.27 (s, 2H, CH-N-NH), 9.14 (d, J = 2.6 Hz, 2H, NO2-C-CH-C-

NO2), 8.33 (dd, J = 9.5, 2.5 Hz, 2H, C-CH-CH-C-NO2), 8.07 (s, 2H, CH-N-NH), 8.06 (d, J = 9.6 Hz, 

2H, C-CH-CH-C-NO2), 7.7 (d, J = 4 Hz, 4H, O-C-CH-CH-C), 6.96 (d, J = 8 Hz, 4H, O-C-CH-CH-

C), 4.01 (t, J = 6.6 Hz, 4H, CH2-O-Ar), 1.82 (p, J = 8 Hz, 4H, CH2-CH2-O-Ar), 1.56-1.47 (m, 4H, Si-

CH2-CH2-CH2), 1.46-1.37 (m, 4H, Si-CH2-CH2-CH2), 0.68-0.52 (m, 4H, Si-CH2-CH2-CH2), 0.13-0.03 

(m, 144H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 161.82, 148.11, 144.97, 138.02, 130.09, 129.46, 

129.20, 125.65, 123.75, 116.82, 115.15, 68.41, 29.85, 29.06, 23.23, 18.35, 1.57, 1.34, 1.23, 1.22, 1.20, 

0.82, 0.35, 0.15 ppm. MS (MALDI-ToF): m/z calc. for C84H182N8O33Si24+Na+: 2525.75; found 2525.83 

Da [M+Na]+. 

 
Hydz-Si40-hydz 
Starting from hydrazone 4 (0.15 g, 0.41 mmol, 2.2 eq), oDMS40 dihydride (0.54 g, 0.18 mmol, 1 eq) 

and Karstedt’s catalyst (1 drop) in DCM (1 mL), the crude product was obtained after 1.5 h using 

the general procedure. The material was purified by automated column chromatography using 

heptane/chloroform (gradient 50/50 to 0/100) as eluent, giving pure material as a red solid (0.41 g, 

60%). 1H NMR (400 MHz, CDCl3): δ = 11.27 (s, 2H, CH-N-NH), 9.15 (d, J = 2.5 Hz, 2H, NO2-C-CH-

C-NO2), 8.34 (dd, J = 9.6 Hz, J = 2.6 Hz, 2H, C-CH-CH-C-NO2), 8.07 (s, 2H, CH-N-NH), 8.07 (d, J = 

9.6 Hz, 2H, C-CH-CH-C-NO2), 7.7 (d, J = 8.8 Hz, 4H, O-C-CH-CH-C), 6.96 (d, J = 8.8 Hz, 4H, O-

C-CH-CH-C), 4.01 (t, J = 6.6 Hz, 4H, CH2-O-Ar), 1.82 (p, J = 8 Hz, 4H, CH2-CH2-O-Ar), 1.53-1.46 

(m, 4H, Si-CH2-CH2-CH2), 1.46-1.37 (m, 4H, Si-CH2-CH2-CH2), 0.64-0.53 (m, 4H, Si-CH2-CH2-

CH2), 0.14-0.02 (m, 240H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 161.82, 148.10, 144.98, 138.04, 

130.10, 129.47, 129.22, 125.65, 123.76, 116.83, 115.16, 68.41, 29.86, 29.07, 23.23, 18.36, 1.56, 1.34, 

1.24, 1.21, 1.19, 0.82, 0.35, 0.15 ppm. MS (MALDI-ToF): m/z calc. for C116H278N8O49Si40+Na+: 

3710.02; found 3710.15 Da [M+Na]+. 

 
Hydz-Si∼22-hydz (disperse) 
Starting from hydrazone 4 (0.14 g, 0.39 mmol, 2.5 eq), commercially available oDMS∼22 dihydride 

(0.26 g, ∼0.16 mmol, 1 eq, DP∼22) and Karstedt’s catalyst (1 drop) in DCM (1 mL), the crude 

product was obtained after 20 min using the general procedure. The material was purified by 

automated column chromatography using heptane/chloroform (gradient 70/30 to 0/100) as eluent, 

giving pure material as a red solid (0.37 g, quant.). 1H NMR (400 MHz, CDCl3): δ = 11.27 (s, 2H, 

CH-N-NH), 9.14 (d, J = 2.6 Hz, 2H, NO2-C-CH-C-NO2), 8.33 (dd, J = 9.6, 2.6 Hz, 2H, C-CH-CH-C-
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NO2), 8.07 (s, 2H, CH-N-NH), 8.07 (d, J = 9.7 Hz, 2H, C-CH-CH-C-NO2), 7.7 (d, J = 8.7 Hz, 4H, O-

C-CH-CH-C), 6.96 (d, J = 8.8 Hz, 4H, O-C-CH-CH-C), 4.01 (t, J = 6.6 Hz, 4H, CH2-O-Ar), 1.82 (p, 

J = 6.7 Hz, 4H, CH2-CH2-O-Ar), 1.54-1.47 (m, 4H, Si-CH2-CH2-CH2), 1.46-1.36 (m, 4H, Si-CH2-

CH2-CH2), 0.62-0.54 (m, 4H, Si-CH2-CH2-CH2), 0.11-0.03 (m, 132H, Si(CH3)2); 13C NMR (100 MHz, 

CDCl3) δ = 161.81, 148.10, 144.97, 138.03, 130.09, 129.47, 129.21, 125.65, 123.75, 116.82, 115.15, 

68.41, 29.85, 29.06, 23.23, 18.35, 1.56, 1.34, 1.24, 1.21, 1.19, 0.82, 0.35, 0.15 ppm.  

 
Hydz-Si15 
The hydrazone 4 (0.3 g, 0.81 mmol, 1.2 eq) and oDMS15 monohydride (0.75 g, 0.67 mmol, 1 eq) 

were dissolved in dry DCM (2 mL) and stirred under argon. One drop of Karstedt’s catalyst (soln. 

in xylene, 2% Pt) was added and the mixture was stirred for 1 h until full conversion of the hydride. 

The crude mixture was concentrated in vacuo and purified by automated column chromatography 

using heptane/DCM (gradient 50/50 to 0/100) as eluent, giving pure material as a red solid (0.93 g, 

93%). 1H NMR (400 MHz, CDCl3): δ = 11.27 (s, 1H, CH-N-NH), 9.14 (d, J = 2.5 Hz, 1H, NO2-C-CH-

C-NO2), 8.34 (dd, J = 9.6 Hz, J = 2.6 Hz, 1H, C-CH-CH-C-NO2), 8.07 (s, 1H, CH-N-NH), 8.07 (d, J = 

9.5 Hz, 1H, C-CH-CH-C-NO2), 7.7 (d, J = 8.6 Hz, 2H, O-C-CH-CH-C), 6.96 (d, J = 8.6 Hz, 2H, O-

C-CH-CH-C), 4.01 (t, J = 6.5 Hz, 2H, CH2-O-Ar), 1.82 (p, J = 8 Hz, 2H, CH2-CH2-O-Ar), 1.54-1.47 

(m, 2H, Si-CH2-CH2-CH2), 1.46-1.36 (m, 2H, Si-CH2-CH2-CH2), 0.64-0.53 (m, 2H, Si-CH2-CH2-

CH2), 0.12-0.01 (m, 93H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 161.82, 148.11, 144.98, 138.03, 

130.10, 129.47, 129.22, 125.65, 123.76, 116.83, 115.15, 68.41, 29.85, 29.06, 23.23, 18.35, 1.94, 1.57, 

1.34, 1.29, 1.24, 1.20, 0.83, 0.35, 0.15 ppm. MS (MALDI-ToF): m/z calc. for C49H112N4O19Si15+Na+: 

1503.44; found 1503.50 Da [M+Na]+. 

4.9.3 Thermal properties of the hydz-oDMS-hydz mixtures 

Table 4. Thermal properties of mixtures of hydz-Sin-hydz. 

Entry Mixture a DP b T g c 

[°C] 

T ODT c 

[°C] 

T DOT c 

[°C] 

T cc c 

[°C] 

T m c 

[°C] 

ΔH fus c 

[kJ mol-1] 

1 mix-1:1:1:1 22 −11.4 

(6.3) 

123.3 

(136.7) 

121.5 

(135.7) 

38.9  64.3  12.3 

2 mix-1:3:3:1 21 −11.7 

(2.5) 

134.9 

(141.1) 

133.6 

(140.3) 

41.5  49.5  8.6 

3 mix-3:2:1:1 17 −11.1 

(15.6) 

115.9 

(138.7) 

114.5 

(137.6) 

51.6  70.2  13.8 

4 mix-1:1:2:3 27 −12.5 

(−0.8) 

126.4 

(132.1) 

124.0 

(131.1) 

51.1  60.0  0.7 

5 mix-1:1:0:1 21 −9.8 

(10.3) 

111.5 

(134.4) 

110.8 

(133.2) 

43.9 67.5 14.0 

6 mix-1:0:1:1 24 −12.1 

(7.3) 

124.8 

(133.0) 

122.8 

(132.0) 

47.2 68.8 13.2 

7 mix-3:2:1:0 16 30.2 

(20.3) 

123.8 

(142.3) 

122.3 

(141.2) 

59.9  72.7  10.1 

8 mix-1:1:1:0 16 −10.1 

(12.3) 

129.9 

(143.1) 

127.9 

(142.2) 

49.5  69.8 18.6 
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9 mix-0:1:1:1 27 −12.6 

(−5.1) 

125.8 

(136.2) 

124.0 

(135.3) 

n.o. n.o. n.o. 

10 mix-0:1:3:1 26 −13.1 

(−5.4) 

132.4 

(139.1) 

130.4 

(138.4) 

n.o. n.o. n.o. 

11 mix-0:1:2:3 32 −12.1 

(−7.7) 

123.7 

(131.1) 

121.7 

(130.2) 

n.o. n.o. n.o. 

a Mixtures denoted as hydz-Si8-hydz:hydz-Si16-hydz:hydz-Si24-hydz:hydz-Si40-hydz in molar ratios. 
b Calculated average degree of polymerization (DP). c Glass transition (Tg), order-disorder transition, 

disorder-order transition (TDOT), cold crystallization (Tcc) and melt transition (Tm) temperatures 

determined with DSC using a heating and cooling rate of 2 K min-1. Enthalpy of fusion (ΔHfus)  per 

calculated Mn of the mixture. Values between brackets are the theoretical thermal transitions; 

calculated by averaging the data of the individual components. n.o. = not observed. 
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Chapter 5 

Co-assembly versus self-sorting in supramolecular 

polymers using homo- and heterotelechelic 

oligodimethylsiloxane building blocks 

ABSTRACT: The molecular design principles that underlie the co-assembly of 

supramolecular building blocks enable the formation of highly organized 

multicomponent assemblies in solution. In this chapter, we explore the co-assembly of 

multicomponent materials in the bulk and thereby obtain a better understanding of 

factors influencing self-sorting or co-assembly phenomena in nanostructured materials. 

For this, two sets of homo- and heterotelechelic siloxanes were synthesized. First, we 

studied oligodimethylsiloxane (oDMS) containing naphthalene diimide (NDI) or pyrene 

peripheral blocks which are able to co-assemble via donor-acceptor charge-transfer (CT) 

interactions. We investigate the effect of (mis)matching alkyl spacers and siloxane linker 

lengths on the nanostructure of NDI- and Pyr-oDMS binary mixtures and are able to 

distinguish between self-sorting and co-assembly. Heterotelechelic Pyr-oDMS-NDI 

showed the most highly ordered lamellar morphology consisting of thermodynamically 

stable CT dimers assembled in crystalline sheets that are altered with amorphous oDMS 

layers. The second set, composed of azobenzenes and hydrazones, has no specific 

interactions that drive the co-assembly which resulted in self-sorted structures despite 

covalent attachment of the blocks through a siloxane linker. Thus, the key molecular 

design parameter to drive towards co-assembly in the bulk is the recognition of the 

supramolecular interacting species while matching feature sizes are less important. Our 

findings open opportunities to form either self-sorted or co-assembled nanostructures for 

nanotechnology by careful design of supramolecular building blocks.  
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5.1    Introduction 

Mesogenic donor-acceptor (D-A) molecules are widely used to form co-assembled 

liquid crystalline (LC) phases relevant in e.g. organic photovoltaics.1 The alternate 

stacking of D-A molecules is driven by charge-transfer (CT) interactions. Next to LC 

materials, other CT soft materials such as gels2,3 and supramolecular polymers4–6 are 

developed over the past decades. In contrast to hydrogen-bonded supramolecular 

assemblies,7 supramolecular stacks of donor-acceptor molecules have been less 

extensively explored both in bulk and solution due to their comparatively low association 

constant.6 This typically results in a competition between co-assembly and self-sorting, 

which limits the unique formation of organized, multicomponent nanostructures held 

together by intermolecular D-A complexation.8 

In order to drive towards hetero-aggregation between the D-A molecules, additional, 

supramolecular interactions are often included in the molecular design. Examples involve 

hydrogen-bonding,9–11 metal ion complexation,12 peptide-mediated assembly13,14 or 

amphiphilicity.15,16 Nevertheless, the distance between the individual chromophore and 

the supramolecular directing functionality must fit for both the donor and acceptor 

molecules in order to form a mixed structure. Ghosh and coworkers showed that a 

difference in alkyl linker length of only one carbon in between the hydrogen-bonding 

moiety and chromophore resulted in self-sorting of the D and A molecules in solution.17 

Likewise, a geometrical fit between D and A improves association since the π-stacking is 

maximized by an increased contact area between the building blocks.18 In many studies, 

the acceptor naphthalene diimide (NDI) is combined with donors such as pyrene (Pyr) 

or (dialkoxy)naphthalene.19 

Phase segregation has been used as a tool to induce nanoscale organization and tune 

material properties in supramolecular polymers.20 Over the past decades, the covalent 

attachment of siloxanes to NDIs or pyrenes was studied thoroughly to obtain phase-

segregated homo-assemblies for e.g. silicone elastomers or flexible devices.21–25 Recently, 

Berrocal et. al. reported on the assembly of telechelic discrete oligodimethylsiloxanes 

(oDMS) end-capped with NDIs.26 The incompatibility of the oDMS and NDI parts, in 

combination with crystallization of the NDIs, yielded highly ordered lamellar 

morphologies with sub-10 nm domain sizes. Moreover, the NDI-siloxane conjugates were 

utilized to pattern a graphite surface.27 The combination of discrete oDMS with directing 

moieties was explored in many other publications,28,29 including azobenzenes forming a 

photo-switchable nanomaterial.30 A highly thermoresponsive material is obtained from 

hydrazone end-functionalized siloxanes as discussed in Chapter 4. 

In this chapter, we present a study of the factors governing self-sorting and/or co-

assembly in heterotelechelic oDMS and binary mixtures of homotelechelic oDMS into 

nanostructured bulk materials. Inspired by the intriguing supramolecular properties and 

applications of D-A molecules, we use Pyr and NDI end-functionalized oDMS as 

telechelic, supramolecular building blocks. We investigate the effect of (mis)matching 
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alkyl spacers and siloxane linker lengths and thereby explore the modularity of the 

homotelechelic NDI- and Pyr-oDMS binary system. Additionally, we compare the co-

assembly of pyrenes and NDIs guided by CT complexation with the co-assembly of 

dinitrohydrazones (hydz) and methoxy-azobenzenes (MeAzo) which only have their 

rod-like shape in common. Medium- and wide-angle X-ray scattering measurements in 

combination with UV-Vis spectroscopy and differential scanning calorimetry (DSC) 

measurements confirmed co-assembly of NDIs and pyrenes, while self-sorting was 

observed for the azobenzene and hydrazone. With this, we show that not only phase 

segregation pushes towards an organized, co-assembled structure, but also the interaction 

strength between the end-blocks is important to obtain an ordered supramolecular 

nanostructure in the bulk.  

 

 
Scheme 1. Molecular structure of Pyr-1, Pyr-2, Pyr-3, NDI-1, NDI-2, NDI-3 and Pyr-Si8-NDI. 
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5.2    NDI-pyrene co-assembly  

In order to understand the molecular design principles for CT complexation and 

thereby co-assembly in oDMS-based materials, we studied a variety of Pyr- and NDI- 

homotelechelic oDMS with varying alkyl linkers, peripheral chains and siloxane linkers 

(Scheme 1). We synthesized homotelechelic Pyr-1, Pyr-2 and Pyr-3 with a C5-alkyl 

linker and oDMS spacers that range from 8, 24 and 40 repeating units, respectively. A 

variety of NDI-functionalized siloxanes were synthesized to mix with the pyrene-

functionalized oDMS. NDI-1 comprises both a C5-alkyl linker and peripheral chain while 

NDI-2 has a larger C11-alkyl linker with the same C5-alkyl peripheral chain. Changing 

the C5-peripheral chain to a longer C10-peripheral chain gives NDI-3. Finally, one 

heterotelechelic oDMS was synthesized labeled as Pyr-Si8-NDI having both C5-alkyl 

linkers and a C5-peripheral chain. 

5.2.1 Synthesis of NDI and pyrene homo- and heterotelechelic oDMS 

Homo- and heterotelechelic oDMS with pyrene and/or NDI peripheral groups were 

synthesized by Freek de Graaf from olefin-terminated NDIs and pyrenes, and discrete 

oDMS-dihydrides allowing for a Karstedt-catalyzed hydrosilylation reaction (Scheme 2). 

Pyr-0 was synthesized from 1-hydroxypyrene (1) and 5-bromo-1-pentene (2) and was 

used as the common building block for all Pyr-oDMS conjugates. (Scheme 2). Coupling 

of Pyr-0 to discrete oDMS-dihydrides with 8, 24 or 40 repeating units, resulted in Pyr-1, 

Pyr-2 and Pyr-3 (74–89%), respectively. A variety of NDIs were synthesized from 

naphthalene tetracarboxylic dianhydride using a previously reported microwave-assisted 

protocol (Scheme 2).26 An NDI with C5-peripheral chain and linker was obtained from 

sequential microwave-assisted condensations of n-pentylamine and 4-pentene-1-amine 

with naphthalene tetracarboxylic dianhydride. Similarly, the NDI with a C5-peripheral 

chain and C11-alkene linker was obtained from n-pentylamine and 10-undecen-1-

amine.26 Hydrosilylation of C5-NDI-C5 (6) and C5-NDI-C11 (9) to dihydride terminated 

oDMS8 resulted in NDI-1 and NDI-2 (20–51%), respectively. The synthesis of NDI-3 was 

reported previously.26 Finally, the heterotelechelic siloxane (Pyr-Si8-NDI) with a pyrene 

on one chain-end and an NDI on the other end was synthesized from Pyr-0 and NDI 6. 

For this, one equivalent of the pyrene precursor was reacted with two equivalents of 

oDMS8 dihydride using Karstedt’s catalyst to obtain a statistical mixture of mono- and 

difunctionalized siloxane (Scheme 2). The mixture was purified by column 

chromatography giving the mono-functionalized siloxane 10 in 56% yield. The remaining 

hydride functionality was coupled to NDI 6, yielding heterotelechelic Pyr-Si8-NDI (45%). 

All end-functionalized siloxanes were obtained in high purity according to NMR and 

MALDI-ToF spectrometry.  
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Scheme 2. Synthesis of pyrene and NDI blocks and the corresponding Pyr-1, Pyr-2, Pyr-3, NDI-1, 

NDI-2 and Pyr-Si8-NDI. Reaction conditions: (a) K2CO3, KI, DMF, 80 °C, 24 h (89%); (b) Karstedt’s 

catalyst, DCM, r.t., 1–2 h (16–83%); (c) DMF, microwave i) 75 °C, 5 min, ii) 140 °C, 15 min (57–22%); 

(d) 4-pentene-1-amine, DMF, microwave i) 75 °C, 5 min, ii) 140 °C, 15 min (48%); (e) n-

pentylamine, DMF, microwave i) 75 °C, 5 min, ii) 140 °C, 15 min (28%); (f) NDI 6, Karstedt’s 

catalyst, DCM, r.t., 4 h (73 %). 

5.2.2 Mixing of NDI and pyrene homotelechelic oDMS 

The variety of homotelechelic Pyr-oDMS and NDI-oDMS were mixed in order to 

probe their CT properties. All mixtures were prepared in a 1:1 molar ratio by solvation in 

dichloromethane (DCM), followed by evaporation of the solvent. To exclude any solvent 

effects the material was molten at 120 °C and slowly cooled (5 K min-1) to room 

temperature. First, Pyr-1 is mixed with the various NDI-oDMS conjugates that alter in 

carbon linker and peripheral chain lengths. Mixtures of Pyr-1 with NDI-1, NDI-2 and 

NDI-3 are denoted as Pyr-1:NDI-1, Pyr-1:NDI-2 and Pyr-1:NDI-3, respectively (Scheme 

3). Second, the influence of the siloxane oligomer length on the bulk morphology and CT 

properties of the two-component materials is investigated by mixing NDI-1 with Pyr-0, 
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Pyr-2 or Pyr-3. This yielded mixtures denoted as Pyr-0:NDI-1, Pyr-2:NDI-1 and Pyr-3:NDI-1, 

respectively. These mixtures are discussed in Section 5.2.4 and shown in Scheme 4. 

 
Scheme 3. Molecular structure of the mixtures Pyr-1:NDI-1, Pyr-1:NDI-2 and Pyr-1:NDI-3.  

5.2.3 Impact of alkyl linker and peripheral chain length on the morphology 

and CT properties 

We evaluate the CT properties and morphologies of mixtures Pyr-1:NDI-1,                 

Pyr-1:NDI-2 and Pyr-1:NDI-3 to gain an understanding of (mis)matching alkyl linkers 

and the impact of long peripheral chains (Scheme 3). As Pyr-1 is kept constant in these 

mixtures, we can systematically compare the changes in properties and morphology 

related to the changes in alkyl linker and peripheral chain lengths of the NDI-oDMS 

conjugate in the mixture. All mixtures were obtained as dark purple solids at room 

temperature, indicative for significant CT complexation. 
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Table 1. Thermal properties and morphology of Pyr and NDI end-functionalized siloxanes and 

mixtures thereof. 

Compound a Appearance T m b 

[°C] 

∆H fus b 

[kJ mol-1] 

T ODT b 

[°C] 

T DOT c 

[°C] 

T c c 

[°C] 

d d  

[nm] 

Pyr-1 Green solid 68.4 56.2 n.o. n.o. 23.1 3.3 

NDI-1 Off-white solid 160.6 17.9 n.o. n.o. 142.8 3.1 

NDI-2 Off-white solid 160.4 12.8 n.o. n.o. 149.4 3.8, 

4.7e 

NDI-3 Off-white solid 143.6 26.5 n.o. n.o. 130.0 4.4 

Pyr-1:NDI-1 Purple solid 45.1 4.2 95.6 84.1 −1.7 3.1 

Pyr-1:NDI-2 Purple solid 42.7 

52.7f 

1.8 

2.5 

91.7 82.6 −3.1 3.6 

Pyr-1:NDI-3 Purple solid 51.8 6.9 96.0 75.2 5.8 4.4, 

3.3e  

a End-functionalized siloxanes and mixes as depicted in Schemes 1 and 3, respectively. b Melt 

transition temperature (Tm) and corresponding enthalpy of fusion per mole end-functionalized 

siloxane (ΔHfus) and order-disorder transition temperature (TODT) measured using DSC, while 

heating at 10 K min-1. c Disorder-order transition temperature (TDOT) and crystallization transition 

temperature (Tc) measured using DSC, while cooling at 10 K min-1. d Domain spacing of the lamellar 

structure, calculated using d = 2π/q*, obtained from SAXS at room temperature. e Two domain 

spacings observed (see Figure 2). f Two melt transitions observed. n.o. = not observed. 

 

 
Figure 1. (A) DSC trace (second heating and cooling cycle) Pyr-1:NDI-1. A temperature ramp of 10 

K min-1 was used. Endothermic heat flows have a positive value. (B) POM image (crossed polarizers) 

at room temperature of Pyr-1:NDI-1. The material was placed in between two glass slides, heated 

to the isotropic state and cooled with 5 K min-1 to room temperature. Scale bar represents 250 μm. 

 

The DSC traces of the three mixtures are very comparable and therefore we here only 

show the DSC trace of Pyr-1:NDI-1 as a representative. A melt transition temperature 

(Tm) was observed that is significantly lower than those of the individual components in 

the mixtures (Table 1). In addition, the enthalpy of fusion (ΔHfus) for melting of the mixed 
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structures is one order of magnitude lower than for the individual components. The 

melting temperature is followed by a broad order-disorder transition (TODT) (Figure 1A). 

Upon cooling, a disorder-order transition temperature (TDOT) was observed, followed by 

a crystallization transition below room temperature (Tc). At room temperature, thus 

between the Tc and TDOT, birefringent structures were observed by POM, indicative for 

liquid crystalline ordering (Figure 1B). 

We investigated the (liquid) crystalline order in the mixtures by medium- and wide-

angle X-ray scattering (MAXS and WAXS) to determine the morphology and the extent 

of (de)mixing (Figure 2). When a new, single nanostructured morphology was obtained, 

co-assembly of the two oligomers can be concluded while a linear combination of the 

two components indicates a self-sorted, macrophase-segregated system. Therefore, we 

analyzed both the single components as well as the mixtures.  

Lamellar nanostructures were formed for all single components as follows from the 

scattering peaks at integer multiples of q* in all transmission scattering profiles (Figure 2). 

Lamellae of Pyr-1 and NDI-1 have a domain spacing of 3.3 and 3.1 nm, respectively 

(Table 1). In both cases, multiple sharp scattering peaks were observed in the wide-angle 

region (q > 7 nm-1), indicative for a highly crystalline structure (Figure 2A). Interestingly, 

Pyr-1 showed a sharp scattering reflection at 9 nm-1 where normally a broad halo is 

observed – representative for amorphous oDMS.31 We hypothesize that the sharp peak 

could be a result of the immobilization of the siloxane chain due to the efficient 

crystallization of the peripheral blocks. The Pyr-1:NDI-1 mixture also gave a well-

ordered lamellar nanostructure with a domain spacing of 3.1 nm (Figure 2A). A small 

shoulder (q 2*) is observed representing a length of 3.6 nm. The shoulder completely 

vanished at 60 °C upon heating, while it reappeared at 20 °C upon cooling and became 

even more pronounced at −20 °C (data not shown). This indicates that the q 2* morphology 

is coupled to the thermal transitions Tm (45.1 °C) and Tc (−1.7 °C). In the high q-region, 

almost all reflection peaks that were present in the single components disappeared, and a 

new peak arose at 18.3 nm-1 representing a π-stacking distance of 0.34 nm. Interestingly, 

the crystalline order of the individual components disappeared upon mixing and the     

Pyr-1:NDI-1 nanostructure is ordered by means of supramolecular interactions in 

combination with microphase segregation. This is in accordance with the relatively low 

enthalpy of fusion (< 5 kJ mol-1) for the mixtures. From the presence of a single scattering 

profile at room temperature and the single scattering peak in the WAXS region, we 

propose a co-assembled lamellar structure for Pyr-1:NDI-1 at room temperature, as 

schematically illustrated in Figure 2D. Herein, the pyrenes and NDIs are randomly 

distributed in the NDI/pyrene layer.  
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Figure 2. 1D transmission scattering profiles of (A) Pyr-1:NDI-1 (bottom), NDI-1 (middle), Pyr-1 

(top), (B) Pyr-1:NDI-2 (bottom), NDI-2 (middle), Pyr-1 (top, grey) and (C) Pyr-1:NDI-3 (bottom), 

NDI-3 (middle), Pyr-1 (top, grey). Siloxane immobilization indicated with ♦. (D) Schematic 

representation of a lamellar nanostructure with a random distribution of mixed pyrene (green) and 

NDI (orange) homotelechelic siloxanes and a single π-stacking distance between the aromatic 

blocks. Structure observed for Pyr-1:NDI-1 and Pyr-1:NDI-2. (E) Schematic representation of a 

lamellar nanostructure with a large domain spacing (d*) as a result of self-sorting, giving alternating 

layers of pyrene (green) and NDIs (orange). Structure observed for Pyr-1:NDI-2 and Pyr-1:NDI-3. 

 

A complex transmission scattering profile is observed for NDI-2, showing two 

principle scattering reflections (q* and q2*) and higher order reflections at 2q* and 3q* for 

both principle peaks (Figure 2B). Accordingly, two lamellar structures are formed with a 

domain spacing d* of 3.8 nm and d2* at 4.7 nm. The latter disappears just before melting 

of the complete structure (145 °C) and therefore only a single, broad Tm is observed by 

DSC (data not shown). The smallest domain spacing is most likely linked to a similar 

packing as obtained by NDI-1 as the increase of 0.7 nm in domain spacing for NDI-2 

corroborates with an increase of 6 carbons. Mixing NDI-2 with Pyr-1 (Pyr-1:NDI-2) 

resulted in a scattering profile in which a variety of structures could be assigned 

(Figure 2B). Most pronounced is the lamellar structure with a domain spacing of 3.6 nm. 

We propose that this is a mixed state as schematically illustrated in Figure 2D. Moreover, 

mixing is confirmed by a change in the WAXS region to a single scattering reflection at 

18.3 nm-1 indicating π-stacking. However, the lamellar packings of the individual 

components Pyr-1 and NDI-2 are also present in the 1D transmission scattering profile 

of the mixture (Pyr-1:NDI-2), suggesting self-sorting. Furthermore, a low intensity q 2* is 



│Chapter 5 

102 

 

observed, representing a domain spacing of 7.4 nm. Most likely, this structure is 

composed of alternating layers of pyrenes and NDIs resulting in a large d* (Figure 2E). 

Hence, part of the mixed Pyr-1:NDI-2 structure is self-sorted while co-assembled layers 

are also clearly present, further corroborated by the purple color observed after mixing. 

The 1D transmission scattering profile of Pyr-1:NDI-3 represents a linear combination 

of the scattering profiles of NDI-3 and Pyr-1 (Figure 2C). Principle scattering peaks qNDI* 

and qPyr* are observed with corresponding domain spacings of 4.4 and 3.3 nm, equal to 

the single components. Furthermore, a low intensity q* reflection is present, representing 

a domain spacing of 8.5 nm. This is indicative for the alternating pyrene and NDI lamellae 

as schematically illustrated in Figure 2E, similar to the self-sorted structure of Pyr-1:NDI-2. 

Finally, the wide-angle region also represents a linear combination of the two 

components confirming macrophase-segregation within the mixture. 

The presence of CT complexes as a result of mixing of the pyrene and NDI 

homotelechelic siloxanes was further corroborated by UV-Vis spectroscopy. In the room 

temperature absorption spectra of the mixtures, a clear CT band at 560 nm was observed 

(Figure 3).6 The band is most pronounced in films of Pyr-1:NDI-1 and Pyr-1:NDI-2 

(Figures 3A–B), supporting the lamellar morphology with co-assembled pyrene and NDI 

end-functionalized siloxanes hypothesized in Figure 2D. In contrast, the absorption 

spectrum of the Pyr-1:NDI-3 mixture shows a 0-0 transition band at 387 nm of the pyrene 

due to pyrene homo-crystallization (Figure 3C).32 This is a result of self-sorting of NDI-3 

and Pyr-1 in the mixture. The weak CT band in the spectrum and the purple color 

observed by eye for the Pyr-1:NDI-3 mixture most likely originates from amorphous 

interactions and therefore not observed by X-ray scattering. This amorphous CT state is 

more pronounced in the pristine film that is not annealed which indicates that this is a 

kinetically trapped state (Figure 3C). Indeed, the homotelechelic siloxanes were trapped 

due to fast evaporation of the solvent during spincoating, resulting in CT complexation 

that vanishes upon annealing as homo-crystallization and thereby self-sorting of the end-

functionalized siloxanes occurs.  

 
Figure 3. Absorption spectra of annealed films of (A) Pyr-1:NDI-1 (B) Pyr-1:NDI-2 and (C) Pyr-1:NDI-3. 

10 mg mL-1 samples in chloroform were spincoated on a quartz plate at 800 rpm, dried in air and annealed 

at 75 °C. Pristine (blue) sample was not annealed at 75 °C. 
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Together, these results show that matching alkyl linker lengths of the NDI and pyrene 

end-functionalized siloxane promotes co-assembly of the two components into one 

lamellar structure, resulting in a thermodynamically stable CT material at room 

temperature, which is most evident for the Pyr-1:NDI-1 mixture. Nevertheless, a partial 

co-assembled nanostructure of Pyr-1:NDI-2 was also obtained, most likely due to the 

short peripheral chain of the NDI-2 that is of equal length as the alkyl linker of Pyr-1. A 

fully self-sorted system was formed by Pyr-1:NDI-3 for which both the peripheral chain 

and linker length of the NDI-3 were mismatching with the linker of Pyr-1. These bulk 

assembly results are in accordance with the results obtained in solution by Ghosh and 

coworkers, showing self-sorting of donor and acceptor chromophores due to an alkyl 

linker length mismatch.17  

5.2.4 Impact of siloxane oligomer length on the morphology and CT 

properties 

The above results show that the most efficient CT complexation is found for Pyr-1 

with NDI-1, having the same C5-alkyl spacer. Therefore, we mixed NDI-1 with a variety 

of pyrene homotelechelic siloxanes that have the same C5-alkyl linker, but different 

siloxane volume fractions (Scheme 4). In this way, we probe the effect of the amorphous 

siloxane oligomer length on the morphology and CT properties, while keeping the NDI 

molecule constant.  

Mixtures Pyr-0:NDI-1, Pyr-2:NDI-1 and Pyr-3:NDI-1 were obtained as purple solids 

indicating CT complexation. Remarkably, whereas Pyr-2 and Pyr-3 are liquids with a Tm 

below room temperature (Table 2), all the materials become solids when mixed with 

NDI-1. The DSC thermograms of all mixtures are very comparable and therefore we here 

show only the DSC trace of Pyr-2:NDI-1 as a representative. Upon heating, a weak 

endothermic transition is observed (Figure 4A) with a relatively low enthalpic energy 

(< 3.6 kJ mol-1) compared to the single components (Table 2), indicating an order-disorder 

transition (TODT) for the mixtures. Upon cooling, a single, sharp TDOT is observed after 

which birefringent textures are formed, as detected by POM (Figure 4B). The pink color 

of the POM image indicates the presence of a CT state which was confirmed by UV 

spectroscopy of a film of the mixtures (data not shown), having comparable spectra as 

obtained for Pyr-1:NDI-1 (Figure 3A). 
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Scheme 4. Molecular structure of the mixtures Pyr-0:NDI-1, Pyr-2:NDI-1 and Pyr-3:NDI-1.  

 

Table 2. Thermal properties and morphology of Pyr and NDI end-functionalized siloxanes and 

mixtures thereof. 

Compound a Appearance T ODT b 

[°C] 

∆H fus b 

[kJ mol-1] 

T DOT c 

[°C] 

d d  

[nm] 

Pyr-0 Green solid 38.3 21.1 14.6e n.o. 

Pyr-2 Green liquid 19.5 57.4 11.0 6.2f 

Pyr-3 Green liquid 6.0 50.6 0.1 7.9g 

NDI-1 Off-white solid 160.6 17.9 142.8 3.1 

Pyr-0:NDI-1 Purple solid 115.2 3.3 107.5 2.6 

Pyr-2:NDI-1 Purple solid 80.3 2.1 75.2 4.9 

Pyr-3:NDI-1 Purple solid 70.3 3.6 63.1 6.5 

a End-functionalized siloxanes and mixes as depicted in Scheme 1 and 4, respectively. b Order-

disorder transition temperature (TODT) and corresponding enthalpy of fusion per mole end-

functionalized siloxane (ΔHfus) measured using DSC, while heating at 10 K min-1. c Disorder-order 

transition temperature (TDOT) measured using DSC, while cooling at 10 K min-1. d Domain spacing 

of the lamellar structure, calculated using d = 2π/q*, obtained from SAXS at room temperature. e 

Cold crystallization temperature. f Determined at 10 °C. g Determined at −10 °C. 
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Figure 4. (A) DSC trace (second heating and cooling cycle) Pyr-2:NDI-1. A temperature ramp of 10 

K min-1 was used. Endothermic heat flows have a positive value. (B) POM image (crossed polarizers) 

at room temperature of Pyr-2:NDI-1. The material was placed in between two slides, heated to the 

isotropic state and cooled with 5 K min-1 to room temperature. Scale bar represents 250 μm. 

 

All mixtures and Pyr-oDMS conjugates were analyzed by MAXS and WAXS 

measurements and the 1D transmission scattering data is shown in Figures 5A–C. We 

compare the profile of the mixture with the two single components to distinguish 

between mixing and macrophase segregation of the two components. Lamellar 

nanostructures were formed for all single components and mixtures, following from the 

scattering peaks at integer multiples of q* in all transmission scattering profiles (Figures 

5A–C). As the only exception, the small, crystalline pyrene molecule Pyr-0 showed no 

scattering peaks in the MAXS region, but only a pattern in the WAXS region (Figure 5A).  

All mixtures have comparable 1D transmission scattering profiles with relatively 

sharp peaks in the MAXS region and a peak at 18.3 nm-1 in the WAXS region, indicating 

the presence of π-stacking (Figures 5A–C). Moreover, all mixtures show a single lamellar 

morphology with a domain spacing that differs from the single components, which 

suggests mixing of the NDI-1 with all pyrene derivatives. We propose a similar packing 

for Pyr-0:NDI-1, Pyr-2:NDI-1 and Pyr-3:NDI-1 as for the Pyr-1:NDI-1 mixture, 

schematically illustrated in Figure 2D. Next, we compare the transmission scattering 

profiles of Pyr-2 and Pyr-3 with Pyr-2:NDI-1 and Pyr-3:NDI-1, showing significant 

broader scattering peaks in the MAXS region for the Pyr-oDMS conjugates. The 

sharpening of the peaks in the mixtures suggests a better-defined lamellar morphology 

for Pyr-2:NDI-1 and Pyr-3:NDI-1, compared to Pyr-2 and Pyr-3.  

The resulting domain spacings of the mixtures are approximately the average of the 

domain spacing of the NDI-1 and the pyrene derivatives (Table 2). This gives rise to a 

linear relationship between the number of siloxane repeat units in the pyrene-oDMS 

conjugates and the domain spacing of the mixture (Figure 5D). Hence, we are able to tune 

the domain spacing of the CT material by changing the siloxane length in just one of the 

components in the mixture, while maintaining a high degree of order. This is in analogy 

to the results obtained in Chapter 4 in which mixing of maximum three end-functionalized 

siloxanes also resulted in ordered morphologies with predictable domain spacings. 
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Figure 5. 1-D transmission scattering data of (A) Pyr-0:NDI-1 (bottom) and Pyr-0 (middle) (B) Pyr-

2:NDI-1 (bottom) and Pyr-2 (measured at 10 °C) (middle) (C) Pyr-3:NDI-1 (bottom) and Pyr-3 

(measured at −10 °C) (middle). NDI-1 is added as reference (top, grey) in all plots. (D) Linear 

correlation between domain spacing and number of siloxane repeat units (n) in the Pyr-oDMS 

conjugates for mixtures Pyr-0:NDI-1, Pyr-1:NDI-1, Pyr-2:NDI-1  and Pyr-3:NDI-1. Dashed line is 

added to guide the eye. 

5.2.5 Bulk CT properties of heterotelechelic Pyr-Si8-NDI 

In order to further improve the co-assembly of the oDMS-functionalized pyrenes and 

NDIs, we included both donor and acceptor into one molecule that is the heterotelechelic 

Pyr-Si8-NDI. This material was obtained as a brittle, purple solid, indicative for CT 

complexation at room temperature. Two thermal transitions were observed both upon 

heating and cooling using DSC (Figure 6A). Upon heating, the material passed through 

an endothermic transition (T1) at 67.3 °C with a relatively small enthalpic contribution 



Co-assembly versus self-sorting in supramolecular polymers using homo- and heterotelechelic building blocks│ 

107 

 

(2.2 kJ mol-1), indicative for an order-order transition. This was followed by melting of 

the material at 92.2 °C (Tm) with an energy release of 10.9 kJ mol-1. Subsequent cooling 

gave a crystallization transition temperature (Tc) at 87.6 °C, followed by a weaker 

exothermic transition at 48.4 °C, which is assigned as an order-order transition (T2). The 

formation of small, birefringent spherulites was observed under the polarized optical 

microscope when a film of Pyr-Si8-NDI was cooled from the isotropic melt to 75 °C 

between two glass plates (Figure 6B). In the temperature range between Tc and T2 the 

material is liquid crystalline. Cooling further to room temperature resulted in a pink color 

of the spherulites (Figure 6C), indicating the formation of a crystalline CT complex.4 This 

was further confirmed by UV-Vis spectroscopy measurements on a Pyr-Si8-NDI 

spincoated film, which showed a typical CT band at 560 nm for a Pyr-NDI D-A assembly 

(Figure 6D).6 

 

Figure 6. (A) DSC trace (second heating and cooling run) of Pyr-Si8-NDI. Endothermic heat flows 

have a positive value. A temperature ramp of 10 K min-1 was used. (B–C) Polarized optical 

microscope (crossed polarizers) images of Pyr-Si8-NDI at (B) 75 °C and (C) room temperature. The 

sample was placed in between two glass plates, heated to isotropic and cooled with 5 K min-1 to 

room temperature. Scale bar indicates 250 μm. (D) Absorption spectrum of a Pyr-Si8-NDI 

spincoated (10 mg mL-1 in chloroform) film on a quartz substrate at room temperature. (E) 1D 

transmission scattering data of the Pyr-Si8-NDI bulk material at room temperature. 

 

The 1D transmission scattering profile of the Pyr-Si8-NDI bulk material shows very 

sharp scattering peaks at integer multiples of q* (Figure 6E). This indicates the formation 

of a highly ordered lamellar nanostructure with a domain spacing (d*) of 3.1 nm. 
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Crystallization of the CT complex is observed in the wide-angle region by the presence 

of sharp scattering peaks at q > 7 nm-1. Remarkably, two very sharp and high intensity 

peaks are present at 18.2 and 19.1 nm-1, representing a distance of 0.35 and 0.33 nm, 

respectively. We attribute the distances of 0.33 and 0.35 nm to the π-π stacking distance 

of a pyrene and NDI within a CT dimer and the distance between CT dimers, 

respectively.19 Therefore, we suggest that the pyrenes and NDIs form alternating stacks 

at room temperature, as schematically illustrated in Figure 7A. The π1 and π2 peaks 

emerge into one scattering peak at 80 °C in the variable temperature transmission 

scattering data (Figure 7B). This, combined with the disappearance of the CT band in the 

absorption spectrum at 80 °C, strongly suggests that these distances are correlated to the 

CT efficiency (Figure 7C). Hence, at temperatures above T1, the two π-stacking distances 

merge to one distance of 0.34 nm, similar to the π-stacking as a result of co-assembly in 

the binary mixture. We therefore propose that the CT dimers in Pyr-Si8-NDI are vanished 

above T1 and the NDIs and pyrenes distributed randomly throughout the layer due to the 

mobility in the liquid crystalline state (80 °C). This strongly decreased the intensity of the 

CT band in the absorption spectrum, although the band is still present (Figure 7C, inset). 

Thus, the liquid crystalline state shows less efficient CT complexation than the crystalline 

state at room temperature. Upon cooling, the CT absorption band re-appears with the 

same intensity and the double peaks in the WAXS data emerge at 50 °C in accordance to 

the DSC data. This highlights the thermodynamic stability of the CT state formed by     

Pyr-Si8-NDI at room temperature. 

 
Figure 7. (A) Schematic representation of the room temperature packing of Pyr-Si8-NDI. 

(B) Variable temperature 1D transmission scattering profile of Pyr-Si8-NDI upon heating. 

(C) Absorption spectra at 20 °C (black) and 80 °C (red) of a Pyr-Si8-NDI spincoated (10 mg mL-1 in 

chloroform) film on a quartz substrate. The insert shows the magnified absorption of the CT band. 
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5.2.6 NDI and pyrene co-assembly in one- versus two-component oDMS-

based systems 

We assembled hetero- and homotelechelic NDI- and Pyr-oDMS conjugates into a 

one- and two-component system, respectively. We compare Pyr-Si8-NDI and Pyr-1:NDI-1 

that are very similar in terms of alkyl and siloxane linker lengths, which was shown to 

be an important parameter (vide supra). In both cases, a lamellar nanostructure with a 

domain spacing of 3.1 nm and a strong CT absorption was obtained. Nevertheless, two 

major differences in the CT material properties and nanostructure of the one-component 

Pyr-Si8-NDI versus the two-component Pyr-1:NDI-1 assemblies were observed. First, the 

highly efficient packing of the NDIs and pyrenes in the one-component system resulted 

in the formation of perfectly aligned CT dimers while a more random distribution of 

pyrenes and NDIs within the stacks is observed for the two-component mixture. Second, 

the CT nanostructure is thermodynamically stable at room temperature for Pyr-Si8-NDI, 

as its order-order transition is 48.8 °C. In contrast, the order-order transition of                

Pyr-1:NDI-1 is below room temperature (−1.7 °C) and therefore the material is more 

susceptible for time and temperature changes. Thus, the covalent attachment of NDI and 

pyrene moieties by an amorphous linker in a heterotelechelic design influences the 

material properties and nanostructure when compared to a homotelechelic, binary 

mixture. The amorphous linker makes the categorization between inter- and 

intramolecular interactions – often investigated in solution33 – in the bulk material 

impossible. In particular, a pyrene in Pyr-Si8-NDI may interact with the NDI on the other 

end of the siloxane periphery or with an NDI of another Pyr-Si8-NDI oligomer. We 

speculate that the differences in CT properties for the one- and two-component assembly 

possibly arise from the high effective molarity, potentially accessible with Pyr-Si8-NDI, 

as already shown in other supramolecular systems.34 Alternatively, the difference could 

be due to the a larger number of assembly possibilities for the Pyr-1:NDI-1 mixture which 

is a well-known phenomenon in supramolecular copolymers in solution.35 This makes 

the formation of a thermodynamic stable structure for Pyr-1:NDI-1 more demanding 

than for the heterotelechelic Pyr-Si8-NDI one-component system that more easily forms 

a thermodynamically stable nanostructure. 

 

5.3    Hydrazone-azobenzene co-assembly  

We hypothesize that the NDI and Pyrene molecules described above co-assemble due 

to their specific interactions to form a CT complex. However, it remains questionable 

whether these interactions are necessary or that other end-functionalized siloxanes with 

non-specific interactions would also be able to form co-assemblies. Therefore, we 

synthesized heterotelechelic MeAzo-Si16-hydz (Scheme 5) of which the two end groups, 

an azobenzene and hydrazone, only share their rod-like shape and no specific 

interactions between them are known. Moreover, a methoxyazobenzene end-
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functionalized oDMS has been published previously30 and forms a lamellar morphology, 

while Chapter 4 showed that hydz-Si16-hydz can form both a cylindrical and a crystalline 

lamellar morphology. This raises the question which assembly pathway is selected by 

MeAzo-Si16-hydz and which nanostructure would be preferred. Similar to the NDI-Pyr 

study, we also studied the morphology of a binary mixture of MeAzo-Si16-AzoMe and 

hydz-Si16-hydz, denoted as MeAzo:hydz. 

5.3.1 Synthesis of hydz and MeAzo homo- and heterotelechelic oDMS 

The previously reported MeAzo end-functionalized oDMS has a C11-linker between 

the azobenzene and siloxane30 while the hydz-Si16-hydz of Chapter 4 contains a C5-linker. 

From the above studies, we know that matching alkyl-linker lengths is important and 

therefore we synthesized MeAzo-Si16-hydz with C5-alkyl linkers on both sides of the 

oDMS (Scheme 5). For this, dihydroxy-azobenzene (11) was statistically reacted with      

5-bromo-1-pentene (2). After column chromatography, the pure mono-reacted 

azobenzene (12) was obtained and subsequently reacted with methyl iodide to obtain the 

MeAzo (13) building block. A statistical reaction of the MeAzo (13) with 1.5 equivalents 

of Si16-dihydride was performed to obtain the monofunctionalized siloxane. The 

difunctionalized siloxane was obtained as a byproduct which is conveniently used to 

probe the morphology of the homotelechelic MeAzo-Si16-AzoMe and to form the binary 

mixture with hydz-Si16-hydz. After purification using column chromatography, the pure 

MeAzo-Si16-H (14) and MeAzo-Si16-MeAzo were obtained in 48 and 7% yield, 

respectively. The MeAzo-Si16-H (14) was reacted with the alkene-functionalized siloxane 

to obtain the heterotelechelic MeAzo-Si16-hydz. 

 

Scheme 5. Synthesis of MeAzo-Si16-MeAzo and MeAzo-Si16-hydz. Reaction conditions: (a) K2CO3, 

KI, acetone, 55 °C, 24 h (47%); (b) K2CO3, MeI, acetone, 55 °C, 24 h (quant.); (c) Karstedt’s catalyst, 

oDMS16 dihydride, DCM, r.t., 1 h (48% of 14; 7% of MeAzo-Si16-AzoMe); (d) Karstedt’s catalyst, 

DCM, r.t., 4h (53%) 
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5.3.2 Two- and one-component assemblies of hydz- and MeAzo-oDMS 

conjugates. 

We obtained the two-component assembly by mixing MeAzo-Si16-AzoMe with       

hydz-Si16-hydz in a 1:1 molar ratio in DCM. After evaporation of the solvent, the material 

was melted to 150 °C to eliminate all solvent effects yielding the mixture denoted as 

MeAzo:hydz. The thermal properties were obtained by DSC measurements and showed 

transition temperatures for both the heterotelechelic siloxane MeAzo-Si16-hydz and the 

MeAzo:hydz mixture that were lower than those of hydz-Si16-hydz and                       

MeAzo-Si16-AzoMe (Table 3). The DSC traces of MeAzo-Si16-hydz and MeAzo:hydz show 

a Tm, followed by a TODT upon heating (Figures 8A–B). Upon cooling from the isotropic 

state, both MeAzo:hydz and MeAzo-Si16-hydz formed an ordered structure, observed by 

the appearance of birefringent textures by POM (Figures 8D–E). This transition is 

followed by a very sharp Tc for MeAzo:hydz after which large spherulites were formed 

observed by POM (Figure 8C). Interestingly, small birefringent structures were already 

formed between TDOT and Tc (Figure 8D) and the large spherulite, was formed as a separate 

structure underneath. Hence, both structures could still be recognized at room 

temperature (Figure 8C) and indicated the formation of a macrophase-segregated, self-

sorted material. For MeAzo-Si16-hydz, the Tc was broader and below room temperature 

(Figure 8B), giving one birefringent structure at room temperature observed by POM.  

 
Figure 8. DSC trace (second heating and cooling run) of (A) MeAzo:hydz and (B) MeAzo-Si16-hydz. 

Endothermic heat flows have a positive value. A temperature ramp of 2 K min-1 was used.                 

(C–E) Polarized optical microscope (crossed polarizers) images of (C) MeAzo:hydz at room 

temperature and (D) 50 °C, (E) MeAzo-Si16-hydz. at room temperature. The sample was placed in 

between two glass plates, heated to isotropic and cooled with 5 K min-1 to room temperature. Scale 

bar indicates 250 μm. 
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Table 3. Thermal properties and morphology of MeAzo and hydz homo- and heterotelechelic end- 

siloxane oligomers and mixtures thereof. 

Compound a Appearance T m b 

[°C] 

T ODT b 

[°C] 

T DOT c 

[°C] 

T c c 

[°C] 

d d 

[nm] 

MeAzo-Si16-AzoMe Yellow solid 46.7 n.o. n.o. 42.2 4.2 (LAM) 

hydz-Si16-hydz Red solid 55.7 147.7 146.7 35.4e 4.2 (CYL) 

MeAzo:hydz Red solid 44.6 102.9 90.3 39.0 4.2 (LAM 

4.2 (CYL)g 

MeAzo-Si16-hydz Red solid 26.8 

39.3f 

59.3 57.6 8.5 9.2 (LAM) 

4.2 (CYL)g 

a End-functionalized siloxanes as depicted in Scheme 5. b Melt transition temperature (Tm) and 

order-disorder transition temperature (TODT) measured upon heating at 2 K min-1, determined using 

DSC. c Disorder-order transition temperature (TDOT) and crystallization transition temperature (Tc) 

measured upon cooling at 2 K min-1, determined using DSC. d Domain spacing of the ordered 

structure, calculated using d = 2π/q*, obtained from SAXS at room temperature. Morphology 

indicated between brackets: LAM = lamellar, CYL = hexagonally packed cylinders. e Cold 

crystallization temperature. f Two melt transition temperatures observed (Figure 11B). g Two 

domain spacings and/or morphologies observed (Figure 9A). n.o. = not observed. 

 

The 1D transmission scattering profile of MeAzo:hydz confirms the presence of a 

macrophase segregated state as a linear combination of the MeAzo-Si16-AzoMe and        

hydz-Si16-hydz morphologies is obtained (Figure 9A). Only one principle scattering peak 

(q*) was observed for the mixture due to equal domain spacings for both MeAzo-Si16-AzoMe 

and hydz-Si16-hydz structures (Table 3, entries 1–3). Nevertheless, we could identify the 

lamellar structure of MeAzo-Si16-AzoMe by q*, 2q*, 3q* and 4q*, and the hexagonally 

packed cylindrical structure of hydz-Si16-hydz by q*, √3q* and 2q*.  

The 1D transmission scattering profile of MeAzo-Si16-hydz also represents two 

morphologies (Figure 9A). A lamellar structure is indicated with q*, 2q*, 3q* and 4q* and 

has a relatively large domain spacing of 9.2 nm (Table 3). We assign this to a similar 

phenomenon overserved for Pyr-1:NDI-3 and Pyr-1:NDI-2 in which alternating layers 

of pyrenes, oDMS and NDIs are formed. Hence, for MeAzo-Si16-hydz, alternating layers 

of MeAzo, oDMS and hydz are formed as schematically illustrated in Figure 9B. The 

second morphology could be assigned to a hexagonally packed cylindrical phase, 

indicated by the presence of by q 2* and √3q 2* and most likely originates from the hydz 

organization. Thus, the hydrazones and azobenzenes self-sort in both the mixture 

(MeAzo:hydz) and the heterotelechelic MeAzo-Si16-hydz. 
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Figure 9. (A) 1D transmission scattering profile of hydz-Si16-hydz (grey), MeAzo-Si16-AzoMe 

MeAzo:hydz and MeAzo-Si16-hydz. (B) Molecular packing of MeAzo-Si16-hydz with a d* of 9.2 nm. 
 

5.4    Conclusions 

In conclusion, we successfully synthesized homo- and heterotelechelic siloxanes with 

NDIs and pyrenes or azobenzenes and hydrazones as peripheral blocks. We studied the 

assembly of binary mixtures of the homotelechelic siloxanes and the heterotelechelic 

siloxanes in order to probe co-assembly or self-sorting of the peripheral blocks in the bulk 

material. Co-assembly occurred for pyrenes and NDIs when the alkyl-linker lengths of 

both components matched, while azobenzenes and hydrazones always self-sort in a 

macrophase-segregated nanostructure. From this, we conclude that specific interactions, 

such as charge transfer (CT), are needed to obtain a co-assembled nanostructure and thus, 

solely matching domain spacings and molecular shape is not enough to obtain a co-

assembled structure.  

The phase segregation induced by the siloxane in synergy with CT complexation of 

the NDI and pyrene resulted in co-assembled lamellar nanostructures. The highly 

efficient CT complexation is obtained by the heterotelechelic Pyr-Si8-NDI oligomer via 

the co-crystallization of NDIs and pyrenes into dimers, forming a thermodynamically 

stable, highly organized lamellar nanostructure with alternating layers of amorphous 

oDMS and crystalline stacks of D-A dimers. Binary mixtures of Pyr-oDMS and NDI-

oDMS conjugates gave organized, lamellar nanostructures with co-assembled NDIs and 

pyrenes, however, only when the alkyl linkers of both block molecules in the binary 

mixture match. In contrast, the length of the amorphous siloxane linking the end-blocks 

does not affect the packing of the D-A complex in the binary mixture. Hence, a co-

assembled, lamellar phase was always obtained, even when the mismatch between the 
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siloxane oligomers was 32 repeat units. This strengthens the conclusion that the 

formation of a co-assembled structure in the bulk is not just a matter of matching similar 

domain spacings, but also shows the role of the D-A CT interaction strength. With this, 

we created a modular system by combining various pyrene and NDI-functionalized 

oDMS block molecules into a CT material and allowed for the design of a specific domain 

spacing. Thereby, the distance between the CT layers can be altered which makes these 

materials promising for nanotechnology and lithography purposes.  

 

5.5    Experimental section 

5.5.1 Materials and methods 

All chemicals were purchased from commercial sources and used without further purification. 

Monodisperse di- and monohydride dimethylsiloxane oligomers were synthesized according to the 

procedures described in Chapter 2. NDI-3 and 10-undecen-1-amine were synthesized according to 

literature procedures.26 Dry solvents were obtained with an MBRAUN solvent purification system 

(MB-SPS). Oven-dried glassware (120°C) was used for all reactions carried out under argon 

atmosphere. Reactions were followed by thin-layer chromatography (TLC) using 60-F254 silica gel 

plates from Merck and visualized by UV light at 254 nm. Automated column chromatography was 

conducted on a Biotage Isolera One system using Biotage KP-SIL Silica Flash Cartridges. NMR 

spectra were recorded on Varian Mercury Vx 400 MHz or Bruker ASCEND 400 MHz (400 MHz for 
1H NMR and 100 MHz for 13C NMR) spectrometers. Deuterated solvents used are indicated in each 

case. Chemical shifts (δ) are expressed in ppm and are referred to the residual peak of the solvent. 

Peak multiplicity is abbreviated as s: singlet; d: doublet, q: quartet; p: pentet; m: multiplet; dd: double 

doublet; ddt: double doublet of triplets. Matrix assisted laser absorption/ionization-time of flight 

mass spectra (MALDI-ToF) were obtained on a PerSeptive Biosystems Voyager DE-PRO 

spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) or 2-[(2E)-3-(4-tert-butylphenyl)-2-

methylprop-2-enylidene]malononitrile (DCTB) as matrices. Polarized Optical Microscopy (POM) 

samples were placed on glass substrates and imaged using Nikon Xfinity1 Lumenera microscope with 

5x magnification. Differential scanning calorimetry (DSC) data were collected on a DSC Q2000 from 

TA instruments, calibrated with an indium standard. The samples (4–8 mg) were weighed directly 

into aluminum pans and hermetically sealed. The samples were initially heated to 180 °C and then 

subjected to two cooling/heating cycles from -50 °C to 180 °C with a rate of 10 or 2 K min-1. The data 

that is presented, represents the second heating and/or cooling cycle. 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-1. Scattered X-rays were captured on a 2-dimensional Pilatus 300K detector with 487 × 619 pixel 

resolution. The sample-to-detector distance was 0.084 m (WAXS mode) or 0.48 m (MAXS mode). 

The instrument was calibrated with diffraction patterns from silver behenate. Ultraviolet–visible 

(UV-vis) absorbance spectra were recorded on a Jasco V-650 UV/Vis spectrometer at 293 K with a 

Jasco ETCT-762 temperature controller. UV-vis measurements were performed using spincoated 

quartz plates. 
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5.5.2 Synthetic procedures 

Pyr-0 
To a suspension of K2CO3 (1.60 g, 11.6 mmol, 2 eq) in dry DMF (0.2 M), 1-hydroxypyrene (1),          

5-bromo-1-pentene (2) (1.73 g, 11.6 mmol, 2 eq) and KI (0.1 g, 0.56 mmol, 0.1 eq) were added. The 

reaction was stirred at 80 ˚C for 24 h. The reaction mixture was cooled to room temperature and 

50 mL of acetone was added. The mixture was filtered using a paper filter. The filtrate was collected 

and the acetone was removed by rotary evaporation. Subsequently, the crude mixture was 

precipitated in 300 mL water, dropwise and while stirring. The mixture was filtered using a paper 

filter and the residue was dried in vacuo yielding pure Pyr-0 as a dark green solid (1.48 g, 89%). 1H 

NMR (400 MHz, CDCl3): δ = 8.50 (d, J = 9.2 Hz, 1H, Pyr-H), 8.16 – 8.02 (m, 4H, Pyr-H), 8.01 – 7.87 

(m, 3H, Pyr-H), 7.52 (d, J = 8.4 Hz, 1H, O-C-CH), 5.96 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H, CH=CH2), 

5.14 (m, 2H, CH=CH2), 4.33 (t, J = 6.3 Hz, 2H, O-CH2), 2.43 (q, J = 7.0 Hz, 2H, CH2-CH=CH2), 2.12 

(p, J = 8.1 Hz, 2H, O-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 153.23, 137.98, 131.88, 131.84, 

127.38, 126.43, 126.19, 125.97, 125.93, 125.60, 125.11, 125.05, 124.33, 124.24, 121.39, 120.55, 

115.47, 109.25, 68.23, 30.50, 28.83 ppm. 
 

1,3-Dioxo-2-pentyl-2,3-dihydro-1H-benzo[de]isoquinoline-6,7-dicarboxylic acid (5) 
NTCDA (3) (0.6 g, 2.24 mmol, 2 eq) and n-pentylamine (4) (0.10 g, 1.12 mmol) were loaded into a 

20 mL microwave reaction vessel equipped with a magnetic stirrer. DMF (7 mL) was added, the 

vessel was sealed and the suspension was sonicated for 15 minutes. The mixture was heated in the 

microwave (300 W) at 75 °C for 5 minutes, followed by heating at 140 °C for 15 minutes. The 

suspension was poured into 200 mL NaOH (1 M), precipitates formed and the mixtures was filtered 

using a paper filter. The filtrate was acidified with concentrated HCl (37%) until pH ∼7. Then, the 

mixture was acidified to pH ∼3 more gently using a 3M HCl solution resulting in the formation of 

precipitates. The mixture was filtered and the residue was dried in vacuo at 80 °C overnight. Pure 

naphthalene mono-imide (NMI) 5 was obtained as a light-brown solid (86 mg, 22 %). 1H NMR (400 

MHz, DMSO-d6): δ = 8.48 (d, J = 7.7 Hz, 2H, HOOC-C-CH), 8.03 (s, 2H, N-CO-C-CH), 4.03 (t, J = 

7.6 Hz, 2H, N-CH2-CH2), 1.69 – 1.62 (m, 2H, N-CH2-CH2), 1.38 – 1.30 (m, 4H, CH2-CH2-CH3), 0.87 

(t, J = 8.4 Hz, 3H, CH2-CH3) ppm. 

 

2-(pent-4-en-1-yl)-7-pentylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (6) 
NMI 5 (92.5 mg, 0.26 mmol) and 4-pentene-1-amine (34 mg, 0.39 mmol, 1.5 eq) were loaded into 

a 5 mL microwave reaction vessel equipped with a magnetic stirrer. DMF (4 mL) was added, the 

vessel was sealed and the suspension was sonicated for 10 minutes. The mixture was heated in the 

microwave (300 W) at 75 °C for 5 minutes, followed by heating at 140 °C for 15 minutes. The 

suspension was poured into 100 mL water, precipitates formed and the mixture was filtered using 

a paper filter and the filter was rinsed with water. Subsequently, the residue was dried in vacuo at 

100 °C overnight. The crude product was dissolved in CHCl3, filtered over a silica plug (4 cm) and 

eluted with CHCl3. The product was dried in vacuo, yielding pure NDI 6 as a light pink solid (50 mg, 

48%). 1H NMR (400 MHz, CDCl3): δ = 8.76 (s, 4H, Ar-H), 5.90 (ddt, J = 16.7, 10.0, 6.7 Hz, 1H, 

CH=CH2), 5.16 – 4.96 (m, 2H, CH=CH2), 4.32 – 4.14 (m, 4H, N-CH2), 2.22 (q, J = 7.1 Hz, 2H, CH2-

CH=CH2), 1.89 (p, J = 7.6 Hz, 2H, CH2-CH2-CH=CH2), 1.75 (t, J = 7.4 Hz, 2H, CH2-CH2-CH2-CH3), 

1.47 – 1.38 (m, 4H, CH2-(CH2)2-CH3), 0.93 (t, J = 6.9 Hz, 3H, CH2-CH3); 13C NMR (100 MHz, CDCl3) 

δ = 162.98, 162.96, 137.59, 131.09, 131.07, 126.84, 126.82, 126.78, 126.72, 115.40, 41.11, 40.67, 
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31.34, 29.32, 27.90, 27.19, 22.54, 14.11 ppm. LC-MS: m/z calc. for C24H24N2O2+: 405.47; found 405.17 

Da [M+H]+. 

 
1,3-Dioxo-2-(undec-10-en-1-yl)-2,3-dihydro-1H-benzo[de]isoquinoline-6,7-dicarboxylic acid (8) 
NTCDA (3) (1.35 g, 2.24 mmol, 2.5 eq) and 10-undecen-1-amine (7) (0.34 g, 2.01 mmol) were 

loaded into a 20 mL microwave reaction vessel equipped with a magnetic stirrer. DMF (7 mL) was 

added, the vessel was sealed and the suspension was sonicated for 15 minutes. The mixture was 

heated in the microwave (300 W) at 75 °C for 5 minutes, followed by heating at 140 °C for 

15 minutes. The suspension was poured into 150 mL NaOH (1 M), precipitates formed and the 

mixture was filtered using a paper filter. The filtrate was acidified with 3M HCl until pH ∼5 was 

reached and precipitates formed. The mixture was filtered and the residue was dried in vacuo at 

80 °C overnight. Pure naphthalene mono-imide (NMI) 8 was obtained as a light-brown solid (500 mg, 

57%). 1H NMR (400 MHz, DMSO-d6): δ = 8.48 (d, J = 7.5 Hz, 2H, HOOC-C-CH), 8.03 (d, J = 7.7 Hz, 

2H, N-CO-C-CH), 5.77 (ddt, J = 16.6, 8.4 Hz, 1H, CH=CH2), 5.11 – 4.84 (m, 2H, CH=CH2), 
4.03 (t, J = 7.3 Hz, 2H, N-CH2-CH2), 1.99 (q, J = 8.0 Hz, 2H, CH2-CH=CH2), 1.68 – 1.57 (m, 2H, N-

CH2-CH2), 1.38 – 1.10 (m, 12H, CH2-(CH2)6). 

 

2-Pentyl-7-(undec-10-en-1-yl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (9) 
NMI 8 (0.5 g, 1.14 mmol) and n-pentylamine (0.5 g, 5.71 mmol, 5 eq) were loaded into a 5 mL 

microwave reaction vessel equipped with a magnetic stirrer. DMF (4 mL) was added, the vessel was 

sealed and the suspension was sonicated for 10 minutes. The mixture was heated in the microwave 

(300 W) at 75 °C for 5 minutes, followed by heating at 140 °C for 15 minutes. The suspension was 

poured into 100 mL water, precipitates formed and the mixture was filtered using a paper filter. 

The filter was washed with water and the residue was dried in vacuo at 100 °C overnight. The crude 

product was dissolved in DCM, filtered over a silica plug (4 cm) and eluted with DCM. The solvent 

was removed in vacuo and pure NDI 9 was obtained as a light pink solid (130 mg, 28%). 1H NMR 

(400 MHz, CDCl3): δ = 8.74 (s, 4H, Ar-H), 5.80 (ddt, J = 16.9, 9.9, 6.7 Hz, 1H, CH=CH2), 5.02 – 4.82 

(m, 2H, CH=CH2), 4.18 (t, J = 7.5 Hz, 4H, N-CH2), 2.02 (q, J = 6.8 Hz, 2H, CH2-CH=CH2), 1.78 – 

1.69 (m, 4H, N-CH2-CH2), 1.44 – 1.20 (m, 20H, CH2-(CH2)8-CH3 and CH2-(CH2)2-CH), 0.98 – 0.88 

(m, 3H, CH2-CH3) ppm. 

 

Pyr-Si8-hydride (10) 
Pyr-0 (0.08 g, 0.28 mmol) and Si8 dihydride (0.32 g, 0.56 mmol, 2 eq) were dissolved in DCM (1 mL). 

A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction was stirred at room 

temperature under argon atmosphere for 1 h. After full conversion of the olefin, the crude mixture 

was purified by automated column chromatography using heptane/DCM (gradient 90/10 to 70/30) 

as eluent. Pure Pyr-Si8-H (10) was obtained as a green oil (0.13 g, 56%). 1H NMR (400 MHz, CDCl3) 

δ = 8.49 (d, J = 9.2 Hz, 1H, Pyr-H), 8.14 – 8.07 (m, 3H, Pyr-H), 8.04 (d, J = 9.2 Hz, 1H, Pyr-H), 7.99 

– 7.93 (m, 2H, Pyr-H), 7.88 (d, J = 8.9 Hz, 1H, Pyr-H), 7.54 (d, J = 8.4 Hz, 1H, CH-C-O), 4.72 (h, J 
= 2.8 Hz, 1H, Si(CH3)2-H), 4.33 (t, J = 6.5 Hz, 2H, O-CH2), 2.02 (p, J = 6.7 Hz, 2H, O-CH2-CH2), 1.67 

(p, J = 7.2 Hz , 2H, O-CH2-CH2-CH2-CH2), 1.53 – 1.46 (m, 2H, O-CH2-CH2-CH2-CH2), 0.72 – 0.60 

(m, 2H, CH2-Si(CH3)2), 0.20 (d, J = 2.8 Hz, 6H, Si(CH3)2-H), 0.15 – 0.04 (m, 42H, Si(CH3)2); 13C NMR 

(100 MHz, CDCl3) δ = 153.41, 131.90, 127.41, 126.38, 126.18, 126.01, 125.63, 125.26, 125.16, 125.01, 

124.26, 121.49, 120.59, 109.26, 69.14, 30.19, 29.47, 23.37, 18.47, 1.38, 1.24, 1.03, 0.86, 0.40 ppm. MS 

(MALDI-ToF): m/z calc. for C37H68O8Si8+: 864.31; found 864.33 Da [M+H]+. 
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Pyr-1 
Pyr-0 (0.35 g, 1.2 mmol, 2.4 eq) and Si8 dihydride (0.29 g, 0.5 mmol) were dissolved in DCM (1 mL). 

A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction was stirred at room 

temperature under argon atmosphere for 2 h. After full conversion of the hydride, the crude 

mixture was purified by automated column chromatography using heptane/DCM (gradient 95/5 to 

80/20) as eluent. The pure product Pyr-1 was obtained as a dark-green solid (0.48 g, 83%). 1H NMR 

(400 MHz, CDCl3) δ = 8.47 (d, J = 9.1 Hz, 2H, Pyr-H), 8.09 (dd, J = 8.4, 6.4 Hz, 6H, Pyr-H), 8.02 (d, 

J = 9.2 Hz, 2H, Pyr-H), 7.97 – 7.91 (m, 4H, Pyr-H), 7.87 (d, J = 9.0 Hz, 2H, Pyr-H), 7.52 (d, J = 8.4 

Hz, 2H, CH-C-O), 4.31 (t, J = 7.2 Hz, 4H, O-CH2), 2.01 (p, J = 6.6 Hz, 4H, O-CH2-CH2), 1.65 (p, J = 

7.4 Hz, 4H, O-CH2-CH2-CH2-CH2), 1.54 – 1.44 (m, 4H, O-CH2-CH2-CH2-CH2), 0.69 – 0.58 (m, 4H, 

CH2-Si(CH3)2), 0.11 – 0.05 (m, 48H, Si(CH3)2; 13C NMR (100 MHz, CDCl3) δ = 153.40, 131.90, 131.87, 

127.40, 126.37, 126.17, 125.99, 125.62, 125.24, 125.13, 125.00, 124.29, 124.20, 121.47, 120.57, 

109.26, 69.14, 32.04, 30.17, 29.45, 23.35, 22.85, 18.44, 14.27, 1.37, 1.26, 0.38, 0.15 ppm. MS 

(MALDI-ToF): m/z calc. for C58H86O9Si8+: 1153.00; found 1151.44 Da [M+H]+. 

 

Pyr-2 
Pyr-0 (0.1 g, 0.35 mmol, 2.3 eq) and Si24 dihydride (0.26 g, 0.15 mmol) were dissolved in DCM 

(1 mL). A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction was stirred at 

room temperature under argon atmosphere for 1 h. After full conversion of the hydride, the crude 

mixture was purified by automated column chromatography using heptane/DCM (gradient 95/5 to 

80/20) as eluent. The pure product Pyr-2 was obtained as a dark-green oil (0.26 g, 74%). 1H NMR 

(400 MHz, CDCl3) δ = 8.47 (d, J = 9.1 Hz, 2H, Pyr-H), 8.09 (dd, J = 8.4, 6.4 Hz, 6H, Pyr-H), 8.03 (d, 

J = 9.2 Hz, 2H, Pyr-H), 7.98 – 7.92 (m, 4H, Pyr-H), 7.87 (d, J = 9.0 Hz, 2H, Pyr-H), 7.54 (d, J = 8.6 

Hz, 2H, CH-C-O), 4.31 (t, J = 6.5 Hz, 4H, O-CH2), 2.07 – 1.97  (m, 4H, O-CH2-CH2), 1.72 –  1.59 

(m, 4H, O-CH2-CH2-CH2-CH2), 1.54 – 1.44 (m, 4H, O-CH2-CH2-CH2-CH2), 0.69 – 0.58 (m, 4H, CH2-

Si(CH3)2), 0.10 – 0.05 (m, 144H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 153.26, 131.75, 127.25, 

126.23, 126.03, 125.86, 125.47, 125.11, 125.00, 124.86, 124.14, 124.06, 121.33, 120.44, 109.12, 69.00, 

30.02, 29.31, 23.21, 18.30, 1.42, 1.20, 1.11, 0.68, 0.23 ppm. MS (MALDI-ToF): m/z calc. for 

C90H182O25Si24+: 2339.46; found 2337.38 Da [M+H]+. 

 

Pyr-3 
Pyr-0 (0.34 g, 1.2 mmol, 2.4 eq) and Si40 dihydride (0.29 g, 0.50 mmol) were dissolved in DCM 

(1 mL). A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction was stirred at 

room temperature under argon atmosphere. After full conversion of the hydride, the crude mixture 

was purified by automated column chromatography using heptane/DCM (gradient 95/5 to 80/20) 

as eluent. The pure product Pyr-3 was obtained as a dark-green oil (0.48 g, 83%). 1H NMR (400 

MHz, CDCl3) δ = 8.47 (d, J = 9.1 Hz, 2H, Pyr-H), 8.09 (dd, J = 8.4, 6.4 Hz, 6H, Pyr-H), 8.03 (d, J = 

9.2 Hz, 2H, Pyr-H), 7.98 – 7.93 (m, 4H, Pyr-H), 7.87 (d, J = 9.0 Hz, 2H, Pyr-H), 7.54 (d, J = 8.6 Hz, 

2H, CH-C-O), 4.31 (t, J = 6.5 Hz, 4H, O-CH2), 2.07 – 1.94  (m, 4H, O-CH2-CH2), 1.96 –  1.56 (m, 

4H, O-CH2-CH2-CH2-CH2), 1.54 – 1.44 (m, 4H, O-CH2-CH2-CH2-CH2), 0.69 – 0.58 (m, 4H, CH2-

Si(CH3)2), 0.11 – 0.05 (m, 240H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 153.26, 131.75, 127.41, 

126.39, 126.19, 126.01, 125.63, 125.26, 125.15, 125.02, 124.30, 124.22, 121.49, 120.59, 109.27, 69.15, 

30.19, 29.47, 23.37, 18.46, 1.57, 1.36, 1.20, 0.83, 0.38 ppm. MS (MALDI-ToF): m/z calc. for 

C122H374O41Si40+: 3525.88; found 3524.05 Da [M+H]+. 

 

 



│Chapter 5 

118 

 

NDI-1 
NDI 6 (38 mg, 0.09 mmol, 2.2 eq) and Si8 dihydride (25 mg, 0.04 mmol) were dissolved in DCM 

(1 mL). A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction was stirred at 

room temperature under argon atmosphere for 1 h. After full conversion of the hydride, the crude 

mixture was purified by automated column chromatography using heptane/DCM (gradient 50/50 

to 0/100) as eluent. The pure product NDI-1 was obtained as an off-white solid (30 mg, 51%). 1H 

NMR (400 MHz, CDCl3) δ = 8.74 (s, 8H, NDI-H), 4.18 (t, J = 7.5, 8H, N-CH2-CH2), 1.73 (p, J = 8.1 

Hz, 8H, N-CH2-CH2), 1.51 – 1.33 (m, 16H, N-CH2-CH2-CH2-CH2), 0.92 (d, J = 6.7 Hz, 6H, CH2-CH2-

CH3), 0.59 – 0.53 (m, 4H, CH2-Si(CH3)2), 0.10 – 0.01 (m, 60H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) 

δ = 162.87, 162.83, 130.88, 126.72, 126.70, 126.67, 53.59, 40.96, 30.85, 29.24, 27.85, 27.79, 23.05, 

22.45, 18.21, 13.97, 1.16, 1.06, 0.14 ppm. MS (MALDI-ToF): m/z calc. for C64H98N4O15Si8Na+: 

1409.49; found 1409.55 Da [M+Na]+. 

 

NDI-2 
NDI 9 (130 mg, 0.27 mmol, 2.6 eq) and Si8 dihydride (59 mg, 0.10 mmol) were dissolved in DCM 

(1 mL). A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction was stirred at 

room temperature under argon atmosphere 1 h. After full conversion of the hydride, the crude 

mixture was purified by automated column chromatography using heptane/DCM (gradient 80/20 

to 0/100) as eluent. The pure product NDI-2 was obtained as an off-white solid (30 mg, 20%). 1H 

NMR (400 MHz, CDCl3) δ = 8.74 (s, 8H, NDI-H), 4.18 (t, J = 7.4, 8H, N-CH2-CH2), 1.72 (t, J = 10.1 

Hz, 8H, N-CH2-CH2), 1.46 – 1.18 (m, 20H, CH2-(CH2)2-CH3 and CH2-(CH2)8-CH2-Si(CH3)2), 0.92 (t, 

J = 6.5 Hz, 6H, CH2-CH3), 0.54 – 0.47 (m, 4H, CH2-Si(CH3)2), 0.11 – 0.01 (m, 60H, Si(CH3)2); 13C 

NMR (100 MHz, CDCl3) δ = 162.98, 162.96, 131.06, 126.83, 126.79, 41.15, 41.10, 33.63, 29.81, 29.75, 

29.71, 29.56, 29.50, 29.32, 28.25, 27.90, 27.26, 23.38, 22.54, 18.42, 14.10, 1.32, 1.22, 1.14, 0.46, 0.34, 

0.13. MS (MALDI-TOF): m/z calc. for C76H122N4O15Si8+: 1554.91; found 1554.98 Da [M+H]+. 

 

Pyr-Si8-NDI 
Pyr-Si8-hydride (10) (23 mg, 0.03 mmol) and NDI (6) (12 mg, 0.03 mmol, 1.1 eq) were dissolved in 

DCM (1 mL). A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction was stirred 

at room temperature under argon atmosphere for 1 h. After full conversion of the hydride, the 

crude mixture was purified by automated column chromatography using heptane/DCM (gradient 

90/10 to 80/20) as eluent. The pure product Pyr-Si8-NDI was obtained as a purple solid (24 mg, 

45%). 1H NMR (400 MHz, CDCl3) δ = 8.42 (s, 4H, NDI-H), 8.27 (d, J = 8.9 Hz, 1H, Pyr-H), 7.99 – 

7.91 (m, 3H, Pyr-H), 7.90 – 7.81 (m, 2H, Pyr-H), 7.79 – 7.75 (m, 1H, Pyr-H), 7.73 – 7.69 (m 1H, 

Pyr-H), 7.43 (d, J = 8.4 Hz, 1H, Pyr-H), 4.29 (t, J = 6.4 Hz, 2H, Pyr-O-CH2), 4.15 (t, J = 7.7 Hz, 4H, 

N-CH2), 2.02 (q, J = 7.1 Hz, 2H, O-CH2-CH2), 1.80 – 1.72 (m, 4H, N-CH2-CH2), 1.72 – 1.63 (m, 2H, 

O-CH2-CH2-CH2-CH2), 1.52 – 1.36 (m, 10H, CH2-CH2-CH2-Si7-CH2-CH2-CH2), 1.29 – 1.22 (m, 2H, 

CH2-CH3), 0.99 – 0.91 (m, 3H, CH2-CH3), 0.70 – 0.62 (m, 2H, O-(CH2)4-CH2-Si(CH3)2), 0.62 – 0.55 

(Si(CH3)2-CH2-(CH2)4-N),  0.14 – 0.03 (m, 48H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 162.96, 

162.90, 153.38, 131.81, 131,78, 130.85, 129.64, 127.36, 126.75, 126.48, 126.33, 126.19, 125.62, 

125.13, 124.97, 124.25, 121.44, 120.45, 109.20, 69.12, 41.09, 30.97, 30.19, 29.41, 27.95, 23.27, 22.57, 

18.41, 14.13, 1.57, 1.35, 1.20, 0.83, 0.35. MS (MALDI-TOF): m/z calc. for C61H92N2O12Si8+: 1268.48; 

found 1269.50 Da [M+H]+. 
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4-((4-(Pent-4-en-1-yloxy)phenyl)diazenyl)phenol) (12) 
Dihydroxyazobenzene (11) (1.00 g, 4.16 mmol), K2CO3 (1.72 g, 12.44 mmol, 3 eq) and KI (0.07 g, 

0.41 mmol, 0.1 eq) were dissolved in acetone (10 mL). While stirring, 5-bromo-1-pentene (2) 

(0.31 g, 2.07 mmol, 0.5 eq) was added. The mixture was heated to 55 °C and the reaction was stirred 

overnight. After full conversion, the mixture was cooled to room temperature and filtered using a 

paper filter to remove the salt precipitates. The filter paper was rinsed with CHCl3 and the filtrate 

was concentrated in vacuo to a volume of 150 mL CHCl3. The crude mixture was washed with 

1M HCl (100 mL). The organic layer was collected and the aqueous layer was extracted twice with 

CHCl3 (2 × 100 mL). The organic layers were collected, combined and dried with MgSO4. After 

filtration, the crude was concentrated in vacuo, and purified by automated column chromatography 

using DCM/MeOH (gradient 99/1 to 95/5) as eluent. The pure azobenzene 12 was obtained as a 

yellow solid (0.55 g, 47%). 1H NMR (400 MHz, CDCl3) δ = 7.85 (dd, J = 12.8, 8.5 Hz, 4H, CH-C-N), 

6.99 (d, J = 8.6 Hz, 2H, CH-C-O-CH2), 6.92 (d, J = 8.5 Hz, 2H, CH-C-OH), 5.87 (ddt, J = 17.0, 10.1, 

6.6 Hz, 1H, CH=CH2), 5.14 – 4.97 (m, 2H, CH=CH2), 4.05 (t, J = 6.4 Hz, 2H, O-CH2), 2.27 (q, J = 7.2 

Hz, 2H, CH2-CH=CH2), 1.92 (p, J = 6.9 Hz, 2H, O-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 161.31, 

157.76, 147.42, 147.03, 137.81, 124.69, 124.51, 124.46, 115.88, 114.85, 67.63, 30.22, 28.50 ppm. 

 
1-(4-Methoxyphenyl)-2-(4-(pent-4-en-1-yloxy)phenyl)diazene (13) 
Azobenzene (12) (225 mg, 0.80 mmol), K2CO3 (441 mg, 3.19 mmol, 4 eq) and methyl iodide 

(294 mg, 2.07 mmol, 2.6 eq) were dissolved in acetone (2 mL). The reaction was stirred at 55 °C 

overnight. After full conversion, the mixture was cooled to room temperature and filtered using a 

paper filter to remove the salt precipitates. The filter paper was rinsed with acetone and the filtrate 

was dried in vacuo to remove the acetone. The crude product was dissolved in 100 mL CHCl3 and 

washed with a mixture of 0.1M HCl (25 mL) and water (25 mL). The organic layer was collected 

and the aqueous layer was extracted twice with CHCl3 (2 × 100 mL). The organic layers were 

collected, combined and dried with MgSO4. The product was concentrated in vacuo, yielding the 

pure methoxy-azobenzene 13 as a yellow solid (240 mg, quant.). 1H NMR (400 MHz, CDCl3) δ = 

7.87 (dd, J = 9.6, 6.5 Hz, 4H, CH-C-N), 7.00 (dd, J = 8.5, 5.8 Hz, 4H, CH-C-O), 5.87 (ddt, J = 16.9, 

10.1, 6.6 Hz, 1H, CH=CH2), 5.14 – 4.96 (m, 2H, CH=CH2), 4.05 (t, J = 6.4 Hz, 2H, O-CH2), 3.89 (s, 

3H, O-CH3), 2.27 (q, J = 7.2 Hz, 2H, CH2-CH=CH2), 1.93 (p, J = 6.9 Hz, 2H, O-CH2-CH2); 13C NMR 

(100 MHz, CDCl3) δ = 161.66, 161.24, 147.25, 147.12, 137.82, 124.47, 124.45, 115.47, 114.82, 114.30, 

67.61, 55.70, 30.22, 28.52 ppm. 

 

MeAzo-Si16-hydride (14) and MeAzo-Si16-AzoMe 
Methoxy-azobenzene (13) (0.24 g, 0.81 mmol) and Si16 dihydride (1.42 g, 1.21 mmol, 1.5 eq) were 

dissolved in DCM (4 mL). A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the reaction 

was stirred at room temperature under argon atmosphere for 1 h. After full conversion of the double 

bond, the crude mixture was purified by automated column chromatography using heptane/DCM 

(gradient 80/10 to 0/100) as eluent. This yielded pure products MeAzo-Si16-AzoMe (0.1 g, 7%) and 

MeAzo-Si16-hydride 14 (0.57 g, 48%). 1H NMR MeAzo-Si16-AzoMe (400 MHz, CDCl3) δ = 7.87 (dd, 

J = 8.7, 4.7 Hz, 8H, CH-C-N), 6.99 (dd, J = 8.7, 6.4 Hz, 8H, CH-C-O), 4.03 (t, J = 6.5 Hz, 4H, O-CH2), 

3.88 (s, 6H, O-CH3), 1.82 (p, J = 6.8 Hz, 4H, O-CH2-CH2), 1.56 – 1.47 (m, 4H, O-CH2-CH2-CH2), 

1.47 – 1.37 (m, 4H, CH2-CH2-Si(CH3)2), 0.64 – 0.54 (m, 4H, CH2-Si(CH3)2), 0.08 (s, 96H, Si(CH3)2); 
13C NMR MeAzo-Si16-AzoMe (100 MHz, CDCl3) δ = 161.64, 161.36, 147.27, 147.06, 124.47, 124.44, 

114.80, 114.30, 68.45, 55.69, 29.87, 29.13, 23.24, 18.36, 1.58, 1.35, 1.24, 1.21, 0.84, 0.36, 0.15 ppm. 

MS MeAzo-Si16-AzoMe (MALDI-ToF): m/z calc. for C68H138N4O19Si16+: 1762.63; found 1763.52 
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Da[M+H]+. 1H NMR MeAzo-Si16-hydride 15 (400 MHz, CDCl3) δ = 7.86 (dd, J = 9.6, 5.2 Hz, 4H, 

CH-C-N), 6.99 (dd, J = 9.0, 7.0 Hz, 4H, CH-C-O), 4.70 (p, J = 2.7 Hz, 1H, Si(CH3)2-H) 4.03 (t, J = 6.6 

Hz, 2H, O-CH2), 3.89 (s, 3H, O-CH3), 1.82 (p, J = 6.6 Hz, 2H, O-CH2-CH2), 1.53 – 1.46 (m, 2H, O-

CH2-CH2-CH2), 1.46 – 1.38 (m, 2H, CH2-CH2-Si(CH3)2), 0.63 – 0.52 (m, 2H, CH2-Si(CH3)2), 0.18 (d, 

J = 2.8 Hz, 6H, Si(CH3)2-H), 0.11 – 0.03 (m, 90H, Si(CH3)2); 13C NMR MeAzo-Si16-hydride 15 (100 

MHz, CDCl3) δ = 150.90, 124.31, 121.55, 120.80, 120.36, 114.64, 97.81, 96.86, 96.36, 95.30, 59.29, 

33.35, 27.73, 22.54, 13.06, 10.81, 3.05, 1.19, 1.05, 0.20, 0.00 ppm. MS MeAzo-Si16-hydride 15 

(MALDI-ToF): m/z calc. for C50H118N2O17Si16+: 1466.47; found 1467.53 Da [M+H]+. 

 

MeAzo-Si16-hydz 

MeAzo-Si16-hydride (14) (300 mg, 0.39 mmol) and hydrazone (15) (187 mg, 0.50 mmol, 1.3 eq) 

were dissolved in DCM (4 mL). A drop of Karstedt’s catalyst (2 wt% in xylene) was added and the 

reaction was stirred at room temperature under argon atmosphere for 4 h. After full conversion of 

the hydride, the crude mixture was purified by automated column chromatography using 

heptane/DCM (gradient 75/25 to 0/100) as eluent. The pure product MeAzo-Si16-hydz was obtained 

as a red solid (300 mg, 53%). 1H NMR (400 MHz, CDCl3) δ = 11.26 (s, 1H, CH-N-NH), 9.14 (s, 1H, 

CH-C-NO2), 8.33 (dd, J = 9.6, 2.5 Hz, 1H, CH=N-NH), 8.06 (t, J = 4.8 Hz, 2H, C-CH-CH-C-NO2), 

7.86 (dd, J = 8.7, 4.5 Hz, 4H, CH-C-N=N), 7.70 (d, J = 8.4 Hz, 2H, O-C-CH-CH-C-CH=N), 7.06 – 

6.85 (m, 6H, O-C-CH-CH-C), 4.15 – 3.96 (m, 4H, O-CH2), 3.88 (s, 3H, O-CH3), 1.82 (p, J = 6.9 Hz, 

4H, O-CH2-CH2), 1.60 – 1.46 (m, 4H, O-CH2-CH2-CH2), 1.46 – 1.36 (m, 4H, CH2-CH2-Si(CH3)2), 

0.70 – 0.49 (m, 4H, CH2-Si(CH3)2), 0.15 – 0.02 (m, 96H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ =  

161.81, 161.64, 161.35, 148.09, 147.24, 147.04, 144.96, 138.02, 130.08, 129.46, 129.20, 125.65, 

124.46, 124.43, 123.74, 116.81, 115.14, 114.78, 114.29, 77.48, 77.36, 77.16, 76.84, 68.45, 68.40, 55.69, 

53.57, 29.87, 29.85, 29.13, 29.06, 23.24, 18.35, 1.58, 1.34, 1.24, 1.21, 0.84, 0.35, 0.15 ppm. MS 

(MALDI-TOF): m/z calc. for C68H136N6O22Si16+: 1836.60; found 1837.64 Da [M+H]+.  
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Chapter 6 

Consequences of molecular architecture on the 

supramolecular assembly of discrete block co-

oligomers 

ABSTRACT: Supramolecular block copolymers composed of discrete blocks have 

promising properties for nanotechnology, which results from their ability to combine 

well-defined morphologies with good bulk material properties. Here, we present the 

impact of a well-defined siloxane block in either the main-chain or present as pendant 

grafts on the properties of supramolecular block copolymers that form ordered 

nanostructures with sub-5 nm domains. For this, two types of supramolecular block 

copolymers were synthesized based on the ureidopyrimidinone-urethane (UPy-UT) 

motif. In the first, oligodimethylsiloxanes (oDMS) of discrete length were end-capped 

with the UPy-UT moiety, affording main-chain UPy-UT-Sin. In the second, the UPy-UT 

moiety was grafted with discrete oDMS units affording grafted oligomer UPy-UT-g-Si7. 

For the two systems, the compositions are similar; only the molecular architecture differs. 

In both cases, aggregation of the UPy-UT block is in synergy with phase segregation of 

the oDMS, resulting in the formation of lamellar morphologies. The grafted UPy-UT-g-

Si7 can form long-range ordered lamellae, resulting in the formation of micrometer-sized 

2D sheets of supramolecular polymers which show brittle properties. In contrast, UPy-

UT-Sin forms a ductile material. As the compositions of both BCOs are similar, the 

differences in morphology and mechanical properties are a direct consequence of the 

molecular architecture. These results showcase how molecular design of the building 

block capable of forming block copolymers translates into controlled nanostructures and 

material properties as a result of the supramolecular nature of the interactions. 
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6.1    Introduction 

Approaching the fundamental limits in classical lithography techniques has sparked a 

search for alternative innovations in semiconductor and optoelectronics technology. 

Examples of exciting developments include 2D nanomaterials that are composed of self- 

assembled building blocks.1–3 For applications of these materials in e.g., adaptive 

materials, flexible displays and devices or electronic skins, highly organized 

nanostructures with good mechanical properties are required.4,5 The combination of these 

properties in one material, however, is rarely obtained.6 Therefore, to catalyze the 

development of these technologies, tough materials that combine mechanical properties 

with precise nanoscale organization are required.  

One of the most widely explored methods to control nanoscale morphologies is the 

assembly of block copolymers (BCPs) into various microphase-segregated morphologies.7–11 

As discussed in Chapter 1, the BCP architecture can be used as a tool to tune the phase 

behavior.12–22 Moreover, the use of discrete oligomers increases the order on the 

nanoscale.23–25 The resolution at the domain interface is further enhanced when one of 

the blocks is crystalline, improving the effective χ -parameter.26–31 However, as a result of 

their short block co-oligomer (BCO) chain length, these materials are typically brittle and 

lack the mechanical properties required for many integrated applications.  

One way to introduce toughness in the materials composed of defined, short building 

blocks are supramolecular interactions, extending the short blocks to form long, main-

chain supramolecular BCPs.32 Such telechelic building blocks are known to induce 

thermoplastic or elastic properties as a result of entanglements and physical cross-links 

of the supramolecular BCPs.33–37 Ureidopyrimidinone (UPy) is a promising 

supramolecular motif to form tough materials due to the strong, quadruple hydrogen 

bonding.38,39 In the past, amorphous-crystalline UPy-based supramolecular polymers 

were prepared by the incorporation of urethane functionalities adjacent to the UPy, 

which gives rise to lateral stacking of the hydrogen bonding moieties.40–42 However, for 

these materials, the linkers between the supramolecular moieties possessed a molar mass 

dispersity, which results in the loss of nanoscale organization.  

The importance of a periodic placement of supramolecular motifs in linear PDMS 

polymers for good nanoscale ordering and tough material properties was recently stressed 

by Bao and coworkers.43 Therefore, we envision that ultimately, a combination of 

supramolecular motifs and discrete oligodimethylsiloxane (oDMS) blocks will allow the 

marriage of bulk and nanoscale properties. We thus set out to explore the assembly 

processes of amorphous–crystalline supramolecular BCPs and gain insight into the 

structure–property relationship of the rationally designed materials.  

In this chapter, we report on the consequences of molecular architecture on the bulk 

properties of supramolecular assemblies of discrete, amorphous–crystalline block co-

oligomers. Thereby the influence of crystallization and architecture on nanoscale 
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organization and bulk properties is studied, as is widely done for classical BCPs.44–47                  

To this end, we synthesized and assembled a set of UPy-urethane (UPy-UT) 

functionalized discrete siloxane oligomers to obtain amorphous-crystalline supramolecular 

BCPs with two different molecular architectures (Scheme 1); a UPy-UT-oDMS 

alternating main-chain supramolecular BCP and a UPy-UT main-chain supramolecular 

polymer grafted with oDMS. With this, we expand our understanding of the effect of 

architecture and crystallization of supramolecular, amorphous-crystalline BCPs and their 

influence on the nanostructure and material properties. 

 

 
Scheme 1. Molecular structures of UPy-Sin and Bz-UPy-Sin,32 Bz-UPy-UT-Sin, UPy-UT-Sin, Bz-

UPy-UT-g-Si7 and UPy-UT-g-Si7. 
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6.2    Synthesis of Upy-UT-oDMS block co-oligomer 

We synthesized two architectures of ureidopyrimidinone-urethane (UPy-UT) BCOs 

with discrete, oligodimethylsiloxane (oDMS) as the soft, amorphous block and UPy-UT 

representing the hard, supramolecular assembling block. Inspired by previous work on 

UPy end-functionalized siloxanes (Scheme 1),32 the linear architecture was synthesized 

from oDMS-dihydrides with a length of 8, 16 or 24 repeating units (denoted as Si8, Si16 or 

Si24, respectively) by Kasper Vonk and Ghislaine Vantomme. The UPy-UT block was 

obtained by mono-substitution of 1,6-hexyldiisocyanate with methylisocytosine 

followed by reaction with an olefin terminated alcohol (Scheme 2). Benzyl-protection of 

the carbonyl-UPy was performed in order to selectively react the olefin terminated UPy-

UT to the oDMS-dihydrides through platinum catalyzed hydrosilylation. This resulted in 

three end-functionalized oligomers in 30 – 70% yield, denoted as Bz-UPy-UT-Sin, with 

n being the number of siloxane repeating units (Scheme 1). The benzyl protected UPy-

UT BCOs were obtained as white powders. Subsequent removal of the benzyl group by 

catalytic hydrogenation afforded the UPy-UT-Sin BCOs (27 – 52% yield) as transparent 

plastics.  

 

 
Scheme 2. Synthesis of UPy-UT-Sin. Reaction conditions: (a) hexamethylene diisocyanate, 100 °C, 

16 h (99%); (b) CHCl3, 3-buten-1-ol, DBTL, 60 °C, 16 h (82 %); (c) DMF, K2CO3, benzyl bromide, 

80 °C, 24 h (40%); (d) DCM, Sin-dihydride, Karstedt’s catalyst, r.t., 4‒20 h (30‒73%); (e) 

THF/ethanol 2/1, acetic acid, Pd/C (10 wt%), r.t., 4 atm hydrogen gas (Parr reactor) 22‒24 h (27‒

52%). 
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The UPy-UT grafted with oDMS was synthesized by Joost van der Tol from ethyl 

acetoacetate to obtain butenylisocytosine (Scheme 3). Similar to the linear architecture, the 

1,6-hexyldiisocyanate was mono-substituted with the isocytosine, followed by a reaction 

of the UPy-isocyanate with a diol to obtain the UPy-UT block. After benzyl protection, 

the olefin terminated 6-position of the UPy was reacted with oDMS7-monohydride 

completing the benzyl-protected grafted architecture in 48% yield, denoted as Bz-UPy-

UT-g-Si7. In contrast to the linear benzyl-protected analogues that were obtained as 

solids, Bz-UPy-UT-g-Si7 was obtained as a viscous liquid. Removal of the benzyl group 

resulted in UPy-UT-g-Si7 (52% yield); a brittle solid.  

 

 
Scheme 3. Synthesis of UPy-UT-g-Si7. Reaction conditions: (a) THF i) NaH, 0°C, 30 min ii) 2.2 M 

n-BuLi in hexanes, 0 °C, 30 min.; (b) THF i) Allyl bromide, RT, 2 h ii) conc. HCl in water/ether 

mixture 1/1 vol%; (c) EtOH, guanidine carbonate, reflux, 24 h (overall yield of steps a–c is 35%); 

(d) hexamethylene diisocyanate, reflux, 16 h (47%); (e) CHCl3 i) hexamethylene diol, reflux, 16 h, 

DBTL ii) 60-100 Å silica gel particles, DBTL, reflux, 1h (65%); (f) DMF, K2CO3, benzyl bromide, 

reflux 24 h (54%); (g) chloroform, Si7-monohydride, Karstedt’s catalyst, 50 °C, 4 h (48%); (h) 

THF/ethanol 2/1 vol%, acetic acid, Pd/C (10 wt%), 4 atm hydrogen gas (Parr reactor), 24 h (57%). 
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The volume fraction of siloxane per end-functionalized oligomer is similar for the 

grafted UPy-UT-g-Si7 and the linear UPy-UT-Si16 (Table 1). This allows us to compare the 

linear and grafted architectures and evaluate the effect of architecture on the thermal, 

morphological and mechanical properties of the BCO. First, the linear BCOs are discussed 

and we focus on the effect of the oDMS volume fraction on the BCO properties. We also 

compare the properties and morphologies of the linear UPy-UT-Sin and Bz-UPy-UT-Sin 

BCOs to the previously reported UPy-Sin and Bz-UPy-Sin as the design and siloxane 

volume fractions are very similar.32 In the second part, we focus on the characterization 

of UPy-UT-g-Si7 and compare the properties to those of UPy-UT-Si16. 

 

Table 1. Thermal and morphological characterization of grafted and linear (Bz)-UPy-UT-Sin block 

co-oligomers obtained by DSC and X-ray scattering analysis. 

Entry Compound a M w b  

[Da] 
f s i c 

[°C] 

T c d 

[°C] 
T m d 

[°C]  

∆H fus  d  

[kJ mol-1] 

TODT d 

[°C] 

d LAM e 

[nm] 

1 UPy-UT-Si8 1310 0.57 2.9 70.9 8.6 154.6 4.3 

2 UPy-UT-Si16 1903 0.73 21.2 60.5 15.1 164.6 5.0 

3 UPy-UT-Si24 2497 0.80 11.0 52.2 15.5 142.3 5.9 

4 Bz-UPy-UT-Si8 1490 0.51 n.o. 58.7f 45.3 n.o. 3.5 

5 Bz-UPy-UT-Si16 2084 0.67 n.o. 59.4f 

(27.9)g 

61.7 

(19.9)g 

n.o. 4.8 

6 Bz-UPy-UT-Si24 2677 0.76 n.o. 39.6f 28.5 n.o. 6.0 

7 UPy-UT-g-Si7 1823 0.73 21.1 103.2 23.4 n.o. 3.7 

8 Bz-UPy-UT-g-Si7 2003 0.68 n.o.  n.o. n.o. 94.7 3.5 

a BCOs as depicted in Scheme 1. b Calculated M w. c Volume fraction of the siloxane block, calculated 

using bulk densities for PDMS (0.95 g mL-1)23 and UPy (1.33 g mL-1).38 d Crystallization transition 

temperature (Tc), melt transition temperature (Tm) with corresponding enthalpy of fusion per mole 

BCO (ΔHfus) and order-disorder transition temperature (TODT) determined with DSC using a heating 

and cooling rate of 10 K min-1 and 5 K min-1 for the protected and deprotected BCOs, respectively. 
e Lamellar domain spacing of the crystalline phase examined with MAXS at room temperature and 

calculated from d = 2π/q*; f Transition only observed in the first heating run during the DSC 

measurement; g Melt temperature and enthalpy of fusion between brackets measured during the 

second heating cycle of the DSC measurement. n.o. = not observed. 

 

6.3    Crystallization-driven assembly of linear BCOs into lamellar 

nanostructures 

We assume that, complementary to UPy dimerization, urethane hydrogen bonding 

introduces crystallinity in the BCOs by lateral stacking of the UPy dimers, as known from 

previous studies.41 Therefore, the thermal transitions of UPy-UT-Sin and Bz-UPy-UT-Sin 

were examined using DSC. In this chapter, we only present the thermogram and Fourier 
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transform-infrared (FT-IR) spectrum of UPy-UT-Si16 as the data for the other linear UPy-

UT-Sin are very similar.48 The thermograms of the linear UPy-UT-Sin BCOs show a major 

endothermic transition and a second, much weaker endotherm upon heating (Figure 1A). 

This first transition represents melting of the crystalline domains with an enthalpic 

energy of 8.6 ‒ 15.5 kJ mol-1 (Table 1, entries 1–3). The melting temperatures (Tm) range 

from 70.9 to 52.2 °C going from a siloxane linker of 8 to 24 repeating units, respectively. 

FT-IR spectroscopy above Tm shows the appearance of the peak at 1726 cm-1 indicative of 

the hydrogen-bond dissociation of the urethanes (Figure 1B). We assign the weaker 

endothermic transition at higher temperatures (150 °C) to an order-disorder transition 

(TODT) from an amorphous, phase-segregated state to the isotropic state (vide infra). Upon 

cooling, organization into the amorphous, phase-segregated state occurs first (TDOT), 

followed by crystallization (Tc) at 2.9 to 21.2 °C (Table 1, entries 1–3).  

The first DSC heating run of the linear, benzyl protected oligomers Bz-UPy-UT-Sin 

gave melt transition temperatures at lower temperatures in all cases compared to the 

deprotected analogues (Table 1, entries 1–6). However, the enthalpic energy released 

upon melting was significantly higher for the protected BCOs (28.5 – 61.7 kJ mol-1). We 

attribute these differences in enthalpic energy to the efficiency in the molecular packing 

in the presence of the benzyl group, which will be discussed below.  

Medium and wide-angle X-ray scattering (MAXS and WAXS) measurements were 

conducted at room temperature to investigate the presence of ordered structures below 

Tm. The 1D transmission scattering data of the linear UPy-UT-Sin and Bz-UPy-UT-Sin are 

shown in Figures 1C–D. A lamellar structure was determined by the presence of a 

primary scattering peak (q*) followed by its integer multiples (2q*, 3q*, …) for all linear 

BCOs. The related domain sizes were calculated and tabulated as d LAM in Table 1. The 

formation of a lamellar structure irrespective of the siloxane volume fraction indicates 

that crystallization is the driving force for nanostructure organization. This was 

confirmed by the appearance of scattering peaks in the wide-angle region (q > 7 nm-1) 

suggesting crystallization of the UPy-UT and Bz-UPy-UT moieties. Although the 

enthalpic energies related to melting are relatively low for UPy-UT-Sin (8.6 ‒ 15.5 kJ mol-1), 

we conclude a crystallization-driven assembly for UPy-UT-Sin  by the combined DSC and 

X-ray scattering results. For UPy-UT-Sin, the crystallization is governed by the lateral 

stacking of the UPy dimers supported by the urethane hydrogen bonding as discussed 

above. No crystallization was observed for the previously reported UPy-Sin,32 and 

therefore we conclude that the urethane bonds positioned next to a UPy moiety are key 

to obtain a crystallization-driven assembly. A schematic representation of the crystalline, 

lamellar nanostructure inferred from the X-ray scattering results is given in Figures 2A–B. 

The scattering peaks of UPy-UT-Sin are relatively broad (Figure 1C), which becomes 

more pronounced when the volume fraction of siloxane becomes larger (e.g. for UPy-

UT-Si24). Most likely, this is due to the competition between phase segregation and 

crystallization resulting in a more distorted structure. Possibly, this is the origin of the 

lower enthalpic contribution to melting of the crystalline structure. Nevertheless, the 
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discrete design of the linker is crucial to obtain the ordered lamellae, as already shown in 

Chapter 4. Hence, a disperse reference UPy-UT-Si∼20 BCO shows significant broadening 

of the scattering peaks, indicative of broader interfaces between the lamellae (Figure 1C).  

 
Figure 1. (A) DSC trace of UPy-UT-Si16 (second heating and cooling run). Endothermic heat flows 

have a positive value. A temperature ramp of 5 K min-1 was used. (B) FT-IR spectra of UPy-UT-Si16 

at elevated temperatures, measured upon heating. (C) 1D transmission scattering profiles of         

UPy-UT-Sin and (D) of Bz-UPy-UT-Sin both at room temperature.  

 

The discrete, benzyl protected BCOs (Bz-UPy-UT-Sin) exhibit sharp scattering peaks 

in the 1D transmission scattering profiles (Figure 1D). Hence, the lamellae are more 

ordered, and crystallization of the benzyl protected BCOs is more favorable than for the 

UPy-UT-Sin due to a more efficient packing of the benzyl protected UPy-UT. This in 

accordance with the higher enthalpic energy corresponding to the melting of Bz-UPy-

UT-Sin compared to the deprotected analogues (vide supra). Most likely, the crystalline 

packing of Bz-UPy-UT-Sin is similar to that of the previously reported Bz-UPy-Sin in 
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which the crystallization is driven by slipped stacking of phenyl and pyrimidine rings as 

well as CH···π interactions.32 The only difference in molecular design is the urethane 

bond including a C6-linker of which the combination has a length of ∼0.65 nm. When 

comparing the domain spacings of Bz-UPy-UT-Sin with those of Bz-UPy-Sin, we observe 

a dLAM that is consistently 1.2 – 1.3 nm higher for the Bz-UPy-UT-Sin BCOs for all siloxane 

lengths. For example, the domain spacing of Bz-UPy-Si8 is 2.2 nm32 and Bz-UPy-UT-Si8 

shows a domain spacing of 3.5 nm (Table 1, entry 4). The difference of 1.3 nm arises from 

the length of the urethane with C6-linker that is incorporated twice for Bz-UPy-UT-Sin. 

From these results, we conclude that Bz-UPy-UT-Sin and Bz-UPy-Sin have a similar 

packing. 

 
Figure 2. (A–C) Schematic representation of the (A) side and (B) top view of the UPy-UT-Si16 bulk, 

crystalline, lamellar morphology of at room temperature and (C) the top view of the UPy-UT-Si16 

of the amorphous lamellar phase (q2). (D–E) 1D transmission scattering profiles for UPy-UT-Si16 at 

various temperatures upon (D) heating and (E) cooling. 

 

Variable temperature X-ray scattering experiments were conducted to understand the 

morphological changes revealed by the DSC measurements upon heating and cooling. A 

selection of 1D MAXS profiles of UPy-UT-Si16, representative of the morphology changes 

in the linear analogues, are shown in Figures 2D–E. Upon heating, the profile of             

UPy-UT-Si16 changes from a broad scattering peak at room temperature to sharp 
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reflection peaks at 60 °C (q 2*) (Figure 2D), indicating a change in the morphology. At this 

temperature, the crystalline structure melts as a result of urethane dissociation, in 

accordance with the DSC data and FT-IR spectra. Hence, an amorphous phase-segregated 

structure is formed above Tm. The sharp scattering reflection peaks at q 2*, 2q 2*, 3q 2*, and 

4q 2* reveal the presence of a lamellar, phase-segregated morphology. The urethane and 

linker are amorphous above Tm and therefore a slightly smaller domain spacing (d 2) of 

4.9 nm is obtained compared to the domain spacing of the crystalline, lamellar structure 

(5.0 nm). A schematic representation of the amorphous lamellar structure is shown in 

Figure 2C. A low intensity, third principle scattering peak (q 3*) also appears at 60 °C in 

the scattering profile (Figure 2D). This structure, with a large domain spacing (d 3) of 9.2 

nm, most likely originates from defects in the packing. Herein, some UPy-UT moieties 

could be mixed in the siloxane fraction. Upon cooling, the three different structures 

retained due to the low crystallization temperature (21.2 °C) (Figure 2E). Most likely, the 

broad peak observed at 20 °C before heating is a combination of all three morphologies. 

Over the course of a month, the morphology slowly evolves back to the initial profile 

with the broad scattering peaks as crystallization takes place. Similar variable temperature 

scattering profiles were observed for the UPy-UT-Si8 and UPy-UT-Si24 (data not shown).48 

The latter forms a hexagonally packed cylindrical, phase-segregated state above Tm due 

to the larger fraction of siloxane. Hence, when the crystalline domains melt, the 

morphologies of the linear analogues follow the BCP phase segregation theory. 

 

6.4     Crystallization-driven assembly of grafted BCOs into highly 

ordered lamellar nanostructures 

To evaluate the effect of the molecular architecture on supramolecular, semi-

crystalline BCPs, the thermal properties and morphology of the grafted UPy-UT-g-Si7 

and Bz-UPy-UT-g-Si7 BCOs were examined. We measured DSC of UPy-UT-g-Si7 and the 

thermogram shows a cold crystallization transition temperature (Tcc) at 47 °C upon 

heating (Figure 3A). This is followed by a melt transition temperature (Tm) at 103.2 °C. 

At this temperature, the absorption peak at 1726 cm-1 appears in the variable temperature 

FT-IR spectra, indicating urethane bond dissociation (Figure 3B). Heating to higher 

temperatures results in a very broad and weak endothermic transition of which the origin 

remains unknown (Figure 3A). In contrast to the linear analogues, no amorphous, 

ordered structured is formed above Tm and therefore we can exclude an order-disorder 

transition (Figure 3C). The energy corresponding to melting of the crystalline structure 

is 23.4 kJ mol-1 which is approximately 2 times larger than for the linear analogues. The 

benzyl-protected Bz-UPy-UT-g-Si7 does not crystallize at all and only a weak 

endothermic transition at 94.7 °C is observed which we assign to a TODT. This is in stark 

contrast to the isotropization transitions as a result of melting of the crystalline structure 

observed for the linear benzyl-protected analogues (Bz-UPy-UT-Sin) (Table 1, entries 4–6).  
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Figure 3. (A) DSC trace of UPy-UT-g-Si7 (second heating and cooling run), endothermic heat flows 

have a positive value. A temperature ramp of 5 K min-1 was used. (B) FT-IR spectra of UPy-UT-g-Si7 

at elevated temperatures, measured upon heating. (C–D) 1D transmission scattering profiles of 

UPy-UT-g-Si7 (C) at various temperatures upon heating and (D) at room temperature, secondary 

UPy interaction is indicated with ♦.  (E–F) Schematic representation of the (E) side and (F) top view 

of the UPy-UT-g-Si7 bulk lamellar morphology. The interstack interactions between the UPy 

dimers are indicated with the dashed lines and the interstack distance is indicated with ♦. 
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The 1D transmission scattering data obtained by MAXS and WAXS experiments of 

UPy-UT-g-Si7 show the presence of a lamellar structure at room temperature indicated 

by the presence of q* followed by 2q* and 3q* (Figure 3D). Similar to the linear analogues, 

the lamellar morphology is formed by the crystallization-driven assembly of the UPy-UT 

moieties, confirmed by the reflection peaks in the high q region (> 7 nm-1). In contrast, 

no change in morphology of UPy-UT-g-Si7 was observed upon heating or cooling (Figure 

3C). Only isotropization of the crystalline, lamellar structure was observed at 120 °C and 

the lamellar structure re-formed at 50 °C, in accordance with the DSC data. The domain 

spacing (dLAM) is 3.7 nm which is approximately the length of the oligomer. An additional 

scattering peak at 4 nm-1 appeared which is characteristic for secondary UPy interactions 

resulting in aggregation of the UPy stacks, reported by Appel and co-workers.49 Hence, 

this peak represents the interstack interactions with a distance of 1.5 nm. We 

hypothesized that the UPy moieties can form this interaction as the siloxane fraction is 

small enough to only fill the small pockets between the layers, indicated in the schematic 

illustration of the UPy-UT-g-Si7 packing in Figures 3E–F. We strengthened the packing 

hypothesis with a reference molecule having a siloxane graft that is twice as long (UPy-

UT-g-Si15). The UPy-UT-g-Si15 transmission scattering profile lacks the additional 

scattering peak representing the interstack interactions (Figure 4A). Therefore, we 

propose that the layers are pushed away from each other by the larger volume fraction of 

siloxane that must fit in between the UPy-UT layers. In this way, the secondary 

interactions between the UPy moieties are not able to form. 

The packing of the benzyl protected analogue (Bz-UPy-UT-g-Si7) is not efficient, 

resulting in a phase-segregated state with an undefined morphology (Figure 4B). This is 

in accordance with the DSC data om which also no crystallization or melting transitions 

were observed. 

 

 

Figure 4. 1D transmission scattering profile of (A) UPy-UT-g-Si15, (B) Bz-UPy-UT-g-Si7 and 

(C) UPy-g-Si7. 
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6.5   Consequences of molecular architecture on the thermal 

properties and nanoscale morphology 

Using the bulk X-ray scattering results in combination with the DSC data and FT-IR 

spectra (vide supra), we can conclude that the urethane bonds positioned next to a UPy 

moiety are key to obtain a crystallization-driven assembly. In fact, no crystallization was 

observed for the previously reported UPy-Sin.32 Similarly, we synthesized the UPy-g-Si7 

reference molecule, without urethane bonds (Scheme 4, see Section 6.9.2). In that case, 

only a phase-segregated lamellar structure was determined, and no crystalline regions 

were observed by X-ray scattering experiments (Figure 4C). The effect of the molecular 

architecture on the bulk assembly and crystallization is clearly pointed out by the 

difference in molecular packing of oligomers UPy-UT-g-Si7 and UPy-UT-Si16 that consist 

of approximately the same siloxane fraction (f Si = 0.73). UPy-UT-g-Si7 shows sharper 

scattering peaks at room temperature, indicating a better ordering of the crystalline, 

lamellar structure (vide supra). This was confirmed by the DSC data in which the 

enthalpy for melting is higher for UPy-UT-g-Si7 than for UPy-UT-Si16 (23.4 and 15.1 kJ 

mol-1, respectively). This difference in crystallinity is remarkable, and we speculate that 

it may originate from two types of contributions: A) the additional driving force for 

aggregation of the UPy dimers as a result of the secondary UPy interactions in UPy-UT-g-Si7 

could induce a higher degree of ordering; B) two UPy-UT moieties connected via a short 

C6 linker most likely result in a cooperative effect of crystallization of the hard block 

compared to the linear UPy-UT-Si16 containing an amorphous siloxane linker in between 

two UPy-UT units. Therefore, the melting temperature and corresponding enthalpy are 

higher for the grafted analogue compared to the linear BCO as the larger driving force 

for crystallization results in larger and better ordered crystalline domains. 

 

6.6     Two-dimensional nanomaterials of UPy-UT-g-Si7 

The large driving force for crystallization of UPy-UT-g-Si7 into a lamellar morphology 

prompted us to investigate the formation of 2D assemblies.2 Therefore, we conducted 

atomic force microscopy (AFM) experiments (Figures 5A–B). The material was 

dropcasted on a silicon wafer from a dilute heptane solution (5 μM) giving rise to 

rectangular sheets and small particles. Remarkably, the 2D sheets could be formed 

without any complex formulation steps, e.g., exfoliation and interface- or surface-

mediated technics.50 The sharp edges of the micrometer-sized 2D sheets are indicative for 

crystallization. A constant height of 6.5 nm along the cross-section of the 2D ensemble 

was measured (Figure 5B).  

Grazing-incidence small-angle X-ray scattering (GISAXS) data of a more concentrated 

sample (50 μM) dropcasted on a silicon wafer, was conducted. The results confirm the 

appearance of highly ordered, parallel UPy-UT-g-Si7 layers on the silicon surface, 

indicated by the bright spots at q*, 2q* and 3q* on the 2D pattern (Figure 5C). Moreover, 
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the scattering profile is identical to that of the UPy-UT-g-Si7 bulk sample (Figure 3D), 

indicating a similar packing on surface and in the bulk. The small particles, also visible 

on the AFM image, probably originate from disordered, aggregated material. Both 

elongated structures and particles were also observed in solution by light and X-ray 

scattering techniques (Figure 5D). 

The linear UPy-UT-Si16 only forms particles (Figure 5E), in contrast to UPy-UT 

containing main-chain supramolecular BCPs in the literature that mainly form fibers.40,42 

However, our results are in accordance with previously reported UPy-UT-functionalized 

PDMS which also did not form fibers, but undefined particles instead.42 Hence, siloxane 

oligomers or polymers in the main chain prevent the UPy-UT from assembling into fibers 

in dilute solutions. Taken all together, these results show that a repetitive UPy-UT block 

in the main-chain of UPy-UT-g-Si7 supramolecular polymers, grafted with oDMS, 

promotes the formation of exfoliated sheets in analogy to laterally grafted rod 

amphiphiles.51,52  

 
Figure 5. (A) AFM height image and (B) corresponding height profiles of UPy-UT-g-Si7, 5 μM 

solution in heptane deposited on silicon wafer. (C) 2D GISAXS pattern of UPy-UT-g-Si7 dropcasted 

on a silicon wafer. (D) Combined static light and small angle X-ray scattering data of UPy-UT-g-Si7 

in heptane (1.8 mg mL-1). Dotted lines are added to guide the eye, showing a slope of −1 (red) and  

−3 (blue) indicating large elongated structures and random polymer coils, respectively. (E) AFM 

image of UPy-UT-Si16, 5 μM solution in heptane dropcasted on a silicon wafer. 
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6.7  Mechanical properties of UPy-UT-Si16 and UPy-UT-g-Si7 

polymer films 

The association of the UPy-UT moiety in the oligomers allows for supramolecular 

polymerization to form polymeric materials which could be processed into thin films 

(Figures 6A–B). Hereto, the BCOs are dissolved in chloroform (∼1 g mL-1) and dropcasted 

into a Teflon mold resulting in films with a thickness of 0.15 mm. Films of UPy-UT-Si16 

are transparent and flexible while UPy-UT-g-Si7 films are opaque and very brittle. The 

stress–strain curve of UPy-UT-g-Si7 is indicative for a brittle material as only 1.7% strain 

could be reached at a ramp rate of 1 mm min-1 (Figure 6C). On the other hand, UPy-UT-Si16 

is more ductile since a higher strain (12%) could be reached. Furthermore, the material 

can endure a higher stress, and therefore it is a better performing polymer than the 

grafted analogue. We attribute the higher extent of ductility in UPy-UT-Si16 to the 

alternating soft–hard block design in the main chain of the supramolecular BCP. Thus, 

upon applying a force on the sample, the stress is released by the oDMS midblock due to 

the coiled coil conformation of the amorphous oligomer. In contrast, the rigidity and 

crystallinity in the main chain of UPy-UT-g-Si7 supramolecular polymers prevent the 

release of stress. Upon application of a force, the stiff backbone bears most of the stress, 

and therefore the material breaks at low strain. These phenomena are in analogy to 

traditional ABA BCPs in which the midblock is usually an amorphous, rubbery polymer, 

yielding good mechanical properties.53  

 
Figure 6. Picture of (A) a film of UPy-UT-g-Si7 (top) and UPy-UT-Si16 (bottom) and (B) a bended 

film of UPy-UT-Si16 showing its flexibility. (C) True stress–strain curve of UPy-UT-g-Si7 (red) and 

UPy-UT-Si16 (black) measured at 1 mm min-1, 0.15 mm thick films.  

 

The mechanical properties of discrete, supramolecular main-chain UPy-UT-Si16 

polymers are poorer than the high molecular weight PDMS that has supramolecular 

motifs periodically placed in the backbone, recently published by Bao and coworkers.43 



│Chapter 6 

138 

 

In general, the strain that can be reached with UPy-UT-Si16 is one order of magnitude 

lower than their PDMS material. This illustrates that a high Mn polymer with a large 

number of supramolecular motifs per chain is beneficial to obtain tough materials. 

However, the nanostructure of their PDMS material is much less ordered compared to 

our discrete UPy-UT-Si16 system. Thus, discrete, high Mn polymers with periodically 

placed supramolecular motifs on the main chain are promising future candidates to merge 

good mechanical properties with great morphological order on the nanoscale. However, 

the synthetic effort to obtain these alternating, discrete length BCPs is large and therefore 

not industry relevant. Nevertheless, from a fundamental point of view, a detailed 

characterization of such BCPs would enhance the understanding of structure-property 

relationships from molecular to macroscopic length scales. 

 

6.8 Conclusions 

We successfully synthesized two types of discrete UPy-UT functionalized oDMS 

BCOs, in which the molecular architecture differed between the linear and the grafted 

structures, while the composition was the same. In general, the UPy-UT block crystallizes 

as a consequence of urethane hydrogen bonding in addition to UPy dimerization. The 

crystallization-driven assembly of the bulk material resulted in a lamellar morphology 

irrespective of the siloxane volume fraction and geometry of the BCO. However, the 

degree of crystallization was lower for the linear analogue compared to the grafted 

architecture. Hence, the competition between the amorphous, phase-segregated and 

crystalline states in the linear, alternating UPy-UT-oDMS BCPs results in less ordered 

and smaller crystalline domains in the lamellar morphology. In contrast, the BCO with 

oDMS grafts on the rigid supramolecular main chain is highly ordered due to a more 

stable and efficient crystalline packing. The grafted architecture allows for 

straightforward formation of micrometer-sized 2D sheets. For the mechanical properties, 

the grafted molecular architecture is disadvantageous as a very brittle material is 

obtained. The alternating structure of the soft and hard blocks in the linear BCO is 

beneficial for the polymer properties as it induces ductility in the material. From these 

results, we conclude that perfectly defined and long-range ordered nanoscale 

organization comes at the cost of bulk material properties and therefore it remains a 

challenge for the future to obtain nanoscale ordered materials with excellent mechanical 

and physical properties. 

With this study, we gained insight into the influence of the molecular structure on 

the nanostructure in amorphous-crystalline, supramolecular BCP. We understand how 

the nanoscale morphology influences the macroscopic material properties. Hence, the 

present work is a step forward toward the design of new and advanced (2D) polymeric 

materials by understanding the structure–property relationship from the molecular level 

to nanoscale and macroscopic properties. 
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6.9 Experimental section 

6.9.1 Materials and methods 

All reagents were purchased from commercial resources and used without further purification. 

Monodisperse di- and monohydride dimethylsiloxane oligomers were synthesized according to the 

procedures described in Chapter 2. Solvents were purchased from Biosolve and dry solvents were 

obtained using the MBraun solvent purification system (MB SPS-800). Oven-dried glassware (120 

°C) was used for all reactions carried out under argon atmosphere. Deuterated compounds were 

obtained from Cambridge Isotopes Laboratories. Reactions were followed by thin-layer 

chromatography (TLC) using Merck’s 60-F254 silica gel plates. NMR spectra were recorded using a 

Varian Mercury Vx 400 MHz or Bruker ASCEND 400 MHz (1H NMR using 400 MHz and 13C NMR 

using 100 MHz). Proton and carbon chemical shifts are reported in ppm (δ) downfield from the 

solvent peak. Peak multiplicities are abbreviated as s: singlet; d: doublet; t: triplet; q: quartet; p: 

pentet; m: multiplet; dd: double doublet; dt: double triplet and dq: double quartet. Matrix assisted 

laser absorption/ionization mass time of flight (MALDI-ToF) measurements were performed on a 

Bruker Autoflex Speed using α-cyano-4-hydroxycinnamic acid (CHCA) and trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) as matrices. Variable temperature 

infrared spectroscopy was performed using a Bruker Tensor 27 PMA50 FT-IR spectrometer 

equipped with a PIKE hot stage. Differential scanning calorimetry (DSC) data were collected on a 

DSC Q2000 from TA instruments, calibrated with an indium standard. The samples (4–8 mg) were 

weighed directly into aluminum pans and hermetically sealed. The samples were initially heated 

to 180 °C and then subjected to two cooling/heating cycles from −50 °C to 180 °C with a rate of 5 K 

min-1. The data that is presented, represents the second heating and cooling cycle. 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-1. Scattered X-rays were captured on a 2-dimensional Pilatus 300K detector with 487 × 619 

pixel resolution. The sample-to-detector distance was 0.084 m (WAXS mode) or 0.48 m (MAXS 

mode). The instrument was calibrated with diffraction patterns from silver behenate. Bulk X-ray 

scattering was performed on samples in a 1 mm glass capillary. The samples were heated to the 

isotropic state, cooled to room temperature (5 K min-1) and measured a month after equilibration 

at room temperature. Variable temperature MAXS and WAXS measurements were performed using 

a Linkam hot-stage. The sample capillary was attached to the hot stage and heating and cooling was 

performed at 5 K min-1. During the transmission scattering measurement at a set temperature, the 

temperature was kept constant (∼30 minutes). Grazing incidence small angle X-ray scattering 

(GISAXS) was performed at the critical angle (0.16°) on samples on a silicon wafer. Atomic Force 

Microscopy (AFM) images were taken using an Asylum Research MFP-3D Origin mounted on an 

anti-vibration stage surrounded by an acoustic chamber. Silicon probes (NCSTR-50) with a tip 

height of 10-15 µm and radius of <10 nm were used to take images in attractive tapping-mode with 

a 1024x1024 resolution and 1.09 Hz scan rate. Samples were prepared by dropcasting 40 µL of a 

dilute solution in heptane onto a silicon wafer followed by overnight drying in air. Prior to sample 

deposition, the silicon wafers were cleaned by sonication in ethanol and acetone for 30 min. Height 

profiles were extracted from the images using the AFM software Igor Pro 6.38B01. Dynamic 

mechanical analysis (DMA) was performed on samples with a width of 5.3 mm and thickness of 

0.15 mm using a TA instruments Q800 with flat clamps. Thin films were obtained from dropcasting 
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a solution of BCO in chloroform (∼1 g mL-1) into a Teflon mold, after which the films are dried in 

the oven at 40 °C overnight. The samples were measured at room temperature at a ramp rate of 1 

mm min-1. No initial force was applied. 

6.9.2 Synthetic procedures 

1-(6-Isocyanatohexyl)-3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea (1) 
2-Amino-4-hydroxy-6-methylpyrimidine (3.22 g, 25.8 mmol, 1 eq) was added to a six-fold excess 

(30 mL) of hexamethylene diisocyanate in a 100 mL round bottom flask. After 16 h at 100 °C under 

an argon atmosphere the product had been formed as a white precipitate. Subsequently, pentane 

(50 mL) was added to the reaction mixture followed by filtration and drying under vacuum to 

obtain pure product 1 as a white powder (7.49 g, 99%). 1H NMR (400 MHz, CDCl3) δ = 13.1 (s, 1H, 

CH3-C-NH), 11.9 (s, 1H, CH2-NH-(C=O)-NH), 10.2 (s, 1H, CH2-NH-(C=O)-NH), 5.8 (s, 1H, 

C=CH), 3.33 – 3.28 (m, 4H, CH2-NH-(C=O)-NH and CH2-NCO), 2.2 (s, 3H, CH3-C=CH), 1.62 – 1.68 

(m, 4H, N-CH2-CH2), 1.42 – 1.35 (m, 4H, N-CH2-CH2-CH2) ppm.  

 

But-3-en-1-yl (6-(3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl)carbamate (2) 
UPy 1 (1.82 g, 6.2 mmol, 1 eq) and 3-buten-1-ol (0.63 g, 8.7 mmol, 1.4 eq) were dissolved in 30 mL 

chloroform and 2 drops of dibutyltin dilaurate were added to the solution. The reaction was stirred 

for 16 h at 60 °C and argon atmosphere. Afterwards, the product was precipitated in pentane. The 

pure product was filtered and dried resulting in UPy-UT product 2 (1.86 g, 82%). 1H NMR 

(400 MHz, CDCl3) δ = 13.13 (s, 1H, CH3-C-NH), 11.86 (s, 1H, CH2-NH-(C=O)-NH), 10.14 (s, 1H, 

CH2-NH-(C=O)-NH), 5.80 (ddt, 1J = 17.0 Hz, J = 10.3 Hz,  J = 6.7 Hz 1H, CH=CH2), 5.15 ‒ 5.03 (m, 

2H, CH=CH2), 4.90 (s, 1H, NH-(C=O)-O), 4.10 (t, J = 6.8 Hz, 2H, CH2-O-(C=O)), 3.26 (q, J = 6.6 Hz, 

2H, CH2-NH-(C=O)-NH), 3.15 (q, J = 6.5 Hz, 2H, CH2-NH-(C=O)-O), 2.37 (q, J = 6.7 Hz, 2H, (C=O)-

O-CH2-CH2), 2.23 (s, 3H,CH3-C=CH), 1.61 ‒ 1.51 (m, 4H, N-CH2-CH2), 1.4 (t, J = 6.7 Hz, 4H, N-

CH2-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 173.1, 156.6, 154.7, 148.3, 134.3, 117.0, 106.7, 63.7, 

40.7, 39.6, 33.6, 29.7, 29.3, 26.2, 26.1, 19.0 ppm. 

 

But-3-en-1-yl (6-(3-(4-(benzyloxy)-6-methylpyrimidin-2-yl)ureido)hexyl)carbamate (3) 
To a suspension of K2CO3 (1.54 g, 11.2 mmol, 3.7 eq) in DMF (20 mL), UPy-UT (1.11 g, 3.05 mmol, 

1 eq) was added. Afterwards, benzyl bromide (1.92 g, 11.2 mmol, 3.7 eq) was added dropwise in 

2 minutes. The mixture was stirred at 80 °C and stirred for 24 h. The mixture was cooled to room 

temperature and acetone (30 mL) was added. The mixture was filtrated in order to remove K2CO3 

and the acetone was removed from the filtrate by rotary evaporation. The mixture was added to 

400 mL water, resulting in precipitation of light-yellow solids. The crude product was filtered and 

recrystallized in ethanol (50 mL), pure benzyl-protected product 3 was obtained (0.55 g, 40%.). 
1H NMR (400 MHz, CDCl3) δ = 9.21 (s, 1H, CH2-NH-(C=O)-NH), 7.40 ‒ 7.32 (m, 5H, Ph-H), 7.13 

(s, 1H, CH2-NH-(C=O)-NH), 6.21 (s, 1H, C-CH-C),  5.80 (ddt, 1J = 17.0 Hz, J = 10.3 Hz,  J = 6.7 Hz, 

1H, CH=CH2), 5.32 (s, 2H, Ph-CH2-O), 5.14 ‒ 5.03 (m, 2H, -CH=CH2), 4.71 (s, 1H, NH-(C=O)-O), 

4.10 (t, J = 6.7 Hz, 2H, CH2-O-(C=O)), 3.35 (q, J = 6.9 Hz 2H, CH2-NH-(C=O)-NH), 3.15 (q, J = 6.7 

Hz 2H, CH2-NH-(C=O)-O), 2.39 ‒ 2.33 (m, 5H, (C=O)-O-CH2-CH2, CH3-C=CH), 1.62 ‒ 1.46 (m, 4H, 

N-CH2-CH2), 1.42 ‒ 1.34 (m, 4H, N-CH2-CH2-CH2) ppm. 

 

General procedure A for the synthesis of Bz-UPy-UT-Sin 

Bz-UPy-UT 3 (e.g., 1.13 mmol, 2.25 eq) and discrete oDMS-dihydride (e.g., 0.5 mmol, 1 eq) were 

dissolved in dry DCM and stirred under argon atmosphere. One drop of Karstedt’s catalyst (soln. in 
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xylene, 2% Pt) was added and the mixture was stirred until full conversion. The crude mixture was 

concentrated in vacuo and purified by automated flash column chromatography to obtain the pure 

product. 

 

Bz-UPy-UT-Si8 

Starting from Bz-UPy-UT 3 (0.42 g, 0.92 mmol, 2.25 eq), dihydride Si8-dihydride (0.41 mmol, 0.24 

g, 1 eq) and Karstedt’s catalyst in DCM (3 mL), the crude product was obtained in 5 h using general 

procedure A. The crude material was purified by automated flash column chromatography using 

heptane/ethyl acetate (gradient 90/10 to 50/50) as eluent, giving the pure product as a white solid 

(0.4 g, 66%). 1H NMR (400 MHz, CDCl3): δ = 9.21 (s, 2H, CH2-NH-(C=O)-NH), 7.54 ‒ 7.32 (m, 10H, 

Ph-H), 7.11 (s, 2H, CH2-NH-(C=O)-NH), 6.22 (s, 2H, CH3-C=CH), 5.32 (s, 4H, Ph-CH2), 4.67 (s, 

2H, NH-(C=O)-O), 4.03 (t, J = 6.7 Hz, 4H, CH2-O-(C=O)), 3.33 (q, J = 6.9 Hz, 4H, CH2-NH-(C=O)-

NH), 3.15 (q, J = 6.8 Hz, 4H, CH2-NH-(C=O)-O), 2.35 (s, 6H, CH3-C=CH), 1.70 ‒ 1.48 (m, 12H, N-

CH2-CH2 and (C=O)-O-CH2-CH2), 1.44 ‒ 1.29 (m, 12H, N-CH2-CH2-CH2, (C=O)-O-CH2-CH2-CH2), 

0.67 ‒ 0.48 (m, 4H, Si-CH2), 0.15 ‒ 0.01 (m, 48, Si-(CH3)2); 13C NMR (100 MHz, CDCl3) δ =  170.19, 

167.30, 157.45, 156.92, 154.47, 136.10, 128.86, 128.43, 128.23, 100.66, 68.25, 64.72, 40.97, 39.95, 

32.73, 30.16, 29.91, 26.82, 26.55, 23.85, 22.04, 19.76, 18.02, 1.56, 1.33, 1.23, 1.19, 0.82, 0.31, 0.14 

ppm. MS (MALDI-ToF): m/z calc. for C64H116N10O15Si8+: 1489.68 [M+H]+; found 1489.74 Da; m/z 

calc. for C64H116N10O15Si8+Na+: 1511.68 [M+Na]+; found 1511.72 Da. 

 

Bz-UPy-UT-Si16 

Starting from Bz-UPy-UT 3 (0.51 g, 1.13 mmol, 2.25 eq), Si16-dihydride (0.58 g, 0.50 mmol, 1 eq) 

and Karstedt’s catalyst in DCM (3 mL), the crude product was obtained in 20 h using general 

procedure A. The crude material was purified by automated flash column chromatography using 

heptane/ethyl acetate (gradient 80/20 to 50/50) as eluent, giving the pure product as a white solid 

(0.31 g, 30%). 1H NMR (400 MHz, CDCl3): δ = 9.21 (s, 2H, CH2-NH-(C=O)-NH), 7.40 ‒ 7.32 (m, 

10H, Ph-H), 7.08 (s, 2H, CH2-NH-(C=O)-NH), 6.21 (s, 2H, CH3-C=CH), 5.32 (s, 4H, Ph-CH2), 4.64 

(s, 2H, NH-(C=O)-O), 4.03 (t, J = 6.7 Hz, 4H, CH2-O-(C=O)), 3.35 (q, J = 6.9 Hz, 4H, CH2-NH-

(C=O)-NH), 3.15 (q, J = 6.8 Hz, 4H, CH2-NH-(C=O)-O), 2.34 (s, 6H, CH3-C=CH), 1.62 ‒ 1.46 (m, 

12H, N-CH2-CH2 and (C=O)-O-CH2-CH2), 1.42 ‒ 1.34 (m, 12H, N-CH2-CH2-CH2 and (C=O)-O-

CH2-CH2-CH2), 0.57 ‒ 0.53 (m, 4H, Si-CH2), 0.06 ‒ 0.04 (m, 96, Si-(CH3)2); 13C NMR (100 MHz, 

CDCl3): δ = 170.2, 157.5, 156.9, 154.5, 136.1, 128.7, 128.4, 128.2, 100.6, 68.2, 64.7, 41.0, 39.9, 32.7, 

30.1, 29.9, 26.8, 26.5, 23.8, 19.8, 18.1, 1.3, 1.2 ppm. MS (MALDI-ToF): m/z calc. for 

C80H164N10O23Si16+: 2083 [M+H]+; found: 2084 Da. 

 

Bz-UPy-UT-Si24 

Starting from Bz-UPy-UT 3 (0.57 g, 1.25 mmol, 2.25 eq), Si24-dihydride (0.99 g, 0.56 mmol, 1 eq) 

and Karstedt’s catalyst in DCM (3 mL), the crude product was obtained in 7 h using general 

procedure A. The crude material was purified by automated flash column chromatography using 

heptane/ethyl acetate (gradient 80/20 to 50/50) as eluent, giving the pure product as a white solid 

(1.10 g, 73%). 1H NMR (400 MHz, CDCl3): δ = 9.21 (s, 2H, CH2-NH-(C=O)-NH), 7.46 ‒ 7.31 (m, 

10H, Ph-H), 7.13 (s, 2H, CH2-NH-(C=O)-NH), 6.21 (s, 2H, CH3-C=CH), 5.32 (s, 4H, Ph-CH2), 4.65 

(s, 2H, NH-(C=O)-O), 4.03 (t, J = 6.7 Hz, 4H, CH2-O-(C=O)), 3.34 (q, J = 6.9 Hz, 4H, CH2-NH-

(C=O)-NH), 3.15 (q, J = 6.8 Hz, 4H, CH2-NH-(C=O)-O), 2.34 (s, 6H, CH3-C=CH), 1.67 ‒ 1.54 (m, 

12H, N-CH2-CH2 and (C=O)-O-CH2-CH2), 1.54 ‒ 1.39 (m, 12H, N-CH2-CH2-CH2 and (C=O)-O-

CH2-CH2-CH2), 0.60 ‒ 0.48 (m, 4H, Si-CH2), 0.14 ‒ -0.07 (m, 144, Si-(CH3)2); 13C NMR (100 MHz, 
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CDCl3): δ = 170.19, 167.30, 157.45, 156.92, 154.47, 136.10, 128.74, 128.43, 128.23, 100.66, 68.25, 

64.72, 41.00, 39.87, 32.72, 30.16, 29.91, 26.82, 26.55, 23.85, 22.04, 19.75, 18.01, 1.56, 1.31, 1.21, 

1.19, 0.82, 0.29, 0.14 ppm. MS (MALDI-ToF): m/z calc. for C80H164N10O23Si16+: 2083 [M+H]+; found: 

2084 Da. 

 

General procedure B for the deprotection of the benzyl group yielding UPy-UT-Sin 

Bz-UPy-UT-Sin (e.g., 0.11 mmol) was dissolved in THF/EtOH (5:2.5 mL) and 1 drop acetic acid was 

added. Nitrogen gas was bubbled through the solution for 10 minutes and Pd/C (10 wt%, 25 mg) 

was added. The reaction was carried out in a Parr reactor at 4 atm hydrogen gas until full removal 

of the benzyl group. The solution was then filtered through celite and the solvent was removed in 

vacuo. The crude material was then further purified by automated flash column chromatography 

using heptane/ethyl acetate (gradient 50/50 to 10/90) as eluent to obtain the pure product. 

 
UPy-UT-Si8 
Starting from Bz-UPy-UT-Si8 (0.32 g, 0.21 mmol), the crude product was obtained in 24 h using 

general procedure B. The pure UPy-UT-Si8 was obtained after purification (0.14 g, 52%). 1H NMR 

(400 MHz, CDCl3): δ = 13.13 (s, 2H, CH3-C-NH), 11.86 (s, 2H, CH2-NH-(C=O)-NH), 10.11 (s, 2H, 

CH2-NH-(C=O)-NH), 5.85 (s, 2H, CH3-C=CH), 4.87 (s, 2H, NH-(C=O)-O), 4.03 (t, J = 6.7 Hz, 4H, 

CH2-O-(C=O)), 3.25 (q, J = 6.6 Hz, 4H, CH2-NH-(C=O)-NH), 3.15 (q, J = 6.9 Hz, 4H, CH2-NH-

(C=O)-O), 2.23 (s, 6H, CH3-C=CH), 1.67 ‒ 1.56 (m, 8H, N-CH2-CH2), 1.55 ‒ 1.44 (m, 4H, CH2-CH2-

O-(C=O)), 1.41 ‒ 1.29 (m, 12H, N-CH2-CH2-CH2 and CH2-CH2-CH2-O-(C=O)), 0.61 ‒ 0.49 (m, 4H, 

Si-CH2-), 0.13 ‒ 0.01 (m, 48H, Si-(CH3)2); 13C NMR (100 MHz, CDCl3): δ = 173.26, 156.95, 156.67, 

154.80, 148.42, 135.91, 125.65, 106.82, 64.65, 40.80, 39.76, 34.37, 32.76, 30.46, 29.93, 29.46, 26.27, 

22.83, 21.33, 19.76, 19.12, 18.01, 14.26, 1.69, 1.60, 1.32, 1.23, 1.16, 0.95, 0.86, 0.59, 0.30, 0.14, 0.01 

ppm. MS (MALDI-ToF): m/z calc. for C50H104N10O15Si8+: 1308.58 [M+H]+; found: 1309.62 Da. 

 

UPy-UT-Si16 

Starting from Bz-UPy-UT-Si16 (0.23 g, 0.11 mmol), the crude product was obtained in 22 h using 

general procedure B. The pure UPy-UT-Si16 was obtained after purification (0.06 g, 27 %). 1H NMR 

(400 MHz, CDCl3): δ = 13.13 (s, 2H, CH3-C-NH), 11.86 (s, 2H, CH2-NH-(C=O)-NH), 10.14 (s, 2H, 

CH2-NH-(C=O)-NH), 5.84 (s, 2H, CH3-C=CH), 4.92 (s, 2H, NH-(C=O)-O), 4.04 (t, J = 6.8 Hz, 4H, 

CH2-O-(C=O)), 3.26 (q, J = 6.6 Hz, 4H, CH2-NH-(C=O)-NH), 3.15 (q, J = 6.7 Hz, 4H, CH2-NH-

(C=O)-O), 2.23 (s, 6H, CH3-C=CH), 1.68 ‒ 1.53 (m, 8H, N-CH2-CH2), 1.53 ‒ 1.43 (m, 4H, CH2-CH2-

O-(C=O)), 1.43 ‒ 1.28 (m, 12H, N-CH2-CH2-CH2 and CH2-CH2-CH2-O-(C=O)), 0.61 ‒ 0.43 (m, 4H, 

Si-CH2-), 0.17 ‒ -0.04 (m, 96H, Si-(CH3)2); 13C NMR (100 MHz, CDCl3): δ = 173.1, 156.6, 154.7, 

148.3, 106.7, 64.7, 40.7, 39.6, 32.8, 30.0, 29.5, 26.5, 26.3, 19.8, 19.1, 18.1, 1.3, 1.2 ppm. MS (MALDI-

ToF): m/z calc. for C66H152N10O23Si16+: 1903.35 [M+H]+; found: 1903.78 Da. 

 

UPy-UT-Si24 
Starting from Bz-UPy-UT-Si24 (0.53 g, 0.20 mmol), the crude product was obtained in 22 h using 

general procedure B. The pure UPy-UT-Si24 was obtained after purification (0.21 g, 42 %). 1H NMR 

(400 MHz, CDCl3): δ = 13.13 (s, 2H, CH3-C-NH), 11.86 (s, 2H, CH2-NH-(C=O)-NH), 10.14 (s, 2H, 

CH2-NH-(C=O)-NH), 5.84 (s, 2H, CH3-C=CH), 4.83 (s, 2H, NH-(C=O)-O), 4.03 (t, J = 6.8 Hz, 4H, 

CH2-O-(C=O)), 3.25 (q, J = 6.7 Hz, 4H, CH2-NH-(C=O)-NH), 3.14 (q, J = 6.9 Hz, 4H, CH2-NH-

(C=O)-O), 2.22 (s, 6H, CH3-C=CH), 1.72 ‒ 1.56 (m, 8H, N-CH2-CH2), 1.56 ‒ 1.46 (m, 4H, CH2-CH2-

O-(C=O)), 1.41 ‒ 1.29 (m, 12H, N-CH2-CH2-CH2 and CH2-CH2-CH2-O-(C=O)), 0.60 ‒ 0.49 (m, 4H, 
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Si-CH2-), 0.17 ‒ -0.05 (m, 144H, Si-(CH3)2); 13C NMR (100 MHz, CDCl3): δ = 172.98, 156.62, 156.41, 

154.55, 151.34, 148.06, 135.59, 128.07, 125.34, 106.52, 67.80, 64.35, 40.53, 39.49, 34.06, 32.45, 30.15, 

29.65, 29.18, 26.15, 25.99, 25.44, 21.02, 19.44, 18.76, 17.70, 1.24, 1.06, 0.99, 0.90, 0.88, 0.50, -0.03 

ppm. MS (MALDI-ToF): m/z calc. for C82H200N10O31Si24+Na+: 2515.88 [M+Na]+; found: 2515.92 Da. 

 

Ethyl 3-oxohept-6-enoate (5) 
Generation of di-anion (4): 250 ml dry THF was poured into a round-bottom flask containing 

sodium hydride (60 % mineral oil, 6.6 g, 110 mmol). The flask was closed, flushed with argon, and 

cooled in ice. Then ethyl acetoacetate (13.01 g, 100 mmol) was added dropwise and the colorless 

solution was stirred at 0 °C for 30 min. To this solution, 42 ml of 2.5 M n-butyl lithium in hexane 

(6.72 g, 105 mmol) was added dropwise and the yellow to orange solution of generated di-anion 4 

was stirred at 0 °C for an additional 30 minutes before proceeding with the alkylation. 
Alkylation of di-anion with allyl bromide (5): A solution of 100 mmol of di-anion 4 in ca. 250 mL 

THF was prepared as described above, to which a solution allyl bromide (13.3 g, 110 mmol) in 

20 mL THF was added dropwise while stirring at 0 °C. The color of di-anion 4 faded immediately 

upon addition of allyl bromide. The reaction mixture was allowed to slowly warm to room 

temperature. Approximately 2 h after the addition of the allyl bromide, the reaction was gradually 

quenched with 50 mL of concentrated hydrochloric acid in a mixture of 150 mL water and 150 mL 

ethyl ether. Subsequently, the aqueous layer was extracted with 2 times 100 mL diethyl ether. The 

organic extracts were combined and washed with water until pH ∼7. The product was dried over 

MgSO4, filtered and the solvents were removed in vacuo, yielding pure product 5 (12.8 g, 75%). 
1H NMR (400 MHz, CDCl3) δ = 5.85 – 5.74 (m, 1H, CH2-CH-CH2), 5.04 (dq, J = 17.1, J = 1.7 Hz, 1H, 

CH2-CH-CH2), 4.99 (dq, J = 10.1, J = 1.5 Hz, 1H, CH2-CH-CH2), 4.19 (q, J = 7.1 Hz, 2H, CH2-O), 

3.43 (s, 2H, CO-CH2-CO), 2.64 (t, J = 7.3 Hz, 2H, CO-CH2), 2.35 (q, J = 7.1 Hz, 2H, CH2-CH2-CH), 

1.27 (t, J = 1.6 Hz, 3H, CH3-CH2); 13C NMR (100 MHz, CDCl3) δ = 201.99, 167.15, 136.56, 115.57, 

61.40, 49.38, 42.05, 27.41, 14.11 ppm. 

 

6-(3-Butenyl)-isocytosine (6) 
Guanidine carbonate (7.4 g, 82.5 mmol, 1.1 eq) was dissolved in dry ethanol (100 mL) and flushed 

with argon. While stirring, product 5 (12.8 g, 75 mmol) was slowly added to the solution. The 

reaction mixture was heated to reflux and stirred vigorously for 24 h. Subsequently, the excess 

solvent was evaporated, leaving just enough to dissolve the product. The product was precipitated 

upon addition of water (100 mL). The precipitate was filtered and the residue on the filter paper 

was washed with water, cold ethanol and cold acetone. The product was dried in vacuo overnight, 

yielding pure 6 as a white solid (5.8 g, 47%). 1H NMR (400 MHz, DMSO-d6) δ = 10.60 (s, 1H, C-

NH-C), 6.45 (s, 2H, C-NH2), 5.89 – 5.71 (m, 1H, CH2-CH-CH2), 5.39 (s, 1H, C-CH-CO), 5.03 (dq, J 
= 17.2, 1.6 Hz, 1H, CH2-CH-CH2), 4.95 (dq, J = 10.4, J = 1.4 Hz, 1H, CH2-CH-CH2), 2.30 (m, 2x2H, 

CH2-CH2, CH2-CH2); 13C NMR (100 MHz, DMSO-d6) δ = 166.0, 164.5, 156.02, 138.33, 115.55, 

100.27, 79.65, 36.73, 31.99 ppm. 

 

1-(6-(But-3-en-1-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)-3-(6-isocyanatohexyl)urea (7) 
To a round-bottom flask containing product 6 (1.65 g, 10 mmol) under argon, a large excess of 

hexamethylene diisocyanate (10.1 g, 60 mmol, 6 eq) was added. The reaction mixture was heated to 

100 °C and stirred for 16 h. The reaction mixture was directly precipitated into 300 mL heptane while 

vigorously stirring. The precipitated product was vacuum filtrated and washed with n-heptane. The 

crude product was recrystallized two times in heptane, yielding pure 7 as a white solid (0.79 g, 
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47%). 1H NMR (400 MHz, CDCl3) δ = 13.21 (s, 1H, C-NH-C), 11.88 (s, 1H, C-NH-CO), 10.19 (s, 1H, 

CO-NH-CH2), 5.84 (s, 1H, C-CH-CO), 5.83 – 5.74 (m, 1H, CH2-CH-CH2), 5.13 (dq, J = 16.6 Hz, J = 

1.6 Hz, 1H, CH2-CH-CH2), 5.07 (dq, J = 10.2 Hz, J = 1.5 Hz, 1H, CH2-CH-CH2), 3.29 (t, J = 6.8 Hz, 

2H, NH-CH2), 3.24 (t, J = 7.0 Hz, 2H, CH2-NCO), 2.58 (t, J = 7.5 Hz, 2H, CH2-CH2-CH), 2.42 (q, J = 

7.2 Hz, 2H, CH2-CH2-CH), 1.63 (p, J = 6.8 Hz, 4H, NH-CH2-CH2, CH2-CH2-NCO), 1.43 – 1.39 (m, 

4H, NH-CH2-CH2-CH2, CH2-CH2-CH2-NCO); 13C NMR (100 MHz, CDCl3) δ = 173.10, 156.64, 

154.74, 151.52, 135.17, 117.01, 106.14, 77.22, 42.89, 39.82, 32.00, 31.20, 30.83, 29.29, 26.25, 26.18 

ppm. MS (MALDI-ToF): m/z calc. for C16H23N5O3+: 334.18 [M+H]+; found 334.24 Da; m/z calc. for 

C16H23N5O3+Na+: 356.17 [M+Na]+; found: 356.22 Da. 

 

Hexane-1,6-diylbis((6-(3-(6-(but-3-en-1-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl) 
carbamate (8) 

1,6-Hexamethylene diol (0.11 g, 0.92 mmol) was dissolved in dry CHCl3 (50 mL) and flushed with 

argon. Subsequently, a prepared solution of product 7 (0.77 g, 2.3 mmol, 2.5 eq) in CHCl3 (10 mL) 

was then added. After addition of 2 drops of dibutyltin dilaurate the resulting mixture was stirred 

at 60 °C for 16 h. After full conversion confirmed by 1H NMR spectroscopy, 1 g of silica gel particles 

(60 – 200 µm, Merck Kieselgel 60) and 1 extra drop of dibutyltin dilaurate were added. The mixture 

was stirred for 1 h at 60 °C. The silica gel particles were removed by vacuum filtration and washed 

with CHCl3. The filtrate was dried in vacuo, yielding pure 8 as a white crystalline solid (0.48 g, 65%). 
1H NMR (400 MHz, CDCl3) δ = 13.22 (s, 2H, C-NH-C), 11.88 (s, 2H, C-NH-CO), 10.11 (s, 2H, CO-

NH-CH2), 5.85 (s, 2H, C-CH-CO), 5.83 – 5.72 (m, 2H, CH2-CH-CH2), 5.15 – 5.04 (m, 4H, CH2-CH-

CH2), 4.98 (s, 2H, NH-CO-O), 4.00 (t, J = 6.8 Hz, 4H, O-CH2), 3.24 (t, J = 6.4 Hz, 4H, NH-CO-NH-

CH2), 3.13 (t, J = 6.7 Hz, 4H, CH2-NH-CO-O), 2.57 (t, J = 7.5 Hz, 4H, CH2-CH2-CH), 2.40 (q, J = 7.1 

Hz, 4H, CH2-CH2-CH), 1.58 (p, J = 6.9 Hz, 8H, NH-CO-NH-CH2-CH2, CH2-CH2-NH-CO-O), 1.49 

(p, J = 6.6 Hz, 4H, O-CH2-CH2), 1.39 – 1.30 (m, 12H, NH-CO-NH-CH2-CH2-CH2, CH2-CH2-CH2-

NH-CO-O, O-CH2-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 173.31, 156.91, 156.76, 154.88, 

151.66, 135.33, 117.14, 106.24, 64.74, 40.79, 39.81, 36.56, 32.14, 30.97, 29.85, 29.08, 26.81 26.51, 

25.70 ppm. MS (MALDI-ToF): m/z calc. for C38H60N10O8+: 785.46 [M+H]+; found: 785.46 Da. 

 

Hexane-1,6-diylbis((6-(3-(4-(benzyloxy)-6-(but-3-en-1-yl)pyrimidin-2-yl)ureido)hexyl) 
carbamate (9) 
Product 8 (0.47 g, 0.6 mmol) and potassium carbonate (0.58 g, 4.2 mmol, 7 eq) were added to 100 mL 

dry DMF. After applying a continuous flow of argon, benzyl bromide (0.71 g, 4.2 mmol, 7 eq) was 

slowly added. The resulting suspension was stirred vigorously at 80 °C for 24 h under argon 

atmosphere. After full conversion was confirmed by 1H NMR spectroscopy, acetone (100 mL) was 

poured into the reaction mixture. The resulting suspension was cooled down in an ice bath, vacuum 

filtrated, and the residue was thoroughly washed with DMF and acetone. The filtrate was 

concentrated in vacuo. The crude product was dissolved purified by automated flash column 

chromatography using DCM/MeOH (gradient 100/0 to 90/10) as eluent, yielding pure 9 as a white, 

crystalline solid (0.34 g, 54%). 1H NMR (400 MHz, CDCl3) δ = 9.22 (s, 2H, C-NH-CO), 7.42 – 7.29 

(m, 10H, benzyl), 7.12 (s, 2H, NH-CO-NH-CH2), 6.20 (s, 2H, C-CH-C), 5.89 – 5.72 (m, 2H, CH2-

CH-CH2), 5.31 (s, 4H, C-CH2-O), 5.09 – 4.96 (m, 4H, CH2-CH-CH2), 4.73 (s, 2H, NH-CO-O), 4.02 

(t, J = 6.7 Hz, 4H, O-CH2), 3.34 (q, J = 6.6 Hz, 4H, NH-CO-NH-CH2), 3.14 (q, J = 6.6 Hz, 4H, CH2-

NH-CO-O), 2.68 (t, J = 6.7 Hz, 4H, CH2-CH2-CH), 2.42 (q, J = 6.8 Hz, 4H, CH2-CH2-CH), 1.58 (p, J 
= 7.2 Hz, 8H, NH-CO-NH-CH2-CH2, CH2-CH2-NH-CO-O), 1.47 (p, J = 6.9 Hz, 4H, O-CH2-CH2), 

1.40 – 1.32 (m, 12H, NH-CO-NH-CH2-CH2-CH2, CH2-CH2-CH2-NH-CO-O, O-CH2-CH2-CH2); 13C 
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NMR (100 MHz, CDCl3) δ = 170.18, 157.49, 156.87, 154.52, 136.94, 136.03, 128.71, 128.42, 128.27, 

115.84, 100.29, 68.28, 64.76, 40.94, 39.85, 36.56, 32.12, 30.06, 29.91, 29.03, 26.80, 26.51, 25.66 ppm. 

MS (MALDI-TOF): m/z calc. for C52H72N10O8+Na+: 987.54 [M+Na]+; found: 987.54 Da. 
 

General procedure C for the synthesis of Bz-UPy-UT-g-Sin 

Product 9 or 11 (e.g., 0.27 mmol) was dissolved in dry CHCl3 in a Schlenk tube under argon 

atmosphere. A prepared solution of Sin monohydride (e.g., 0.7 mmol, 2.6 eq) in dry CHCl3 was 

added to the reaction mixture. Subsequently, one drop of Karstedt’s catalyst (soln. in xylene, 2% 

Pt) was added and the resulting reaction mixture was stirred at 50 °C for 16 h under argon 

atmosphere. After 16 h, an extra drop of Karstedt’s catalyst was added for optimal conversion. After 

one hour, the excess solvent was removed by evaporation under reduced pressure. The crude 

product was purified by automated flash column chromatography. 
 
Bz-UPy-UT-g-Si7 
Starting from product 9 (0.26 g, 0.27 mmol) in 10 mL dry CHCl3 and Si7-monohydride (0.36 g, 

0.7 mmol, 2.6 eq) in 2 mL dry CHCl3, the crude product was obtained using general procedure C. 

The crude product was purified by automated flash column chromatography using heptane/EtOAc 

(gradient 40/60 to 0/100) as eluent, yielding pure Bz-UPy-UT-g-Si7 as a transparent, viscous liquid 

(0.27 g, 48%). 1H NMR (400 MHz, CDCl3) δ = 9.23 (s, 2H, C-NH-CO), 7.43 – 7.29 (m, 10H, benzyl), 

7.12 (s, 2H, NH-CO-NH-CH2), 6.20 (s, 2H, C-CH-C), 5.32 (s, 4H, C-CH2-O), 4.70 (s, 2H, NH-CO-

O), 4.03 (t, J = 6.7 Hz, 4H, O-CH2), 3.34 (q, J = 6.6 Hz, 4H, NH-CO-NH-CH2), 3.14 (q, J = 6.8 Hz, 

4H, CH2-NH-CO-O), 2.58 (t, J = 7.7 Hz, 4H, CH2-CH2-CH2-CH2-Si(CH3)), 1.70 (p, J = 7.6 Hz, 4H, 

CH2-CH2-CH2-Si(CH3)), 1.60 (p, J = 9.5 Hz, 8H, NH-CO-NH-CH2-CH2, CH2-CH2-NH-CO-O), 1.48 

(p, J = 6.9 Hz, 4H, O-CH2-CH2), 1.43 – 1.30 (m, 16H, NH-CO-NH-CH2-CH2-CH2, CH2-CH2-CH2-

NH-CO-O, O-CH2-CH2-CH2, CH2-CH2-Si(CH3)), 0.56 (t, J = 7.7 Hz, 4H, CH2-Si(CH3)), 0.10 – 0.00 

(m, 90H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 170.18, 157.48, 156.87, 154.53, 136, 95, 136.12, 

128.74, 128.43, 128.23, 115.68, 100.08, 68.26, 64.65, 40.98, 39.86, 37.17, 32.01, 30.01, 29.08, 26.78, 

26.51, 25.70, 23.07, 18.26, 1.94, 1.31, 1.23, 0.35 ppm. MS (MALDI-ToF): m/z calc. for 

C82H164N10O20Si14+Na+: 2023.88 [M+Na]+; found: 2023.80 Da. 

 

General procedure D for the synthesis of UPy-(UT)-g-Sin 

Bz-UPy-UT-g-Sin or Bz-UPy-g-Si7  (e.g., 0.13 mmol), Pd/C catalyst (10 wt%; e.g., 0.019 mmol, 

0.14 eq), a mixture of THF/EtOH (30/15 mL) and one drop of acetic acid were charged into in a 

250 mL high pressure Parr reactor flask. The reaction mixture was bubbled through with nitrogen 

for approximately 15 min and shaken under a hydrogen atmosphere of approximately 4 atm for 

24 h in the Parr reactor. The Pd/C catalyst was removed by vacuum filtration over celite followed 

by washing with excess THF and solvent removal by evaporation under reduced pressure. The 

crude product was purified by column chromatography using heptane/EtOAc (gradient 90/10 to 

50/50) as eluent, yielding the pure Upy-siloxane product. 

 

UPy-UT-g-Si7 
Starting from Bz-UPy-UT-g-Si7 (0.26 g, 0.13 mmol) and Pd/C catalyst (2 mg, 0.019 mmol, 0.14 eq), the 

crude product was obtained using general procedure D. After purification, the pure UPy-UT-g-Si7 was 

obtained as a brittle, crystalline material (0.13 g, 57%). 1H NMR (400 MHz, CDCl3) δ = 13.17 (s, 2H, 

C-NH-C), 11.90 (s, 2H, C-NH-CO), 10.13 (s, 2H, CO-NH-CH2), 5.83 (s, 2H, C-CH-CO), 5.00 (s, 2H, 

NH-CO-O), 3.99 (t, J = 6.6 Hz, 4H, O-CH2), 3.25 (q, J = 6.4 Hz, 4H, NH-CO-NH-CH2), 3.14 (q, J = 
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6.5 Hz, 4H, CH2-NH-CO-O), 2.46 (t, J = 7.3 Hz, 4H, CH2-CH2-CH2-CH2-Si(CH3)), 1.68 (p, J = 7.6 

Hz 4H, CH2-CH2-CH2-Si(CH3)), 1.58 (p, J = 6.3 Hz, 8H, NH-CO-NH-CH2-CH2, CH2-CH2-NH-CO-

O), 1.49 (p, J = 6.9 Hz, 4H, O-CH2-CH2), 1.45 – 1.27 (m, 16H, NH-CO-NH-CH2-CH2-CH2, CH2-

CH2-CH2-NH-CO-O, O-CH2-CH2-CH2, CH2-CH2-Si(CH3)), 0.57 (t, J = 8.9 Hz, 4H, CH2-Si(CH3)), 

0.11 – 0.02 (m, 90H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 173.42, 156.87, 154.89, 152.64, 

105.86, 68.26, 64.65, 41.67, 39.19, 37.85, 32.65, 30.80, 29.19, 26.11, 25.97, 25.75, 23.01, 18.04, 1.95, 

1.31, 1.23, 0.31 ppm. MS (MALDI-ToF): m/z calc. for C68H152N10O20Si14+: 1821.80  [M+H]+; found: 

1821.81 Da. 

6.9.3 Synthetic procedures for the reference BCOs 

Bz-UPy-UT-g-Si15  

Starting from product 9 (54.3 mg, 0.08 mmol) in 1 mL dry CHCl3 and Si15-monohydride (530 mg, 

0.48 mmol, 6 eq) in 1 mL dry CHCl3, the crude product was obtained using general procedure C. 

The crude product was purified by automated flash column chromatography using heptane/EtOAc 

(gradient 90/60 to 35/65) as eluent yielding pure Bz-UPy-UT-g-Si15 as a transparent viscous liquid 

(49.2 mg, 20%). 1H NMR (400 MHz, CDCl3) δ = 9.24 (s, 2H, C-NH-CO), 7.43 – 7.29 (m, 10H, 

benzyl), 7.14 (s, 2H, NH-CO-NH-CH2), 6.19 (s, 2H, C-CH-C), 5.29 (s, 4H, C-CH2-O), 4.70 (s, 2H, 

NH-CO-O), 4.03 (t, J = 6.7 Hz, 4H, O-CH2), 3.33 (q, J = 6.6 Hz, 4H, NH-CO-NH-CH2), 3.14 (q, J = 

6.8 Hz, 4H, CH2-NH-CO-O), 2.57 (t, J = 7.7 Hz, 4H, CH2-CH2-CH2-CH2-Si(CH3)), 1.68 (p, J = 7.6 

Hz, 4H, CH2-CH2-CH2-Si(CH3)), 1.61 (p, J = 9.5 Hz, 8H, NH-CO-NH-CH2-CH2, CH2-CH2-NH-CO-

O), 1.48 (p, J = 6.9 Hz, 4H, O-CH2-CH2), 1.43 – 1.30 (m, 16H, NH-CO-NH-CH2-CH2-CH2, CH2-

CH2-CH2-NH-CO-O, O-CH2-CH2-CH2, CH2-CH2-Si(CH3)), 0.55 (t, J = 7.7 Hz, 4H, CH2-Si(CH3)), 

0.12 – 0.00 (m, 186H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 170.18, 157.44, 156.73, 154.58, 136, 

95, 136.10, 128.73, 128.42, 128.23, 115.68, 100.07, 68.25, 64.79, 40.96, 39.85, 37.15, 32.01, 30.09, 

29.99, 26.76, 26.49, 25.69, 23.05, 18.24, 1.92, 1.28, 1.19, 0.33 ppm. MS (MALDI-ToF): m/z calc. for 

C114H260N10O36Si30+: 3208.18 [M+H]+; found: 3210.52 Da. 

 

UPy-UT-g-Si15  

Starting from Bz-UPy-UT-g-Si15 (48.1 mg, 0.02 mmol) and Pd/C catalyst (0.25 mg, 0.002 mmol, 0.14 

eq), the crude product was obtained using general procedure D. After purification, the pure UPy-

UT-g-Si15 was obtained as a brittle material (21 mg, 37%). 1H NMR (400 MHz, CDCl3) δ =13.17 (s, 

2H, C-NH-C), 11.92 (s, 2H, C-NH-CO), 10.13 (s, 2H, CO-NH-CH2), 5.84 (s, 2H, C-CH-CO), 5.00 (s, 

2H, NH-CO-O), 3.93 (t, J = 6.6 Hz, 4H, O-CH2), 3.25 (q, J = 6.4 Hz, 4H, NH-CO-NH-CH2), 3.14 (q, 

J = 6.5 Hz, 4H, CH2-NH-CO-O), 2.48 (t, J = 7.3 Hz, 4H, CH2-CH2-CH2-CH2-Si(CH3)), 1.68 (p, J = 7.6 

Hz 4H, CH2-CH2-CH2-Si(CH3)), 1.58 (p, J = 6.3 Hz, 8H, NH-CO-NH-CH2-CH2, CH2-CH2-NH-CO-

O), 1.50 (p, J = 6.9 Hz, 4H, O-CH2-CH2), 1.45 – 1.27 (m, 16H, NH-CO-NH-CH2-CH2-CH2, CH2-

CH2-CH2-NH-CO-O, O-CH2-CH2-CH2, CH2-CH2-Si(CH3)), 0.58 (t, J = 8.9 Hz, 4H, CH2-Si(CH3)), 

0.11 – 0.02 (m, 186H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 173.32, 156.80, 154.88, 152.64, 

105.69, 68.26, 64.56, 41.68, 39.23, 37.86, 32.65, 30.80, 29.86, 26.11, 25.98, 25.75, 23.01, 18.04, 1.95, 

1.30, 1.21, 0.30 ppm.  
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Scheme 4. Synthesis of UPy-g-Si7. Reaction conditions: (a) DMF, hexamethylene diisocyanate, 

reflux, 24 h (45%); (b) DMF, K2CO3, benzyl bromide, reflux 24 h (33%); (c) CHCl3, Si7-

monohydride, Karstedt’s catalyst, 50 °C, 4 h (68%); (d) THF/ethanol 2:1, acetic acid, Pd/C (10 wt%), 

4 atm hydrogen gas (Parr reactor), 24 h (73%). 

 

1,1'-(Hexane-1,6-diyl)bis(3-(6-(but-3-en-1-yl)-4-oxo-1,4-dihydropyrimidin-2-yl)urea (10)  
Product 6 (1 g, 6 mmol, 2.4 eq) was dissolved in dry DMF (50 mL) and the flask was flushed with 

argon. While stirring, a prepared solution of 0.41 mL of hexamethylene diisocyanate (0.42 g, 

2.5 mmol) in 10 mL dry DMF, was slowly added to the solution. Subsequently, the reaction mixture 

was heated to 80 °C and stirred for 24 h. After full conversion of the hexamethylene diisocyanate, 

the solvents were removed in vacuo. The product was dissolved in chloroform, wherein the 

isocytosine derivative 6 precipitated. The mixture was vacuum filtrated and washed with 

chloroform. The filtrate was dried in vacuo, yielding pure 10 as a white solid (0.56 g, 45%). 1H NMR 

(400 MHz, CDCl3) δ = 13.17 (s, 2H, C-NH-C), 11.84 (s, 2H, C-NH-CO), 10.10 (s, 2H, CO-NH-CH2), 

5.80 (s, 2H, C-CH-CO), 5.81 – 5.71 (m, 2H, CH2-CH-CH2), 5.11 (dq, J = 16.5 Hz, J = 1.4 Hz, 2H, 

CH2-CH-CH2), 5.04 (dq, J = 10.1 Hz, J = 1.4 Hz, 2H, CH2-CH-CH2), 3.24 (t, J = 6.4 Hz, 4H, NH-CH2), 

2.54 (t, J = 8.0 Hz, 4H, CH2-CH2-CH), 2.39 (q, J = 7.6 Hz, 4H, CH2-CH2-CH), 1.55 (p, J = 6.3 Hz, 4H, 

NH-CH2-CH2), 1.37 (p, J = 6.2 Hz 4H, NH-CH2-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 173.05, 

156.57, 154.71, 151.45, 135.18, 116.99, 106.12, 40.00, 31.99, 30.82, 29.48, 26.72 ppm. MS (MALDI-

ToF): m/z calc. for C24H34N8O4+: 499.27 [M+H]+; found: 499.37 Da. 

 

1,1'-(Hexane-1,6-diyl)bis(3-(4-(benzyloxy)-6-(but-3-en-1-yl)pyrimidin-2-yl)urea (11) 
Product 10 (0.56 g, 1.1 mmol) and K2CO3 (1.1 g, 7.9 mmol, 7 eq) were dissolved in DMF (100 mL). 

Benzyl bromide (1.35 g, 7.9 mmol, 7 eq) was slowly added and the resulting suspension was stirred 

vigorously at 80 °C for 24 h. After full conversion was confirmed by 1H NMR spectroscopy, acetone 

(100 mL) was poured into the reaction mixture. The suspension was cooled down in an ice bath, 

vacuum filtrated, and the residue was washed with DMF (100 mL) and acetone (100 mL). The 

filtrate was concentrated in vacuo. The crude product was purified by automated flash column 

chromatography using heptane/EtOAc (gradient 70/30 to 30/70) as eluent, yielding pure 11 as a 



│Chapter 6 

148 

 

sticky, white solid (0.24 g, 43%) 1H NMR (400 MHz, CDCl3) δ = 9.21 (s, 2H, C-NH-CO), 7.46 – 7.28 

(m, 10H, benzyl), 7.05 (s, 2H, CO-NH-CH2), 6.20 (s, 2H, C-CH-C), 5.88 – 5.73 (m, 2H, CH2-CH-

CH2), 5.32 (s, 4H, C-CH2-O), 5.07 (dq, J = 17.2 Hz,  J = 1.7 Hz, 2H, 2H, CH2-CH-CH2), 4.98 (dq, J = 

10.3 Hz, J = 1.6 Hz, 2H, CH2-CH-CH2), 3.35 (q, J = 6.6 Hz, 4H, NH-CH2), 2.68 (t, J = 7.3 Hz, 4H, 

CH2-CH2-CH), 2.43 (q, J = 7.2 Hz, 4H, CH2-CH2-CH), 1.60 (p, J = 6.8 Hz, 4H, NH-CH2-CH2), 1.44 

(p, J = 3.4 Hz, 4H, NH-CH2-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 170.08, 157.40, 154.37, 

136.79, 135.94, 128.60, 128.30, 128.18, 115.73, 100.16, 68.17, 39.86, 36.47, 32.01, 29.87, 26.88 ppm. 

MS (MALDI-ToF): m/z calc. for C38H46N8O4+: 678.36 [M+H]+; found: 679.39 Da; m/z calc. for 

C38H46N8O4+Na+: 701.35 [M+Na]+; found: 701.38 Da. 

 

Bz-UPy-g-Si7 
Starting from product 11 (0.24 g, 0.36 mmol) in 10 mL dry CHCl3 and Si7 monohydride (0.45 g, 

0.86 mmol, 2.4 eq) in 2 mL dry CHCl3, the crude product was obtained using general procedure C. 

The crude product was purified by column chromatography using heptane/EtOAc (gradient 70/30 

to 30/70) as eluent yielding pure Bz-UPy-g-Si7 as a transparent oil (0.42 g, 68%). 1H NMR (400 MHz, 

CDCl3) δ = 9.22 (s, 2H, C-NH-CO), 7.44 – 7.30 (m, 10H, benzyl), 6.19 (s, 2H, C-CH-C), 5.32 (s, 4H, 

C-CH2-O), 3.33 (q, J = 6.6 Hz, 4H, NH-CH2), 2.57 (t, J = 7.7 Hz, 4H, CH2-CH2-CH2-CH2-Si(CH3)), 

1.69 (p, J = 15.2 Hz, 4H, CH2-CH2-CH2-Si(CH3)), 1.59 (p, J = 6.8 Hz, 4H, NH-CH2-CH2), 1.43 (p, J = 

3.9 Hz, 4H, NH-CH2-CH2-CH2), 1.38 (p, J = 3.8 Hz, 4H, CH2-CH2-Si(CH3)), 0.56 (t, J = 8.2 Hz, 4H, 

CH2-Si(CH3)), 0.11 – 0.01 (m, 90H, Si(CH3)2-O); 13C NMR (100 MHz, CDCl3) δ = 170.16, 157.46, 

154.46, 136.11, 128.73, 128.41, 128.21, 100.05, 68.27, 68.25, 39.99, 37.16, 31.99, 30.08, 26.94, 23.03, 

18.24, 1.94, 1.30, 1.22, 0.34 ppm. MS (MALDI-ToF): m/z calc. for C68H138N8O16Si14+: 1715.7 [M+H]+; 

found: 1715.73 Da; m/z calc. for C68H138N8O16Si14+Na+: 1737.69 [M+Na]+; found: 1737.72 Da. 

 

UPy-g-Si7 
Starting from Bz-UPy-g-Si7 (0.43 g, 0.25 mmol) and Pd/C catalyst (3.8 mg, 0.036 mmol, 0.14 eq), 

the crude product was obtained using general procedure D. The crude product was purified by 

automated flash column chromatography using heptane/EtOAc (gradient 80/20 to 0/100) as eluent 

yielding pure UPy-g-Si7 as a transparent sticky material (0.28 g, 72%). 1H NMR (400 MHz, CDCl3) 
δ = 13.18 (s, 2H, C-NH-C), 11.86 (s, 2H, C-NH-CO), 10.18 (s, 2H, CO-NH-CH2), 5.81 (s, 2H, , C-

CH-CO), 3.23 (q, J = 7.1 Hz, 4H, NH-CH2), 2.45 (t, J = 7.6 Hz, 4H, CH2-CH2-CH2-CH2-Si(CH3)), 1.73 

– 1.55 (m, 8H, CH2-CH2-CH2-Si(CH3), NH-CH2-CH2), 1.46 – 1.32 (m, 8H, NH-CH2-CH2-CH2, CH2-

CH2-Si(CH3)), 0.56 (t, J = 8.4 Hz, 4H, CH2-Si(CH3)), 0.12 – 0.00 (m, 90H, Si(CH3)2-O); 13C NMR (100 

MHz, CDCl3) δ = 173.35, 156.77, 154.90, 152.54, 105.89, 40.23, 32.63, 30.77, 29.76, 26.99, 22.95, 

18.02, 1.94, 1.30, 1.22, 0.30 ppm. MS (MALDI-ToF): m/z calc. for C54H126N8O16Si14+: 1535.61 [M+H]+; 

found: 1535.68 Da. 
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Chapter 7 

Tuning polymer properties of non-covalently 

crosslinked PDMS by varying the supramolecular bond 

strength 

ABSTRACT: Non-covalently crosslinked polymeric networks are promising materials 

towards sustainable and recyclable plastics. Here, we present the post-functionalization 

of poly(dimethyl siloxane) (PDMS) with supramolecular moieties, attached as grafts to 

the PDMS backbone, to obtain recyclable PDMS networks. We select three different 

supramolecular motifs that differ in bond strength and we investigate how these 

differences affect the dynamic behavior of the networks. The introduction of 

dinitrohydrazones (hydz), which afford weak supramolecular interactions by π-stacking, 

resulted in a viscous material at room temperature. Stronger self-association was achieved 

by the introduction of benzene-1,3,5-carboxamides (BTAs) and ureidopyrimidinone 

(UPy) moieties, which self-assemble via triple and quadruple hydrogen bonding, 

respectively. This resulted in a thermoplastic elastomeric material for BTA-based PDMS 

and brittle materials for UPy-based PDMS. Time- and temperature-dependent 

mechanical measurements reveal that the dynamics of the supramolecular bonds become 

slower upon increasing the bond strength. The polymers are fully recyclable by solvation 

or compression molding without the loss of material properties. Thereby, by using one 

linear PDMS backbone, we demonstrate how fundamentally different material properties 

are obtained by changing the supramolecular bond strength and type of non-covalent 

crosslinks. These molecular insights broaden the scope and application of PDMS-based 

sustainable materials. 

 

 

 

Part of this work is published in: 
B.A.G. Lamers, M.L. Ślęczkowski, F. Wouters, T.A.P. Engels, E.W. Meijer and A.R.A. 

Palmans Polym. Chem. 2020, 11, 2847–2854.
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7.1    Introduction 

Polymer chemistry research has advanced the development of plastics that show a 

wide variety of tunable material properties. More recently, focus has shifted to the reuse 

and reshaping of materials by developing re-organizable polymer networks using 

dynamic covalent bonds.1–6 Apart from dynamic covalent bonds, dynamic non-covalent 

bonds have also been applied in polymeric networks.7–9 Here, a linear polymer backbone 

is typically post-modified to incorporate supramolecular moieties along the backbone as 

grafts. Pioneering work performed by Stadler and coworkers showed that thermoplastic 

elastomers and viscoelastic materials could be accessed from functionalized 

polybutadienes.10–12 The facile synthesis of these materials permitted to easily vary the 

nature of the non-covalent crosslinks, and hereby polymer properties were readily tuned. 

Over the past decades, a variety of non-covalent interactions has been investigated, 

which are all amenable to their introduction into polymer materials. Examples are 

hydrogen bonding,13 π-stacking,14 ionic paring,15 and metal-ligand association.16  

Polydimethylsiloxane (PDMS) elastomers are of great interest due to their high 

backbone flexibility, good thermal stability and biocompatibility,17 giving rise to 

applications ranging from biomaterials to soft robotics.18,19 The broad range of 

applications owing to the various chemistries available for functionalizing PDMS has 

resulted in a variety of sustainable solutions for crosslinked PDMS.20–24 However, there 

are only few examples in the literature of post-modified PDMS and thereby introducing 

supramolecular moieties as grafts on the linear siloxane backbone. Bouteiller and 

coworkers grafted bis-ureas to PDMS, which resulted in a phase-segregated system with 

good tensile properties due to the strong hydrogen bonding.25 Brook and coworkers 

attached coumarin groups, which afford a much weaker interaction, to the PDMS 

backbone. Also, in this case, the self-association of coumarin groups by π-stacking 

resulted in a thermoplastic elastomer.26 These examples show that modifying PDMS with 

associating groups can dramatically affect the material’s properties. 

In Chapter 4, we studied the supramolecular interactions and morphologies of discrete 

length oligodimethylsiloxanes functionalized with dinitrohydrazones (hydz).27 Highly 

aligned and long-range ordered cylinders of hydrazone were obtained originating from 

weak self-association via π-stacking. In addition, the stacking and hydrogen bonding of 

benzene-1,3,5-carboxamides (BTA) has been extensively studied in solution as well as in 

the liquid crystalline phase.28 The cooperative formation of M-helical stacks by chiral 

BTAs grafted to PDMS resulted in the formation of multi-chain copolymer aggregates in 

solution.29 Finally, very strong supramolecular bonds have been introduced by quadruple 

hydrogen bonding of ureidopyrimidinone (UPy) moieties.30 The donor-donor-acceptor-

acceptor array results in a bond dissociation barrier of 70 ± 2 kJ mol-1 for the UPy moieties 

in chloroform. Hence, the high dimerization constant gives rise to the use of UPy moieties 

in many types of polymers among which are siloxanes,31–33 also shown in Chapter 6. 



Tuning polymer properties of non-covalently crosslinked PDMS by varying the supramolecular bond strength│ 

155 

 

However, post-functionalization of UPy moieties as grafts onto linear PDMS have not 

been reported to date. 

In this chapter, we post-functionalize a PDMS backbone with hydz, BTA or UPy 

moieties to systematically vary the supramolecular bond strength of the non-covalent 

crosslinks in the polymeric material (Scheme 1). This gives rise to three distinct polymers 

with mechanical properties varying from viscous to brittle. A molecular explanation gives 

more insight into designing polymer properties depending on the supramolecular bond 

strength and dynamics.  

 

Scheme 1. Molecular structures of PDMS-g-hydz, PDMS-g-BTA and PDMS-g-UPy. 

 

7.2  Synthesis and characterization of hydz-, BTA- and UPy-

grafted PDMS 

Three functional PDMS polymers were synthesized by reacting alkene-functionalized 

supramolecular moieties to commercial poly(dimethylsiloxane-co-methylhydrosiloxane) 

(PDMS-co-PHMS) with an average molecular weight of 25 kg mol-1 and PHMS content 

of 5 %. The synthesis of the dinitrohydrazone is described in Chapter 4 and the synthesis 

of the BTA moiety has been published recently.29 The UPy moiety was synthesized from 

isocyanatodecene and methylisocytosine in good yield (64%) (Scheme 2). Direct 

hydrosilylation of the hydrazone, BTA and UPy onto the PDMS-co-PHMS using 

Karstedt’s catalyst resulted in PDMS-g-hydz, PDMS-g-BTA and PDMS-g-UPy, 

respectively (Scheme 1).29 The molecular structure of PDMS-g-UPy is slightly different 

from the hydrazone and BTA functionalized polymers. Here, only part of the hydrides 

was reacted with the UPy moiety, and the rest with hexene resulting in a UPy graft 

density of 0.5 mol%. PDMS with a higher UPy density (4 mol%) yielded a material which 

was too brittle, precluding analysis of its mechanical properties. Therefore, the number 

of UPy grafts was lowered by including hexyl groups to the polymer backbone. These 

groups are necessary to prevent the hydride containing PDMS from crosslinking 

covalently in atmospheric humidity via intermolecular dehydration as was shown by 

Opris and coworkers.34 
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Attaching the supramolecular moieties to the PDMS backbone resulted in dramatic 

changes of the material properties such as viscosity, elasticity and brittleness of the 

materials. Whereas PDMS-co-PHMS is a liquid, all functionalized silicones appear as 

solids. Hence, the supramolecular moieties act as non-covalent, intermolecular crosslinks 

between the linear PDMS chains. Films of the polymers could be dissolved in THF, 

demonstrating the reversibility of the network (Figure 1).  

 

Figure 1. (A) PDMS-g-hydz polymer film in THF and (B) dissolved in THF after 1 minute at room 

temperature. (C) PDMS-g-BTA polymer film in THF and (D) dissolved in THF after 1 minute at 

40 °C. (E) PDMS-g-UPy polymer film in THF and (F) dissolved in THF after 10 minutes at 65 °C. 

 

Table 1. Number-average molecular weight, dispersity, polymer composition, glass transition and 

melt transition temperature of the hydrazone, BTA and UPy grafted PDMS. 

Polymer 
M n a 

[kg mol-1] 
Ɖ a mol% graft b x c y c 

T g d 

[°C] 

T f d  

[°C] 

PDMS-g-hydz 29.5 2.2 5 320 17 −105 -4 

PDMS-g-BTA 42.1 2.1 3 440 14 −104 27 

PDMS-g-UPy 27.9 1.5 0.5 380e 2 −113 100 

a Determined by SEC in THF (Figure 2A), calibrated with polystyrene standards. b Determined by 
1H NMR. c x is the number of siloxane units, y is the number of siloxane units with a supramolecular 

moiety attached. Calculated using the Mn, mol% supramolecular crosslink and average molecular 

weight of a monomer. d Determined by DMTA. e Includes both the number of dimethylsiloxane as 

well as methyl-hexyl-siloxane (x and x2 in Scheme 1).  

 

The polymers were fully characterized by size exclusion chromatography (SEC) and 
1H and 29Si NMR spectroscopy. The results are summarized in Table 1. The number 

average molecular weight (Mn) and dispersity (Ɖ) of the polymers were obtained by SEC 

(Figure 2A). The Mn of PDMS-g-hydz and PDMS-g-UPy, 27.9 and 29.5 kg mol-1, 

respectively, were similar to the molecular weight of the PDMS-co-PHMS given by the 

supplier. In contrast, the Mn of PDMS-g-BTA was much higher (42 kg mol-1). Most likely, 

the higher apparent Mn is caused by interactions of the BTAs with the SEC column. 

Therefore, multiple polymer chains cluster together resulting in a higher average 

molecular weight measured. The absence of covalent crosslinks was revealed by 29Si NMR 

where only one peak was observed at δ = −22 ppm. This signal is indicative for the 
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presence of only double oxygen-bonded silicon atoms since triple and quadrupole 

oxygen-bonded silicon atoms appear at δ ≥ −55 ppm. The graft density was calculated 

using 1H NMR integrals by comparing the signal at 0.6 ppm with the PDMS signal at 

0.1 ppm (Figure 2B). The density was 5, 3 and 0.5 mol% for PDMS-g-hydz, PDMS-g-BTA 

and PDMS-g-UPy, respectively (Table 1). For the latter, only the UPy grafts were 

included in the graft density, the hexyl groups are included in the dimethylsiloxane 

content. 

 
Figure 2. (A) SEC trace of PDMS-g-hydz (red), PDMS-g-BTA (black) and PDMS-g-UPy (blue) in 

THF (PDA 254 nm). 1H NMR spectrum of PDMS-g-hydz in THF-d 8. Peaks indicated with an 

asterisk (*) correspond to the solvent. 

 

7.3  Non-covalent interactions and phase segregation 

between hard and soft segments 

Fourier transform infrared (FT-IR) spectroscopy was applied to investigate the 

presence of hydrogen bonds in the polymers (Figure 3A). First, the PDMS-g-hydz shows 

an absorption band at 3280 cm-1, representing an intramolecular hydrogen bond between 

the nitro and amine group, as observed for the discrete hydz-oDMS conjugates in Chapter 

3.27 The presence of intermolecular hydrogen bonding between the amides of the BTAs 

in PDMS into helical aggregates was confirmed by an NH stretch band at 3238 cm-1 and 

CO stretch and amide II band at 1640 and 1560 cm-1, respectively.29 Finally, dimerization 

of the UPy units was corroborated by the presence of hydrogen-bonded carbonyl groups 

at 1707 and 1672 cm-1.35 Due to the low concentration of UPy moieties in the material, a 

weak stretching band for the hydrogen-bonding NH groups was observed in the region 

at 3212 to 3147 cm-1.  

In addition, medium and wide-angle X-ray scattering experiments showed the 

presence of a microphase-segregated state for all grafted polymers (Figure 3B). The phase 

segregation of PDMS-g-hydz is most pronounced and can be assigned to a hexagonally 

packed cylindrical phase by the presence of q* followed by √3q* and √4q*. In contrast to 
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the hydz-oDMS conjugates reported in Chapter 4, the scattering peaks of PDMS-g-hydz 

are broad, clearly indicating the higher degree of disorder due to the dispersity of the 

PDMS. The high degree of disorder is also observed for the BTA- and UPy-grafted PDMS 

polymers as only a weak principal scattering peak (q*) in present in the 1D transmission 

scattering data, indicative for a weakly segregated system. The wide-angle region 

(q > 6 nm-1) shows the presence of π-stacking for both PDMS-g-hydz and PDMS-g-BTA 

by the appearance of a scattering peak at a domain spacing of 0.3 nm. 

 
Figure 3. (A) FT-IR spectra and (B) 1D transmission scattering profiles of PDMS-g-hydz (red), 

PDMS-g-BTA (black) and PDMS-g-UPy (blue). Data is shifted for clarity. 

 

7.4    Mechanical properties  

The (thermo)mechanical properties of the polymers were examined by dynamic 

mechanical thermal analysis (DMTA) and tensile tests. Films of PDMS-g-hydz and 

PDMS-g-BTA were produced by drop casting a concentrated solution of the copolymers 

in THF (∼1 g/mL) into a Teflon mold. The THF slowly evaporated and the films were 

annealed in the oven at 40 °C overnight. In contrast, we could not obtain uniform films 

of PDMS-g-UPy by drop casting, thus uniform films were obtained by compression 

molding at 130 °C. These films were annealed overnight in the oven at 80 °C to ensure 

equilibrium in the polymeric system and that no stresses remain from compression.  

DMTA results show a glass transition (Tg) for the three polymers at −104 to −113 °C, 

which is close to the Tg of conventional PDMS (Figure 4A).17 Therefore, we can conclude 

that the Tg is mainly governed by the PDMS backbone (Table 1). Interestingly, the tan(δ) 

peak of PDMS-g-hydz has a shoulder at −90 °C which we assign to the mobility of the 

hydrazone groups. Likewise, the gain in mobility of the BTAs is observed by a second 

maximum in tan(δ) at −67 °C for PDMS-g-BTA. The sharp peak in tan(δ) below the 
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T g (−118 °C) for PDMS-g-UPy is most likely attributed to a gamma transition, which may 

also involve associations with water.  

The flow temperature (T f), defined as the change from elastic to a viscous response, is 

strongly influenced by the supramolecular bond strength of the grafts (Table 1). Figure 

4B clearly shows that the hydrazone grafted PDMS starts flowing at the lowest 

temperature (−4 °C). PDMS-g-BTA starts flowing around room temperature (25 °C), 

while PDMS-g-UPy only starts flowing at 100 °C. Interestingly, the T f of the BTA grafted 

PDMS is low compared to liquid crystalline BTAs (120 °C), measured by DSC.36 Most 

likely, this is due to the presence of small BTA stacks in the PDMS, i.e., dimers, trimers, 

tetramers, whereas liquid crystalline BTAs form long helical stacks. Hence, dissociation 

of the small stacks in the PDMS costs less energy yielding a relatively low flow 

temperature compared to the liquid crystalline BTA material. The storage moduli at the 

rubber plateau determined at −40 °C for PDMS-g-hydz, PDMS-g-BTA and PDMS-g-UPy 

are 26, 13 and 4 MPa, respectively. This corresponds well to the number of non-covalent 

crosslinks incorporated on the PDMS (Table 1).   

 
Figure 4. (A) Tan(δ) and (B) storage modulus of PDMS-g-hydz (red), PDMS-g-BTA (black) and 

PDMS-g-UPy (blue) as a function of temperature.  

 

Table 2. Mechanical properties including Youngs modulus, stress and strain at yield point, 

maximum stress, and strain at break of the hydrazone, BTA and UPy grafted PDMS obtained by 

engineering stress-strain curves measured at 0.01 s-1. 

Polymer 
E 

[MPa] 

σ yield 

[kPa] 

ε yield 

[%] 

σ max 

[kPa] 

ε break 

[%] 

PDMS-g-hydz 2.4 ± 0.04 162 ± 27 25 ± 4 162 ± 27 467 ± 82 

PDMS-g-BTA 5.3 ± 0.06 1014 ± 39 106 ± 7 1420 ± 109 518 ± 11 

PDMS-g-UPy 3.9 ± 0.01 n.o. n.o. 273 ± 36 7 ± 1 

Values were averaged over four tensile tests; n.o. = not observed. 
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Tensile tests of the copolymers were performed at room temperature and the results 

are listed in Table 2 and Figure 5. In addition, X-ray diffraction measurements were 

performed on samples stretched at different strains to attain information on the 

alignment of the supramolecular grafts (Figure 6A–B). PDMS-g-hydz exhibits only 

viscous flow as the polymer chains are only associated by weak π-stacking. Upon 

stretching the polymer sample beyond the yield point, the phase-segregated cylinders are 

aligned in the direction of the force. Herein, the direction of the π-stacking, originating 

from the hydrazones, are found perpendicular to the cylindrical axis, similar to the 

alignment of the hydrazones induced by flow, described in Chapter 4. The stress-strain 

curve of PDMS-g-UPy shows a low maximum stress and strain at break combined with 

no plastic deformation which is indicative for a brittle material. PDMS-g-BTA has a yield 

point of 106% and elongation at break up to 518%.  

The Young’s moduli are determined at a strain rate of 0.01 s-1 (Table 2) and nicely 

follow the order of the moduli at room temperature obtained by DMTA. In further 

agreement with the DMTA results, it follows that the PDMS-g-UPy has a rate 

independent modulus at room temperature while the Young’s modulus of PDMS-g-BTA 

and PDMS-g-hydz are highly dependent on the strain rate (8.5 and 4.1 respectively, when 

measured at 0.1 s-1), due to their T f that is below room temperature. 

 
Figure 5. (A) Full engineering stress-strain curve of PDMS-g-hydz (red), PDMS-g-BTA (black) and 

PDMS-g-UPy (blue), measured at 0.01 s-1, at room temperature and (B) zoom of the low strain region. 

 

PDMS-g-BTA shows a typical rubber-like, elastomeric response below the yield point. 

Hence, when tested under quasi-static conditions at moderate to high strain rates, the 

mechanical response of the material resembles that of a thermoplastic elastomer. Beyond 

the yield point (strain > 100%), plastic deformation occurs in which the BTA stacks 

dynamically break and reform to release stress. The yield point represents the dynamics 

of the BTA in the polymer whereas the yield point of conventional covalent polymers is 

associated with the segmental mobility of the main chain. Finally, strain hardening takes 

place in which the BTAs align in the direction of the force (Figure 6A–B, ring at 18.5 nm-1). 

Herein, a large enhancement of the π-stacking is observed, indicative for larger domains 
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of BTA stacks and hence longer BTA fibers in the PDMS. Additionally, the PDMS chains 

align slightly in the direction of the force observed by brightening of spots on the ring 

representing the PDMS (Figure 6B, ring at 8.5 nm-1). To clarify the tensile tests at the 

molecular level, a schematic representation of the polymer with BTA stacks before 

alignment, below 80% and after 400% strain is shown (Figure 6C). The polymer starts as 

random coil with small crystallites of the BTA as confirmed by the low T f (vide supra). 

Then the polymer backbone starts to elongate slightly after which the BTAs start to move 

in and out of the stacks and finally align into larger stacks in the direction of the force. 

 
Figure 6. 2D transmission scattering profile of PDMS-g-BTA after (A) 80% and (B) 400% strain. (C) 

Schematic representation of phases during elongation of PDMS-g-BTA. The PDMS chains are 

represented in gray and the BTAs are represented in red. Initially, the BTAs are randomly 

distributed through the material (left) and upon elongation by force, the BTAs move from stack to 

stack and come closer together forming aligned helices within the stretched PDMS chains (right).  
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7.5    Dynamic properties of the supramolecular crosslinks  

Dynamic properties of the three different supramolecular bonds in the PDMS 

networks were examined by stress relaxation experiments through DMTA. A constant 

strain of 1% was applied and the relaxation modulus was followed over time. The 

normalized stress relaxation moduli (E/E0) are shown at different temperatures in 

Figure 7. At room temperature, full stress relaxation was achieved in 160 and 210 s for 

PDMS-g-hydz and PDMS-g-BTA, respectively (Figure 7A–B). The UPy-grafted PDMS 

required more than 8 hours at room temperature to obtain full stress relaxation.38 The 

efficient stress relaxation is facilitated by the reversibility of the supramolecular networks 

as the bonds can exchange to relax the polymeric chains that are stressed. Furthermore, 

the faster decay of the modulus with increasing temperature for all polymers indicates an 

increase in dynamics of non-covalent crosslinks at higher temperatures. The 

characteristic relaxation time (τ*) was determined from the stress relaxation curves at E/E0 

equals 1/e, assuming the Maxwell model for stress relaxation. The temperature 

dependence of τ* is in good agreement with the Arrhenius equation arising from dynamic 

exchange. The relationship between ln(τ*) and 1000/T is plotted and fitted to the 

Arrhenius law (Figure 7D) and approximate activation energies (E a) are calculated. The 

resulting activation energies are 22, 39 and 69 kJ mol-1 for PDMS-g-hydz, PDMS-g-BTA 

and PDMS-g-UPy, respectively. Interestingly, the E a of PDMS-g-UPy is in agreement 

with the dissociation energy of UPy dimers in chloroform.37 The high E a results in 

relatively slow solid state bond exchange at room temperature in comparison to other 

non-covalent crosslinked polymers, yet, it is comparable to some dynamic covalent bonds 

in polymer networks.39–43 

Together, the stress relaxation measurements are in accordance with the DMTA 

results and tensile tests giving the same trend of the supramolecular bond strength for the 

three PDMS materials. The flow temperature of the non-covalently crosslinked PDMS 

materials that increases from hydrazone via BTA to UPy indicates the weakest 

supramolecular interactions for the hydrazone and the strongest for the UPy. Hence, the 

activation energy to break the supramolecular bonds is highest for PDMS-g-UPy and 

lowest for PDMS-g-hydz. The Young’s modulus of the three polymers does not follow 

this trend as a result of the lower graft density of the UPy grafted PDMS. Thereby, the 

modulus at room temperature, obtained from the DMTA results and tensile tests, is 

highest for PDMS-g-BTA, followed by PDMS-g-UPy and lowest for PDMS-g-hydz. 

Nevertheless, the combined techniques confirm the presence of weak physical 

interactions for PDMS-g-hydz, intermediate bond dynamics for PDMS-g-BTA and very 

strong hydrogen bond association for PDMS-g-UPy. 
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Figure 7. Stress relaxation curves of (A) PDMS-g-hydz, (B) PDMS-g-BTA and (C) PDMS-g-UPy, 

measured at 1% strain. (D) Arrhenius analysis of the characteristic relaxation time τ* obtained from 

the stress relaxation values at E/E0 = 1/e for PDMS-g-hydz (red), PDMS-g-BTA (black) and        

PDMS-g-UPy (blue).  

 

7.6    Recycling of the non-covalent crosslinked PDMS 

The supramolecular origin of the three PDMS networks enables recycling of the 

polymers, both thermally and via solvation. Polymeric films can be obtained by 

dropcasting from THF solution (vide supra), thus the films can be redissolved in THF and 

dropcasted to make new films. Unfortunately, this method yielded poor films for       

PDMS-g-UPy, however, the material can be dissolved in THF showing the reversibility 

and recyclability of the network. Alternatively, recycling of the polymers is accomplished 

by compression molding of the material, giving homogeneous films (Figure 8A). In this 

way, the polymers can be reprocessed in any shape by either molding or cutting the films 

into the desired shape. The recycled polymers still have the same properties as is shown 

by the tensile tests (Figure 8B). 
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Figure 8. (A) Photo showing the thermal recycling of PDMS-g-UPy into a rectangular shape. (B) 

Tensile tests of PDMS-g-hydz (red), PDMS-g-BTA (black) and PDMS-g-UPy (blue) after a three 

times recycling process. Dashed line represents the original sample. Inset shows the low strain 

region. 

 

7.7    Conclusions 

In conclusion, we utilized supramolecular grafts to successfully crosslink linear PDMS 

and obtain fully recyclable polymers without the loss of material properties. We 

developed a way to finely tune the PDMS polymer properties only by changing the nature 

of the supramolecular interactions. Association of the hydrazones resulted in a viscous 

material, which is weakly crosslinked at room temperature. Hydrogen bonding by BTAs 

gives a thermoplastic elastomer, while a brittle material was obtained by quadruple 

hydrogen bonding in UPy units. Stress relaxation experiments revealed that the dynamics 

of the supramolecular moieties was slowest for the UPy, followed by the BTA and the 

hydrazone. The slow dynamics of the UPy due to strong association results in a lack of 

elasticity and therefore a brittle material is obtained. The BTA dynamics in the PDMS 

provides an equilibrium of the BTAs reorganizing their superstructure. Thereby, the 

stress is reduced due to the dynamic nature of the crosslinks originating from reversible 

dissociation and association of the BTAs.  

The relatively high molecular weight of the PDMS lowers the order of the 

supramolecular moieties on the nanoscale compared to the discrete siloxane materials 

using the same supramolecular moieties. In contrast, the mechanical properties, such as 

elasticity, of the disperse PDMS materials discussed in this chapter are much better than 

their discrete analogues, due to the higher molecular weight of the PDMS enabling 

entanglements. These molecular insights into supramolecular crosslinking of PDMS 

broadens the scope of applications for PDMS in, for example, the field of biomaterials. 

We hope that this, in combination with the facile post-functionalization synthesis of the 

PDMS, will lead to the further development of recyclable plastics with novel polymer 

properties. 
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7.8    Experimental section 

7.8.1 Materials and methods 

All chemicals were purchased from commercial sources and used without further purification. 

PDMS-co-PHMS precursor polymers were purchased from Gelest (HMS-064, 50,000-60,000 g mol-1, 

4–8 % hydride). Polymer PDMS-g-BTA was synthesized according to literature procedure.29 NMR 

spectra were recorded on Varian Mercury Vx 400 MHz or Bruker ASCEND 400 MHz (400 MHz 

for 1H NMR, 100 MHz for 13C NMR and 80 MHz for 29Si NMR) spectrometers. Deuterated solvents 

used are indicated in each case. Chemical shifts (δ) are expressed in ppm and are referred to the 

residual peak of the solvent. Peak multiplicity is abbreviated as s: singlet; q: quartet; p: pentet; m: 

multiplet. Cr(acac)3 (2 mg) was added to the 29Si NMR samples to reduce signal interference by the 

NMR sample tube. The graft density was calculated using: 𝑓 =
1

𝑎

6
+1
× 100%, where a = total integral 

of PDMS protons at 0.1 ppm. The spectrum was first normalized to the integral of Si-CH2 protons 

at 0.6 ppm (H = 2). Liquid chromatography-mass spectrometry (LC-MS) was performed on a system 

consisting of the following components: Shimadzu SCL-10A VP system controller with Shimadzu 

LC-10AD VP liquid chromatography pumps (with an Alltima C18 3 u (50 × 2.1 mm) reversed-phase 

column and gradients of water–acetonitrile supplemented with 0.1% formic acid, a Shimadzu DGU 

20A3 prominence degasser, a Thermo Finnigan surveyor auto sampler, a Thermo Finnigan surveyor 

PDA detector and a Thermo Scientific LCQ Fleet. Gradients were run from 5% MeCN to 100% 

MeCN over a 15-minute period. All infrared measurements were performed on a Perkin Elmer FT-

IR Spectrum Two apparatus. Size exclusion chromatography (SEC) measurements were conducted 

on a Shimadzu Prominence-i LC-2030C 3D, using eluent flow of 1 mL min-1 (THF) and solutions 

were of concentration 1 mg mL-1 were filtered through 0.2 μm Whatman Anatop 10 filters before 

injection. Polarized Optical Microscopy (POM) samples were placed on glass substrates and imaged 

using Nikon Xfinity1 Lumenera microscope with 5x magnification. 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-1. 

Scattered X-rays were captured on a 2D Pilatus 300K detector with 487 × 619 pixel resolution. The 

sample-to-detector distance was 0.084 m (WAXS mode) or 0.48 m (MAXS mode). The instrument 

was calibrated with diffraction patterns from silver behenate. Dynamic mechanical thermal 

analysis (DMTA) is performed on samples with a width of 5.3 mm and thickness of 0.5 – 0.7 mm 

using a TA instruments Q800 with flat clamps. For the temperature scan measurement, the samples 

were heated with 3 K min-1 from −140 °C to 40–160 °C (depending on the polymer), recording the 

modulus (E’, E”) and loss factor (tan δ). A frequency of 1 Hz, strain of 0.1% and preload force of 

0.01 N were used, which is in the linear viscoelastic regime. For the stress relaxation experiments, 

a strain of 1% was applied which is in the viscoelastic regime for all polymers at all measured 

temperatures. For PDMS-g-hydz and PDMS-g-BTA no preload force was used for the stress 

relaxation experiments. For PDMS-g-UPy a preload force of 0.1 N was used. Tensile tests are 

performed on dog-bone shaped samples with a width of 1.5 mm, length of 14 mm and thickness of 

0.5 ‒ 0.7 mm. Stress-strain curves were measured using a tensile stage equipped with a load cell of 

100 N. The tests were performed at room temperature and the load was recorded at a constant strain 

rate of 0.01 s-1. 

  



│Chapter 7 

166 

 

7.8.2 Synthetic procedures 

 
Scheme 2. Synthesis of PDMS-g-UPy. Reagents and conditions: a) diphenyl phosphoryl azide, Et3N, 

DMF 90 °C, 10 minutes; then 6-methylisocytosine, 110 °C, 4 hours (65%); b) 1-hexene, Karstedt’s 

catalyst, chloroform, 45 °C, 4 days (∼53%). 

 

PDMS-g-hydz 
PDMS-co-PHMS (3.8 g, 0.17 mmol) and (2,4-dinitrophenyl)-p-(4-pentyloxy)benzylhydrazone 

(hydz) (1.3 g, 3.51 mmol, 21 eq) were dissolved in dry DCM (15 mL) and stirred under argon 

atmosphere. Five drops of Karstedt’s catalyst (solution in xylene, 2% Pt) were added. The mixture 

was heated to reflux temperature and the stirred for four days. After full conversion of the hydride, 

the crude was concentrated in vacuo. The mixture was dissolved in THF (50 mL), transferred to a 

dialysis tube (6-8 kDa, RC standard tubing) and dialyzed for two days in 750 mL THF. The product 

was removed from the dialysis tube and concentrated in vacuo. The product was dissolved in DCM 

(50 mL) and precipitated in acetonitrile. The product was filtered and the residue was dried in 

vacuo, yielding the pure product as a red sticky solid (3.3 g, ∼68 %). 1H NMR (400 MHz, THF-d8): 

δ = 11.22 (s, 1H, NH), 8.88 (s, 1H, C(NO2)-CH-C(NO2)), 8.22 (s, 1H, C(NO2)-CH-CH-C), 8.19 (s, 

1H, C(NO2)-CH-CH-C), 8.00 (s, 1H, N-CH-Ar), 7.60 (s, 2H, C(CHN)-CH-CH-C), 6.86 (s, 2H, 

C(CHN)-CH-CH-C), 3.90 (s, 2H, O-CH2-CH2), 1.70 (s, 2H, O-CH2-CH2-CH2), 1.41 (s, 2H, CH2-CH2-

CH2-Si), 1.41 (s, 2H, CH2-CH2-CH2-Si) 0.51 (s, 2H, CH2-CH2-CH2-Si), 0.33 – −0.36 (m, 99H, O-

Si(CH3)2-O). 29Si NMR (80 MHz, THF-d8) δ = −22 ppm. 

 

1-(Dec-9-en-1-yl)-3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea (4) 
Undecenoic acid 2 (4.0 g, 21.7 mmol, 1 eq) and triethylamine (2.4 g, 23.9 mmol, 1.1 eq) were 

dissolved in dry DMF (20 mL) and stirred under argon. Diphenyl phosphoryl azide (7.8 g, 

28.2 mmol, 1.3 eq) was added and the mixture was heated to 90 °C. After 10 minutes stirring at 90 

°C, intermediate compound 3 was formed and 6-methylisocytosine (4.1 g, 32.6 mmol, 1.5 eq) was 

added. The mixture was stirred at 110 °C for 4 hours until full conversion was reached. The reaction 

mixture was diluted with 200 mL MeOH and heated to reflux temperature to obtain a clear solution. 

The flask was cooled directly into an ice-bath and the product precipitated as a white solid in a 

yellow solution. The mixture was filtered and the residue was recrystallized in MeOH/DMF 

(200:10 mL). The product was filtered and dried in vacuo, yielding pure product 4 as a white 
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powder (4.3 g, 65 %). 1H NMR (400 MHz, CDCl3): δ = 13.13 (s, 1H, C-NH-C), 11.85 (s, 1H, C-NH-

CO), 10.15 (s, 1H, CO-NH-CH2), 5.81 (s, 1H, CO-CH-C), 5.91 – 5.64 (m, 1H, CH2-CH-CH2), 5.06 – 

4.84 (m, 2H, CH2-CH-CH2), 3.23 (q, 3J = 7.6 Hz, 2H, NH-CH2-CH2), 2.22 (s, 3H, CH-C-CH3), 2.02 

(q, 3J = 7.8, 2H, CH2-CH-CH2), 1.60 (p, 3J = 7.1 Hz, 2H, NH-CH2-CH2), 1.49 – 0.94 (m, 10H, (CH2)5-

CH2-CH); 13C NMR (100 MHz, CDCl3) δ = 173.19, 156.72, 154.88, 148.31, 139.37, 114.24, 106.84, 

100.14, 40.23, 33.95, 29.70, 29.54, 29.39, 29.21, 29.05, 27.11, 19.09, 0.15 ppm. LC-MS: m/z calc for 

C16H26N4O2+: 307.21 Da; found: 307.33 Da. 

 

PDMS-g-UPy 
UPy 4 (1.2 g, 3.9 mmol, 13 eq) and PDMS-co-PHMS (6g, ∼0.3 mmol, 1 eq) were dissolved in dry 

chloroform (15 mL) and stirred under argon atmosphere. The mixture was heated to 45 °C to 

dissolve the starting materials. Then, 1-hexene (0.3 g, 3 mmol, 10 eq) and five drops of Karstedt’s 

catalyst were added and the mixture was stirred for four days at 45 °C. After full conversion of the 

hydride, the mixture was concentrated in vacuo and dissolved in a mixture of 50 mL THF and 

15 mL EtOH (needed some heating to dissolve). The dissolved polymer was precipitated in a 

mixture of acetonitrile (200 mL) and water (pH∼10) (50 mL + 1 g K2CO3). A gel-like precipitated 

was formed in a very fine white suspension. The gel-like precipitated was collected and dried in 

vacuo resulting in the pure product, obtained as a brittle solid (3.2 g, ∼53%).1H NMR (400 MHz, 

THF-d8) δ = 13.27 (s, 1H, C-NH-C), 12.08 (s, 1H, C-NH-CO), 10.56 (s, 1H, CO-NH-CH2), 5.90 (s, 

1H, CO-CH-C), 3.95 (q, 3J = 6.9 Hz, 2H, NH-CH2-CH2), 2.39 (s, 3H, CH-C-CH3), 1.75 (s, 8H, NH-

CH2-CH2 and hexane), 1.69 – 1.39 (m, 95H, (CH2)5-CH2-CH and hexane), 0.86 – 0.62 (m, 16H, CH2-

CH2-CH2-Si), 0.29 (s, 1081H, O-Si(CH3)2-O). 29Si NMR (80 MHz, THF-d8) δ = −22 ppm. 
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Chapter 8 

Scope and limitations of end-functionalized siloxanes 

for the bulk assembly of 2D and 1D nanostructures 

ABSTRACT: Molecules that assemble into one- (1D) or two-dimensional (2D) 

nanostructures in the bulk are promising materials for nanotechnology. An 

understanding of the molecular driving forces guiding the morphology and feature sizes 

is key to design those nanostructures. For this, we synthesized several end-functionalized 

siloxanes, designed to form 2D crystalline nanostructures or 1D or 2D morphologies based 

on supramolecular interactions. Highly organized 1D nanostructures are observed when 

there is synergy between phase segregation and supramolecular interactions. The 

dimensions of these nanostructured morphologies result from the geometry and 

anisotropy of the molecular building blocks, highlighting the importance of the 

molecular design of the end-functionalized siloxanes that assemble via supramolecular 

interactions. In contrast, the formation of 2D crystalline nanostructures is less 

predictable, which we attribute to strong competition between phase segregation and 

crystallization. As a result, distorted structures are formed, which originate from a large 

driving force for crystallization. Unstable 2D nanostructures are formed by end-

functionalized siloxanes with small molecules on the periphery that have a crystal 

structure of which the third dimension in the small molecule crystal is very important 

for the crystal stability. Hence, disruption of this third dimension by the covalent 

attachment of a siloxane results in a drastic change in thermal properties and molecular 

order of the nanostructure. With single point energy calculations, we gained insights in 

which interactions dominate in the crystal structure and thereby we are a step closer to 

predict a distinct nanostructured morphology and specific material properties from the 

small molecule single crystal structure. This resulted in new insights into the relationship 

between molecular structure and nanostructure and increased our understanding of the 

balance between different molecular driving forces in bulk assembly processes. 
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8.1    Introduction 

Understanding the relationship between molecular structure, morphology and 

properties is fundamental for the design of functional devices such as electronic skins,1 

membranes2,3 and self-healable plastics.4  These devices are often formed by liquid crystals 

(LCs) or block copolymers (BCPs) or a combination of the two. Many decades of research 

in these fields have generated some basic design principles obtained by relating the 

molecular structure to nanoscale morphology.5–12 For this, an understanding of the inter- 

and intramolecular interactions originating from the molecular structure in the LC or 

BCP material is key. 

In this thesis, we successfully obtained one- (1D) and two-dimensional (2D) 

nanostructures by end-functionalized oligodimethylsiloxanes (oDMS). This, together 

with recent publications on discrete oDMS-based materials,13–22 has improved our 

understanding of the inter- and intramolecular driving forces that result in 1D or 2D 

nanostructures. The strong tendency of oDMS to microphase segregate with many other 

blocks is the common driving force for all discrete oDMS-based materials. When only 

this interaction drives the assembly, a phase-segregated ordered morphology is formed 

that follows from BCP theory and thus is determined by the oligomer length, composition 

and interaction parameter (χ).20 Morphologies such as spherical, gyroid, cylindrical or 

lamellar structures are formed. These phases are obtained when the siloxane is end-

functionalized with hydrogen bonding moieties, such as UPy moieties or hydroxy-

azobenzenes.15,16 

The introduction of an additional driving force for bulk assembly next to phase 

segregation is the main topic of this thesis. Such driving forces can be crystallization or 

supramolecular interactions, such as π-stacking, charge transfer (CT) or metal 

coordination which may result in either 1D or 2D nanostructures. In all cases, these 

interactions are directional and force the assembly into a 1D or 2D structure, irrespective 

of the volume fraction of siloxane. They can be in synergy or in competition with phase 

segregation which reduces the predictability of the nanostructured morphology based on 

the molecular design.  

Synergistic effects between directional interactions and phase segregation result in 

highly organized and long-range ordered nanostructures which were observed for     

hydz-oDMS-hydz of Chapter 4,23 Pyr- and NDI-functionalized siloxanes of Chapter 5 and 

UPy-UT-g-Si7 of Chapter 6.24 Moreover, literature described synergistic effects for 

discrete oDMS functionalized with  isotactic lactic acid oligomers,25 oligomethylene,21 

diphenylantracene,18  methoxy-azobenzene,15  benzylated UPy16 and rod-like mesogens.13,19 

Competition between directional interactions and phase segregation is often observed for 

crystallization-driven assemblies of oDMS-based block co-oligomers (BCOs). As a result, 

distorted lamellar structures are formed with a broad interface between the two blocks. 

Examples are oDMS-oPro of Chapter 3, UPy-UT-oDMS of Chapter 6 and stereocomplexes 

of oLA-oDMS, reported in literature.25  
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The nanostructure formation of above examples can be explained by the molecular 

structure and corresponding inter- and intramolecular interactions. However, it remains 

hard to predict which interactions dominate and whether synergy or competition 

between driving forces can be expected. In this chapter, we set out the scope and 

limitations of discrete oDMS-based materials and aim towards a better understanding of 

the balance between different molecular driving forces guiding the nanostructure 

formation. For this, we base the peripheral block design on the 3D crystal or geometry of 

the molecule. We speculate on which interactions could play a role in nanostructure 

formation and why morphologies are formed as expected or different from what was 

expected. Using the results obtained here and the knowledge from previous studies, we 

enlarge the understanding of structure-property relationships in oDMS-based materials 

and move a step closer to predictable nanostructures based on molecular design. 

 

8.2    3D to 2D nanostructures by crystallization 

The crystallization-driven assembly of the siloxane peripheral blocks always results 

in lamellar morphologies.26 These crystalline 2D nanostructures are detected by X-ray 

scattering measurements in which the medium-angle region (MAXS, q < 7 nm-1) shows 

diffraction peaks at integer multiples of the principle scattering peak (q*). As discussed in 

Chapter 1, we define a 2D nanostructure as crystalline when sharp scattering peaks are 

observed in the wide-angle region (WAXS, q > 7 nm-1) and the enthalpic contribution to 

melting of the structure is larger than ∼15 kJ mol-1.27 

Diphenyltriazine diamine end-functionalized oDMS (triaz-Sin-triaz, synthesized by 

Freek de Graaf) was initially designed for its hydrogen bonding capability (Figure 1A). 

However, we learned that all possible conformations of the molecule and corresponding 

supramolecular interactions must be considered for the bulk nanostructure formation 

(Figures 1A–D). The end-functionalized siloxane clearly formed a lamellar structure 

(Figure 1F) which has a domain spacing of 3.4 and 9.0 nm for triaz-Si8-triaz and triaz-

Si40-triaz, respectively. However, we could not find evidence for hydrogen bonding by 

Fourier transform infrared (FT-IR) spectroscopy (data not shown). The lack of hydrogen 

bonds, together with the small dimension of the lamellae, which is too small to fit a dimer 

of the triazine, makes the packing of the triazines in the lamellae as depicted in Figure 1B 

highly unlikely. The triazine conformation as depicted in Figure 1D has the possibility to 

possess intramolecular CT interactions. We measured absorption and emission spectra of 

triaz-Si8-triaz and triaz-Si40-triaz and indeed observed the presence of intramolecular CT 

interactions (data not shown). Hence, antiparallel stacking of the triazines is ideal to 

cancel the dipoles. Moreover, a slipped stacking of triazine and benzene cores is 

energetically most favorable according to calculations by Ugozzoli and coworkers.28 

Therefore, we expect the triazines to be stacked on the phenyl cores of the layer 

underneath. Altogether, this suggests that the packing of the triazines as illustrated in 

Figure 1E is most probable for the formation of the 2D, crystalline lamellar structures. 
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The broad scattering peaks of triaz-Si40-triaz compared to the sharp reflections of 

triaz-Si8-triaz indicates competition between crystallization-driven assembly and phase 

segregation for triaz-Si40-triaz. Most likely, the triaz-Si8-triaz is pre-organized in an 

amorphous lamellar structure as a result of its symmetric volume fraction. This gives rise 

to a high degree of order while the triaz-Si40-triaz is not pre-organized into lamellae due 

to the larger siloxane content. Moreover, the 2D crystal is formed very rapidly and melt 

temperature transitions are high (> 190 °C). Therefore, we assign the competition 

between crystallization and phase segregation in triaz-Sin-triaz to the imbalance in 

diffusion and crystallization kinetics in combination with a large thermodynamic driving 

force for crystallization. 

 
Figure 1. (A) Molecular structure of triaz-Sin-triaz. (B) Packing of the triazine block in case of 

hydrogen bonding. (C–D) Possible conformations of the triazine block. (E) Most plausible packing 

of the triazine block in the crystalline lamellar structure. (F) 1D transmission scattering profile of 

triaz-Si40-triaz (top) and triaz-Si8-triaz (bottom).  

 

We envisioned that distinct layers of molecules in the crystal structures of the 

peripheral blocks is beneficial for the formation of 2D, crystalline nanostructures from 

end-functionalized siloxanes. Therefore, we screened for small molecules with a layered 

morphology in the crystal structure. Indeed, this design principle was successful for e.g. 

NDI-Sin-NDI of Chapter 5, forming highly ordered and crystalline 2D nanostructures. 

However, expanding the design principle to other crystalline molecules is not straight-

forward. The crystal structure of terthiophene and anthraquinone showed a layered 

structure as well (Figures 2A–D). Hence, we expected ordered and stable 2D, crystalline 

nanostructures at room temperature when a siloxane is end-functionalized with terthiophene 

or anthraquinone. Interestingly, both thioph3-Sin-thioph3 and antqui-Sin-antqui were 
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obtained as liquids and no ordered nanostructure was observed at room temperature. 

Thus, the melt transition temperatures (Tm) of terthiophene and anthraquinone decreased 

tremendously when attached to the siloxane. The terthiophene has a Tm at 50.6 °C, while 

the Tm of thioph3-Si8-thioph3 and thioph3-Si16-thioph3 is 19.4 and −1.6 °C, respectively. 

The Tm of anthraquinone is 85.3 °C and antqui-Si8-antqui and antqui-Si40-antqui have a 

Tm of 12.1 and −19.0 °C, respectively. The decrease in Tm in both cases indicates a 

destabilization of the nanostructure due to the breaking of the third dimension in the 

crystal. In contrast, all end-functionalized siloxanes that showed a synergistic effect 

between phase segregation and crystallization, such as benzylated-UPy moieties and 

methoxyazobenzens,15,17 have a Tm that is very close to the Tm of the precursor peripheral 

block.  

 
Figure 2. (A) Molecular structure of terthiophene-oDMS-terthiophene (thioph3-Sin-thioph3). (B) 

Top and side view crystal structure of terthiophene;29 hydrogens are not shown for clarity. (C) 

Molecular structure of anthraquinone-oDMS-anthraquinone (antqui-Sin-antqui). (D) Top and side 

view crystal structure of anthraquinone.30 (E) 1D transmission scattering profile of thioph3-Si16-thioph3 

(top) and thioph3-Si8- thioph3 (bottom), measured at −20 and 0 °C, respectively. (F) 1D transmission 

scattering profile of antqui-Si40-antqui (top) and antqui-Si8-antqui (bottom), measured at −30 and 

−20 °C, respectively. 
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The 1D transmission scattering profiles of thioph3-Sin-thioph3 and antqui-Sin-antqui 

were measured below Tm to determine their morphology. For thioph3-Si8-thioph3, a 

highly ordered, crystalline lamellar structure was obtained as follows from the sharp 

scattering peaks at integer multiples of q* and sharp peaks in the WAXS region 

(Figure 2E). The WAXS pattern of thioph3-Si16-thioph3 is identical to thioph3-Si8-thioph3, 

but the crystallization-driven nanostructure formation is not as efficient for              

thioph3-Si16-thioph3. Three principle scattering peaks could be distinguished (Figure 2E, 

q*, q2* and q3*), indicating the presence of three different morphologies. Hence, the 

imbalance between phase segregation and crystallization as a driving force resulted in 

defects in the nanostructure when the siloxane volume increased. The competition between 

crystallization and phase segregation is even more pronounced for antqui-Sin-antqui. A 

crystalline, lamellar morphology was detected for antqui-Si8-antqui, while antqui-Si40-antqui 

formed amorphous ordered hexagonally packed cylinders indicated by the presence of q* 

and √3q* (Figure 2F). Hence, the balance between crystallization and phase segregation 

as a driving force shifted completely towards phase segregation upon increasing the 

siloxane length.  

We hypothesized that disrupting the layers in the crystal structure with a siloxane 

linker weakens the driving force for crystallization as one direction in the crystal 

structure is removed. In particular, for the anthraquinone, the layers in the published 

crystal structure are largely overlapping with each other and therefore we expected that 

the interactions between adjacent molecules in the plane illustrated in Figure 3A are of 

similar strength. To confirm this hypothesis, we used the program crystal explorer31 and 

calculated the (attractive) total energies (Etot) of one anthraquinone molecule (grey) relative 

to each symmetry equivalent (color-coded), adjacent molecule within the crystal structure 

(Figure 3A). As expected, the highest energy is obtained for the red molecule that stacks on 

top of the grey molecule with Etot = −40 kJ mol-1. A lower energy of Etot = −15 kJ mol-1 is 

found for both the blue and purple anthraquinone. Thus, both of these molecules (blue 

and purple) contribute equally to the 2D crystal formation. However, this results in a 

large overlap between the anthraquinone and siloxane phase as the anthraquinones are 

shifted from each other. This is highly unfavorable as a large interface between the two 

phases is formed and therbey less stable and distorted lamellar structures are obtained as 

observed for antqui-Si8-antqui. In addition, the Etot of the blue and purple molecules are 

only about 35% relative to the energy to the red (stacking) molecule and therefore the 

interactions in the 2D plane are relatively low resulting in a low driving force for 

crystallization in 2D. We suggest that phase segregation as a driving force for 

nanostructure formation overcomes the driving force for crystallization in case of antqui-

Si40-antqui. In order to strengthen this hypothesis, we performed the same calculations 

on the NDI crystal structure as the NDI end-functionalized siloxane of Chapter 5 gave 

highly ordered, crystalline nanostrucutres with high a melt temperature (142.8 °C). 

Hence, we expected to obtain higher total energies in two directions and thus a higher driving 

force for crystallization in two dimensions. Indeed, a large Etot for the red (−79.6 kJ mol-1) and 
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yellow (−33.6 kJ mol-1) NDI with repsect to the grey NDI is observed a shown in Figure 3B. 

The Etot of all other adjacent NDIs are relatively low and thus these interactions are easily 

broken without losing the driving force for crystallization in two directions. As a result, the 

NDIs in NDI-Si8-NDI easily form highly stable, crystalline 2D sheets in a siloxane matrix 

due to the synergy between phase segregation and crystallization as also observed 

experimentally in Chapter 5. Hence, we are able to understand the driving force for 

nanostructure formation for these molecules. Most promising, these single point energy 

calculations are a good guideline to predict which small molecule, based on the crystal 

structure, is suitable as basis for the end-functionalized siloxane to design and obtain an 

ordered 2D, crystalline nanostructure.  

 

Figure 3. Top view crystal structure and total energy with respect to the black molecule and color-

coded accordingly for (A) anthraquinone30 and (B) NDI.32 Values for Etot obtained by single point 

energy calculations based on Hartree Fock. 

  

8.3  3D to 1D or 2D nanostructures by supramolecular 

interactions 

Next, we focused our attention on the design of 1D nanostructures following the 

successful formation of highly organized cylinders by hydz-Sin-hydz in Chapter 4. These 

materials are waxy solids and find themselves in the mesomorphic state. Thus, to design 

1D nanostructures, directional supramolecular interactions and the molecule’s geometry 

have to be taken into account. We assign 1D nanostructures using X-ray measurements 

in which the MAXS region shows scattering peaks at q*, √3q*, √4q*, √7q* and √9q*, 

indicative for a hexagonally packed cylindrical morphology. In contrast to the 

crystallization-driven nanostructures described above, the enthalpy of fusion for 

isotropization of the supramolecular assembled morphology is much lower (< 5 kJ mol-1).27 

Therefore, we assign the isotropization temperatures to order-disorder transitions (ODT) 

instead of melting transition. As discussed in Chapter 1, we use the nomenclature of BCPs 

E
tot

 (kJ mol-1) 

−40.8 

−5.0 

−15.1 

−13.7 

E
tot

 (kJ mol-1)
 

−79.6 

−33.6 

−6.3 

−8.6 

−8.3 

−5.9 

−5.6 

A B 



│Chapter 8 

178 

 

throughout this thesis while the nomenclature LCs is also valid for the structures 

discussed in this section as they find themselves in the mesomorphic state. This is only a 

difference in semantics and therefore we stick to the BCP nomenclature for clarity. 

The bulk assembly of acylhydrazone end-functionalized oDMS is very similar to 

hydz-Sin-hydz, described in Chapter 4. A 1D nanostructure with a domain spacing of 

5.6 nm is formed by acylhydz-Si40-acylhydz and a 2D nanostructure with a domain 

spacing of 3.4 nm is formed by acylhydz-Si8-acylhydz (Figures 4A–B). We expect that the 

acylhydrazones orient antiparallel to each other and form a disc-shaped dimer, in analogy 

to hydz-Sin-hydz. Both acylhydrazone end-functionalized siloxanes show a single 

scattering peak in the WAXS region (Figure 4B) which corresponds to a distance of 

0.48 nm. Presumably, this is too large for π-stacking, therefore solid-state NMR is 

necessary to determine the molecular origin of the peak. Nevertheless, it must be a regular 

interaction in the acylhydrazone nanostructure which most likely contributes 

significantly to the degree of order in the system.  

Metal complexation is a supramolecular interaction that has not been explored for 

end-functionalized siloxanes up to date. We were interested in the morphology changes 

upon metal complexation since structural changes influence the material properties 

significantly.33 Acylhydz-Sin-acylhydz has a metal binding site and therefore it can form a 

microphase separated metallosupramolecular polymer. We mixed acylhydz-Sin-acylhydz 

with 1 equivalent Ni(OTf)2, giving rise to the metallo-supramolecular polymer as 

illustrated in Figure 4C. The complexation was successful, as evidenced by a shift in the 

absorption maximum from 300 to 340 nm in the UV-Vis spectrum (Figure 4D). The 

morphology changes were captured by X-ray scattering experiments where the 

disappearance of the peak at 0.48 nm in the WAXS region was observed for both               

Ni-acylhydz-Si8 and Ni-acylhydz-Si40 supramolecular polymers (Figure 4B). This 

indicated the formation of an amorphous structure of which the ordered morphologies are 

expected to follow the BCP theory. The volume fraction of siloxane in Ni-acylhydz-Si8 and 

Ni-acylhydz-Si40 supramolecular polymers is approximately 0.53 and 0.85, which drives 

the system to a lamellar and spherical morphology, respectively. Indeed, a lamellar 

morphology was assigned to the Ni-acylhydz-Si8 supramolecular polymer. However, we 

could not assign any morphology to the Ni-acylhydz-Si40 supramolecular polymer, as only 

the principle scattering peak is observed, indicating a phase-segregated morphology 

without any repetitive geometrical structure.  

Similar results were obtained by metal complexation of 2-hydroxybenzoic acid 

functionalized siloxanes (Figure 4E). Benzacid-Si8-benzacid forms a 1D nanostructure as 

a result of the synergy between phase segregation and π-stacking suggested by the weak 

scattering peak at a q-value of 18.3 nm-1 in the 1D transmission scattering profile 

(Figure 4F). In contrast, no peaks are observed in the WAXS region of benzacid-Si40-

benzacid which might be due to the weak scattering intensity that can also be observed 

in the MAXS region. Most likely, the nanostructure of benzacid-Si40-benzacid finds itself 

on the border of disorder and order in the phase-diagram in agreement with its large 
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siloxane volume fraction (fSi = 0.92). This results in a poorly ordered hexagonally packed 

cylindrical or BCC phase between which we are not able to distinguish due to the broad 

scattering peaks (Figure 4F).  

 
Figure 4. (A) Molecular structure of acylhydrazone-oDMS-acylhydrazone (acylhydz-Sin-acylhydz). 

(B) 1D transmission scattering profile of and acylhydz-Si40-acylhydz and acylhydz-Si8-acylhydz 

(black) and their respective nickel coordinated Ni-acylhydz-Sin polymers (green). (C) Possible molecular 

structure of Ni-coordinated acylhydz-Sin polymers. (D) UV-Vis spectra of acylhydz-Si8-acylhydz 

(black) and nickel coordinated Ni-acylhydz-Si8 polymer (green) in chloroform (100 μM). (E) Molecular 

structure of (hydroxy-benzoic acid)-oDMS-(hydroxy-benzoic acid) (benzacid-Sin-benzacid). (F) 1D 

transmission scattering profile of benzacid-Si40-benzacid and benzacid-Si8-benzacid (black) and the 

copper coordinated Cu-benzacid-Si8 polymer (cyan). 

 

The metal complexation of benzacid-Si8-benzacid with Cu(acetate)2 resulted in a 

morphology change from a 1D to 2D nanostructure (Figure 4F). Furthermore, the absence 

of scattering peaks in the WAXS region concluded an amorphous structure in analogy to 

the metal complexation of acylhydz-Sin-acylhydz (Figure 4B). For the Cu-benzacid-Si8 

supramolecular polymer, the stoichiometry between the copper and ligands was not 

determined since an excess of Cu(acetate)2 was added (5.5 eq). Therefore, we were not 



│Chapter 8 

180 

 

able to determine the exact volume fraction of the siloxane in this supramolecular 

polymer. However, the volume fraction of siloxane is at least 0.61, assuming at least two 

ligands being coordinated to the one copper atom. This means that the Cu-benzacid-Si8 

supramolecular polymer follows BCP theory for phase segregation by forming a lamellar 

structure. 

We expected that the metallo-supramolecular polymers formed crystalline, 2D 

nanostructures as the metal-ligand combinations afford highly crystalline solids. 

Nevertheless, only amorphous, lamellar structures were obtained. It remains an open 

question why only phase segregation occurs, and no crystallization takes place. Although 

the role of the counterion is not considered, it should not be underestimated.33 Therefore, 

more metal and counterion combinations must be tested, as well as more conditions to 

form the metallo-supramolecular polymers. This allows for a better understanding of the 

driving forces accommodating the nanostructure formation of the discrete oDMS-based 

metallo-supramolecular polymers.  

 
Figure 5. (A) Molecular structure of (Si11)3-(S )-BTA, (Si11)3-BTA and a BTA-dumbbell structure 

denoted as (Si11)3-BTA-Si16-BTA-(Si11)3. (B) 1D transmission scattering profile of (Si11)3-(S )-BTA, 

(Si11)3-BTA and (Si11)3-BTA-Si16-BTA-(Si11)3. (C–D) POM image of (Si11)3-BTA (C) between two 

class plates and (D) an ITO coated LC cell; region indicated with DC shows a homeotropic 

alignment of the BTA and the region indicated with no DC shows a random alignment of the BTA 

columns. Electrodes were soldered onto the ITO cell and voltage was applied using  

 

Finally, we introduced siloxane chains with a chiral and achiral alkyl linker to 1,3,5-

benzenetricarboxamides (BTAs) and thereby form a C3-symmetrical molecule (Figure 

5A). Hence, the geometry of this structure is very different from all other discrete oDMS-

based materials described above. To resemble the end-functionalized siloxane 

architecture, we also attached two BTAs to one siloxane linker to form a siloxane-based 

dumbbell BTA ((Si11)2-BTA-Si16-BTA-(Si11)2, Figure 5A). As could be expected from 
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previous studies on BTAs, where always a columnar LC structure is formed,34 all three 

oDMS-based BTAs formed a 1D nanostructure due to the discotic geometry and stacking 

of the BTAs as a result of hydrogen bonding (Figure 5B). The oDMS-BTAs show a peak 

in the WAXS region representing a distance of 0.33 nm (Figure 5D), indicative for               

π-stacking. Interestingly, the discrete oDMS-BTA conjugates give much more ordered 

nanostructures than the disperse PDMS-g-BTA of Chapter 7, although the driving forces 

for assembly are similar. Hence, the high degree of order is a result of the discrete oDMS. 

The packing of the dumbbell BTA is the least ordered of the discrete oDMS-BTA 

conjugates described here, indicated by the low number of scattering peaks in the MAXS 

region and a weak π-stacking scattering peak in the WAXS region compared to                  

(Si11)3-(S )-BTA and (Si11)3-BTA. We hypothesize that this is due to slow diffusion kinetics 

as a result of motional restrictions upon covalent attachment of two BTAs by an 

amorphous linker. The nanostructures of (Si11)3-(S )-BTA and (Si11)3-BTA are virtually the 

same as observed by the X-ray scattering data and have equal domain spacings of 3.8 nm. 

From previous studies,34 it is known that (Si11)3-BTA forms a combination of M- and         

P-helical stacks and (Si11)3-(S )-BTA only forms M-helical stacks, due to the chiral center. 

Remarkably, (Si11)3-(S )-BTA is a solid while (Si11)3-BTA is a wax, indicating a tighter and 

more ordered packing of the (Si11)3-(S)-BTA. Possibly, this could be due to the presence 

of the single helicity, giving a better packing of the columns. As a result of the mobility 

in the waxy (Si11)3-BTA material, the columns can be nicely aligned homeotropically by 

direct current (DC) (Figures 5C–D). 

  

8.4    Discussion and conclusions 

In this chapter, we have shown the assembly of a variety of end-functionalized 

siloxanes and gained a better understanding of the relationship between the 

nanostructured morphology and their molecular structure. We have shown the role of 

the siloxane oligomer causing phase segregation that can enhance or decrease the order 

in the system. The order is strongly enhanced by the synergistic effect of phase 

segregation, geometry of the molecule and hydrogen bonding, causing e.g. π-stacking. 

However, other supramolecular interactions must be considered to make this statement 

general. We initiated this by the introduction of metal complexation in end-

functionalized siloxanes showing the potential of the resulting supramolecular polymers. 

The driving forces for the metallo-supramolecular siloxane polymer bulk assembly are 

not yet fully understood, therefore more combinations must be examined to link the 

molecular structure to the nanostructure and properties of the materials. 

Competition between crystallization and phase segregation results in a decrease of 

order in the nanostructure of the end-functionalized siloxanes. In this chapter, we 

observed that this may originate from two reasons. A) An imbalance of diffusion and 

crystallization kinetics in combination with a large thermodynamic driving force for 

crystallization that gives rise to many defects and a distorted nanostructure, especially 
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when the siloxane fraction becomes larger. This can be recognized by high melting 

temperatures and broad peaks in 1D transmission scattering profiles. B) Destabilization 

of the 3D crystal structure due to breaking of one dimension in the small molecule crystal 

structure by the covalent attachment of a siloxane, resulting in poor material properties 

and unstable nanostructures. This occurs when the interactions in the third dimension of 

the crystal are important for the crystal formation and stability. By removing one 

direction upon conjugation of the small molecule to the siloxane, the thermal properties 

change drastically since crucial interactions holding the crystal together are weakened, 

resulting in relatively low melt transition temperatures. Hence, the intermolecular 

interactions in organic crystals should not be underestimated as strong attractions by 

dispersion interactions between adjacent molecules in the crystals exist, even if they do 

not have a short atom-to-atom contact. With single point energy calculations, we 

computed the (attractive) total energies for the intermolecular interactions between 

adjacent molecules in the crystal structure. From this, we concluded that molecules with 

equal energies in the second and third dimension give a distorted nanostructure. 

Moreover, a low total energy in the second dimension results in a small driving force for 

2D crystallization and thereby amorphous, phase-segregated structures are formed. In 

contrast, high energies in the first and second dimension and a low energy in the third 

dimension gives a large driving force for 2D crystallization of the molecule in the siloxane 

matrix. Thus, when synergistic effects are obtained between crystallization and phase 

segregation giving highly ordered nanostructures, the third dimension is less important 

for the stability of the structure. With the calculations, a promising method is developed 

to predict the morphological outcome of a particular end-functionalized siloxane from a 

small molecule crystal structure. These calculations could be used as a guideline for the 

design of stable and highly ordered 2D, crystalline nanostructure by end-functionalized 

siloxanes. 

 

8.5    The aim revisited: some general conclusions 

In the last part of this thesis, we revisit the aim, as presented in Chapter 1. The results 

from this thesis in combination with previous, published work illustrate that ordered 

nanostructures can be formed by a variety of inter- and intramolecular interactions such 

as hydrogen bonding, dipole-dipole (CT) interactions, crystallization, metal complexation 

and phase segregation. Hence, characteristics of BCPs and LCs merged and the use of 

discrete length, low molecular weight siloxanes made the line between those fields of 

research virtually absent. Categorization of the end-functionalized siloxanes into block 

co-oligomers, block molecules, solvent-free surfactants or liquid crystals is therefore 

mostly a matter of semantics. The interpretation from a certain research area categorizes 

it into their most familiar field. Therefore, the same end-functionalized siloxane may be 

referred to as BCO as well as LC, both being valid since driving forces originating from 

both fields are present in the nanostructure. In general, structures such as oDMS-oLA or 
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oDMS-oPro are referred to as BCOs due to the similarity in molecular structure to 

polymeric analogues. However, when crystallization takes place in one of the two blocks, 

the directionality known from LCs is also present. The short length of the oligomers – 

causing the formation of small crystalline domains – makes a distinction between BCOs 

and LCs on the nanoscale impossible. Siloxane oligomers with rod-like molecules on the 

periphery are often referred to as block molecules or LCs. Here, the similarity of the 

molecular structure with LCs causes the categorization. According to the definition by 

Tschierske,11 the comprehensive term “block molecules” is always valid when the 

molecular structure is composed of two different blocks, assembling via phase segregation 

in combination with directional interactions. Personal preferences mostly guide the 

nomenclature for the discrete, low MW molecular structures and results in a gap between 

fields. Hence, correct nomenclature for this new class of macromolecules is open for 

debate and paramount for the further development of discrete, biphasic building blocks. 

Throughout this thesis, we learned that the relative strength of the interactions as 

well as the geometry of the end-functionalized siloxane matters for which morphology is 

formed. The geometry of the molecule often gives a predictable morphology, similar to 

LCs. However, it remains challenging to predict which of the possible driving forces will 

dominate to afford the distinct nanostructured morphology. Small changes in molecular 

structure result in large changes of the nanostructured morphology due to a change of 

the driving force for assembly. Hence, the balance between the interactions is easily 

varied in the end-functionalized siloxanes by only minor changes in the molecular 

structures. Thus, by setting out the scope of end-functionalized siloxanes, we have been 

able to elucidate relationships between molecular structure and nanostructure. By the 

combination of experimental work and calculations, we have come a step closer towards 

a molecular picture enabling an understanding of which interactions dominate in the 

assembly processes and how they can be recognized. We are confident that this work is 

a starting point for a predictable design of nanostructured morphologies. After all, simple 

building blocks that easily assemble via a “lego-like” approach combined with the 

mobility enabled by the siloxane will permit rapid access to tailored materials for future 

nanotechnological applications. 

 

8.6    Experimental section 

8.6.1 Materials and methods 

All chemicals were purchased from commercial sources and used without further purification.  The 

discrete length oligodimethylsiloxanes were obtained by the synthetic procedures described in 

Chapter 2. Terthiophene 10 was kindly provided by Jolanda Spiering. Amine 22 was kindly 

provided by Bas van Genabeek. BTA building blocks 29 and 31 were kindly provided by Marcin 

Ślęczkowski. Amine 27 was synthesized according to literature procedure.17 Dry solvents were 

obtained with an MBRAUN solvent purification system (MB-SPS). Oven-dried glassware (120 °C) 

was used for all reactions carried out under argon atmosphere. Automated column chromatography 
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was conducted on a Biotage Isolera One system using Biotage KP-SIL Silica Flash Cartridges. NMR 

spectra were recorded on Varian Mercury Vx 400 MHz, Varian 400MR 400 MHz (400 MHz for 1H 

NMR, 100 MHz for 13C NMR) spectrometers. Deuterated solvents used are indicated in each case. 

Chemical shifts (δ) are expressed in ppm and are referred to the residual peak of the solvent. Peak 

multiplicity is abbreviated as s: singlet; d: doublet, q: quartet; p: pentet; m: multiplet; dd: double 

doublet; ddt: double doublet of triplets. Liquid chromatography-mass spectrometry (LC-MS) was 

performed on a system consisting of the following components: Shimadzu SCL-10A VP system 

controller with Shimadzu LC-10AD VP liquid chromatography pumps (with an Alltima C18 3 u 

(50 × 2.1 mm) reversed-phase column and gradients of water–acetonitrile supplemented with 0.1% 

formic acid, a Shimadzu DGU 20A3 prominence degasser, a Thermo Finnigan surveyor auto 

sampler, a Thermo Finnigan surveyor PDA detector and a Thermo Scientific LCQ Fleet. Gradients 

were run from 5% MeCN to 100% MeCN over a 15-minute period. Matrix assisted laser 

absorption/ionization-time of flight mass spectra (MALDI-ToF) were obtained on a PerSeptive 

Biosystems Voyager DE-PRO spectrometer using α-cyano-4-hydroxycinnamic acid (CHCA) or 

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCBT) as matrix. 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-1. Scattered X-rays were captured on a 2-dimensional Pilatus 300K detector with 

487 × 619 pixel resolution. The sample-to-detector distance was 0.084 m (WAXS mode) or 0.48 m 

(MAXS mode). The instrument was calibrated with diffraction patterns from silver behenate. 

Ultraviolet–visible (UV-vis) absorbance spectra were recorded on a Jasco V-650 UV/Vis 

spectrometer at 293 K with a Jasco ETCT-762 temperature controller. UV-vis measurements were 

performed using a quartz cuvette (10×10 mm). Differential scanning calorimetry (DSC) data were 

collected on a DSC Q2000 from TA instruments, calibrated with an indium standard. The samples 

(4–8 mg) were weighed directly into aluminum pans and hermetically sealed. The samples were 

initially heated to 200 °C and then subjected to two cooling/heating cycles from −50 °C to 200 °C 

with a rate of 10 K min-1. The melting points that are reported are obtained from the second heating cycle. 

Single point energy calculations are based on Hartree Fock and performed using Crystal Explorer.31 

8.6.2 Synthetic procedures 

General procedure for the coupling of oDMSn dihydride to the olefin. 
The siloxane mono- or dihydride and the olefin were dissolved in dry DCM. The mixture was 

stirred under argon atmosphere and Karstedt’s catalyst (2 wt% in xylene) was added (1–2 drops). 

The reaction was stirred for 0.5–4 hours. The crude product was purified using automated flash 

column chromatography and dried in vacuo. 

 

Methyl 4-(pent-4-en-1-yloxy)benzoate (3) 
Methyl 4-hydroxybenzoate (1) (1.73 g, 11.4 mmol), K2CO3 (3.14 g, 22.8 mmol, 2 eq) and KI (0.19 g, 

1.14 mmol, 0.1 eq) were dissolved in acetone. 5-bromo-1-pentene (2) (2.53 g, 17.0 mmol, 1.5 eq) 

was added and the mixture was stirred overnight at 60 °C. The crude product was transferred to a 

separation funnel and extracted with pentane (4 × 100 mL). The organic layers were collected and 

washed with 50 mL HCl (1M) and 100 mL brine. The organic layer was collected and dried using 

MgSO4. The MgSO4 was filtered off and the filtrate was concentrated in vacuo to a volume of 

∼10 mL. The product was purified using automated column chromatography with heptane/EtOAc 

(gradient 100/0 to 85/15) as eluent. The product was dried in vacuo, yielding pure methyl 4-hydroxybenzoate 
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10 (1.42 g, 57%). 1H NMR (400 MHz, CDCl3) δ = 7.97 (d, J = 8.4 Hz, 2H, O=C-C-(CH-CH)2-C-O), 

6.91 (d, J = 8.4 Hz, 2H, O=C-C-(CH-CH)2-C-O), 5.91 – 5.79 (m, 1H, CH=CH2), 5.19 – 4.93 (m, 2H, 

CH=CH2), 4.02 (t, J = 6.4 Hz, 2H, O-CH2), 3.88 (s, 3H, O-CH3), 2.24 (q, J = 6.6 Hz, 2H, CH2-CH2-

CH=CH2), 1.91 (dt, J = 8.1, 6.5 Hz, 2H, CH2-CH2-CH=CH2); 13C NMR (100 MHz, CDCl3) δ = 166.88, 

162.84, 137.56, 131.56, 122.42, 115.38, 114.06, 67.32, 51.82, 30.02, 28.26 ppm. 

 

4-(Pent-4-en-1-yloxy)benzoic acid (4) 
Methyl 4-(pent-4-en-1-yloxy)benzoate (3) (1.37 g, 6.23 mmol) and KOH (0.70 g, 12.5, 2 eq) were 

dissolved in 30 mL ethanol and stirred at 80 °C overnight. Concentrated HCl (37 %) was added 

dropwise to the hot solution until pH 7 was reached. Subsequently, the mixture was poured in 

100 mL water and extracted with diethyl ether (3 × 100 mL). Separation of the aqueous and organic 

layer was improved by addition of NaCl. The organic layers were collected, combined and washed 

with water. The organic layer was dried using MgSO4, filtered and the filtrate was dried in vacuo, 

yielding the pure product 4 as a light-yellow solid (1.12 g, 87%). 1H NMR (400 MHz, CDCl3) 

δ = 12.12 (s, 1H, OH), 8.06 (d, J = 8.4 Hz, 2H, O=C-C-(CH-CH)2-C-O), 6.94 (d, J = 8.4 Hz, 2H, O=C-

C-(CH-CH)2-C-O), 5.86 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H, CH=CH2), 5.20 – 4.94 (m, 2H, CH=CH2), 

4.04 (t, J = 6.4 Hz, 2H, O-CH2), 2.25 (q, J = 6.6, 3.4 Hz, 2H, CH2-CH2-CH=CH2), 1.93 (dt, J = 8.1, 6.5 

Hz, 2H, CH2-CH2-CH=CH2); 13C NMR (100 MHz, CDCl3) δ = 172.23, 163.60, 137.52, 132.36, 121.54, 

115.42, 114.20, 67.40, 30.01, 28.22 ppm. 

 

 
Scheme 1. Synthesis of triaz-Sin-triaz. Reaction conditions: (a) K2CO3, KI, acetone, 65 °C, O/N (57%); 

(b) KOH, ethanol, reflux, O/N (87%); (c) SOCl2, dry CHCL3, argon, reflux, 3 h (90%); (d) 1) 1M HCl, 

RT, 15 min; 2) sodium dicyanamide (6), reflux, O/N (44%); (e) NEt3, 5, DMAc, CHCL3, 50 °C, O/N  

(33%); (f) oDMS8 dihydride or oDMS40 dihydride, DCM, Karstedt’s catalyst, r.t., 2–3 h (40–46%). 
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4-(Pent-4-en-1-yloxy)benzoyl chloride (5) 
4-(Pent-4-en-1-yloxy)benzoic acid (4) (0.37 g, 1.77 mmol) was dissolved in 10 mL chloroform and 

while stirring under argon, thionyl chloride (0.3 mL, 3.54 mmol, 2 eq) was added dropwise. The 

mixture was stirred for 3 h under reflux conditions. After full conversion, the chloroform and 

thionyl chloride were distilled off by vacuum distillation. The resulting brown oil was dissolved in 

heptane, forming a precipitate. The precipitate was filtered and the filtrate was dried in vacuo, 

yielding the benzoyl chloride product 5 as light-yellow solid (0.36 g, 90%). 1H NMR (400 MHz, 

CDCl3) δ = 8.08 (d, J = 8.4 Hz, 2H, O=C-C-(CH-CH)2-C-O), 6.97 (d, J = 8.4 Hz, 2H, O=C-C-(CH-

CH)2-C-O), 5.94 – 5.76 (m, 1H, CH=CH2), 5.15 – 4.98 (m, 2H, CH=CH2), 4.06 (t, J = 6.4 Hz, 2H, O-

CH2), 2.25 (q, J = 7.1 Hz, 2H, -CH2-CH2-CH), 1.93 (p, J = 6.8 Hz, 2H, CH2-CH2-CH); 13C NMR (100 

MHz, CDCl3) δ = 172.03, 163.58, 137.51, 132.33, 121.50, 115.57, 114.64, 67.41, 30.00, 28.21 ppm. 

 

1,5-Diphenylbiguanide (8) 
Aniline (7) (0.93 g, 10 mmol, 2 eq) was added to a 1M HCl solution and stirred until the mixture 

was homogeneous. Sodium dicyanamide (6) (0.44 g, 5 mmol) was added dropwise and the mixture 

was stirred under reflux overnight. The mixture was allowed to cool to room temperature and 

precipitate was filtered and washed with water. The precipitate was collected and dried in vacuo. 

The crude product was dissolved in 3 mL hot DMF after which 15 mL toluene was added, forming 

a gel-like precipitate. The mixture was filtered and the precipitate with was washed with toluene 

(20 mL) and water (20 mL). The residue was dried in vacuo. The crude product was dissolved in 

methanol to a concentration of 0.5 M after which 1.2 eq of methanolic NaOCH3 was added. The 

mixture was stirred for 1 hour. Water (50 mL) was added, causing precipitation of the product. The 

mixture was filtered and the precipitate on the filter was washed with water (20 mL). The product 

was dried in vacuo. Additionally, precipitation from the aqueous filtrate was observed after 

10 weeks. The filtrate was filtered again, collecting the precipitate on the filter paper which was 

dried in vacuo. The products were combined to obtain diphenylbiguanide 8 as a white solid (0.56 g, 

44%). 1H NMR (400 MHz, DMF-d7) δ = 10.49 (s, 2H, Ar-NH), 7.84 (s, 3H, C-NH-C-, -C=NH), 7.45 

(d, J = 8.0 Hz, 4H, Ar-H), 7.33 (t, J = 7.7 Hz, 4H, Ar-H), 7.11 (t, J = 7.4 Hz, 2H, Ar-H); 13C NMR (100 

MHz, DMF-d7) δ = 172.02, 156.70, 143.62, 129.54, 123.92 ppm. LC-MS: m/z calc. for C14H15N5+: 

254.13 Da [M+H]+; found 254.25 Da. 

 

6-(4-(Pent-4-en-1-yloxy)phenyl)-N2,N4-diphenyl-1,3,5-triazine-2,4-diamine (9) 
1,5-Diphenylbiguanide (8) (0.15 g, 0.59 mmol) and triethylamine (0.18 g, 1.78 mmol, 3 eq) were 

dissolved in dimethylacetamide (DMAc) and stirred under argon atmosphere. Benzoyl chloride 5 

(0.24 g, 1.07 mmol, 1.8 eq) was dissolved in dry CHCl3 and added dropwise to the reaction mixture. 

The mixture was stirred at 50 °C overnight. The mixture was allowed to cool to room temperature 

and transferred to a separation funnel. The mixture was washed with water (100 mL), saturated 

NaHCO3 (100 mL) and saturated NaCl (100 mL). The organic layer was collected and dried using 

MgSO4, followed by filtration and evaporation of the CHCl3 in vacuo. DMAc had remained in the 

organic phase and was removed using vacuum distillation. The product was obtained via 

recrystallization from hot CHCl3 and subsequently cooled in an ice bath. The recrystallization was 

repeated four times and product 9 was obtained as a white solid (83 mg, 33%). 1H NMR (400 MHz, 

DMF-d7) δ = 9.87 (s, 2H, Ar-NH), 8.50 – 8.32 (m, 2H, O-C-(CH-CH)2-C), 8.03 – 7.84 (m, 4H, NH-

C-(CH-CH)2-CH), 7.39 (t, J = 7.7 Hz, 4H, NH-C-(CH-CH)2-CH), 7.24 – 7.00 (m, 4H, NH-C-(CH-

CH)2-CH, O-C-(CH-CH)2), 5.94 – 5.76 (m, 1H, CH=CH2), 5.23 – 4.93 (m, 2H. CH=CH2), 4.15 (t, J = 

6.4 Hz, 2H, O-CH2), 2.33 (q, J = 7.1 Hz, 2H, CH2-CH2-CH), 1.96 (p, J = 6.8 Hz, 2H, CH2-CH2-CH); 
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13C NMR (100 MHz, DMF-d7) δ = 170.71, 165.09, 140.48, 138.47, 130.27, 129.43, 128.84, 122.72, 

120.62, 115.02 114.77, 67.64, 29.75, 28.60 ppm. LC-MS: m/z calc. for C26H25N5O+: 424.52 [M+H]+; 

found 424.50 Da. 

 

Triaz-Si8-triaz 
Starting from olefin-terminated triazine 9 (24 mg, 0.057 mmol, 3 eq) and oDMS8 dihydride (11 mg, 

0.019 mmol), triaz-Si8-triaz was obtained in 3 h using the general method. The crude product was 

purified by automated flash column chromatography using heptane/EtOAc (gradient 95/5 to 85/15) 

as eluent. The solvents were removed in vacuo. Additional purification using recycling GPC in 

CHCl3 was necessary. The pure fractions were collected, and the product was dried in vacuo, 

yielding triaz-Si8-triaz as a white solid (13 mg, 46%). 1H NMR (400 MHz, CDCl3) δ = 8.37 (d, J = 8.4 

Hz, 4H, O-C-(CH-CH)2-C), 7.66 (dd, J = 8.2, 4.3 Hz, 8H, NH-C-(CH-CH)2-CH), 7.41 – 7.32 (m, 8H, 

NH-C-(CH-CH)2-CH), 7.23 – 7.17 (m, 4H, NH-Ar), 7.14 – 7.07 (m, 4H, NH-(CH-CH)2-CH), 7.01 – 

6.94 (m, 4H, O-C-(CH-CH)2-C), 4.03 (t, J = 6.5, 4H, O-CH2), 1.87 – 1.78 (m, 4H, O-CH2-CH2), 1.57 

– 1.37 (m, 8H, O-CH2-CH2-CH2-CH2), 0.63 – 0.58 (m, 4H, CH2-Si(CH3)2), 0.16 – 0.03 (m, 48H, 

Si(CH3)2) ppm. MS (MALDI-ToF): m/z calc. for C68H100N10O9Si8+:1425.58 [M+H]+; found 1426.6 Da. 

Tm (DSC):  200 °C. 

 

Triaz-Si40-triaz 
Starting from olefin-terminated triazine 9 (20 mg, 0.047 mmol, 2.5 eq) and oDMS40 dihydride 

(55 mg, 0.019 mmol), triaz-Si40-triaz was obtained in 2 h using the general method. The crude 

product was purified by automated flash column chromatography using heptane/EtOAc (75/25) as 

eluent. The solvents were removed in vacuo. Additional purification using recycling GPC in CHCl3 

was necessary. The pure fractions were collected, and the product was dried, yielding                      

triaz-Si40-triaz as a white solid (28 mg, 40%). 1H NMR (400 MHz, CDCl3) δ = 8.42 (s, 4H, O-C-(CH-

CH)2-C), 7.61 (s, 8H, NH-C-(CH-CH)2-CH), 7.34 (s, 8H, NH-C-(CH-CH)2-CH), 7.18 (s, 4H, NH-

(CH-CH)2-CH), 6.99 (s, 4H, O-C-(CH-CH)2-C), 3.98 (s, 4H, O-CH2), 1.76 (s, 4H, O-CH2-CH2), 1.40 

(s, 8H, O-CH2-CH2-CH2-CH2), 0.62 – 0.50 (m, 4H, CH2-Si(CH3)2), 0.12 – 0.02 (m, 248H, Si(CH3)2); 
13C NMR (100 MHz, CDCl3) δ = 171.11, 164.35, 162.21, 138.29, 130.04, 128.64, 128.36, 123.20, 

120.34, 114.01, 67.92, 29.51, 28.75, 22.88, 18.00, 0.99, 0.94, 0.75 ppm. MS (MALDI-ToF): m/z calc. 

for C132H292N10O41Si40+: 3793.18 [M+H]+; found: 3794.39 Da. Tm (DSC):  212 °C. 

 

 
Scheme 2. Synthesis of thioph3-Sin-thioph3. Reaction conditions: (a) NBS, DMF, r.t., O/N (7%); (b) 

1) Mg, 5-bromo-1-pentene (2), Et2O, reflux, 1 h; 2) Ni(dppp)Cl2, 11, r.t., O/N (33%); (c) oDMS8 

dihydride or oDMS16 dihydride, DCM, Karstedt’s catalyst, r.t., 1–1.5 h (12–36%). 

 
5-Bromo-2,2':5',2''-terthiophene (11) 
Terthiophene 10 (5 g, 20.1 mmol, 1 eq) and N-bromosuccinimide (NBS) (3.6 g, 20.1 mmol) were 

dissolved in DMF (50 mL) in an aluminum covered round-bottom flask to protect the mixture from 
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light. The reaction was stirred overnight in the dark and at room temperature. The crude mixture 

was filtered and the filter paper was rinsed with DCM (150 mL). The filtrate was transferred to a 

separation funnel and washed with saturated NaHCO3 (100 mL) and the organic layer was collected. 

The aqueous layer was extracted with EtOAc (3 × 100 mL). The organic layers were collected, 

combined and washed with brine (100 mL). The crude product was dried using MgSO4, filtered and 

the filtrate was dried in vacuo. The crude product was impregnated on 30 g silica using DCM. The 

dry product was loaded onto a silica column and eluted with heptane. The mono-brominated 

product was collected and dried in vacuo, yielding pure bromo-terthiophene 11 as a green solid 

(0.54 g, 7%). 1H NMR (400 MHz, CDCl3) δ = 7.20 (dd, J = 5.1, 1.2 Hz, 1H, S-CH-CH-CH-C), 7.16 

(dd, J = 3.6, 1.2 Hz, 1H, S-CH=CH-CH=C), 7.04 (d, J = 3.7 Hz, 1H, C=CH-CH=C-C), 7.02 – 6.98 (m, 

2H, C=CH-CH=C-C, S-CH=CH-CH=C), 6.96 (d, J = 3.9 Hz, 1H, CH=CH-C-Br), 6.89 (d, J = 3.9 Hz, 

1H, C-C-CH-CH-C-Br) ppm. 

 
5-(Pent-4-en-1-yl)-2,2':5',2''-terthiophene (12) 
A Schlenk tube was equipped with Mg turnings (58 mg, 2.38 mmol, 1.5 eq) which were dissolved 

in Et2O (3 mL) under argon atmosphere. The mixture was heated to reflux and 5-bromo-1-pentene 

(2) (0.24 mL, 1.98 mmol, 1.3 eq) was added to the solution. In a sperate flask, mono-brominated 

terthiophene 11 (500 mg,1.53 mmol, 1 eq) and Ni(dppp)Cl2 (41 mg, 0.08mmol, 0.05 eq) were 

dissolved in Et2O (5 mL). Using a cannula transfer tube, the fresh Grignard reagent was added 

dropwise to the terthiophene solution while stirring. The reaction was stirred overnight. After full 

conversion of the terthiophene-bromide, the mixture was quenched with a 1M HCl solution 

(5 mL). The mixture was transferred to a separation funnel and the layers were allowed to separate. 

The organic layer was collected and washed with water (2 × 10 mL). The organic layer was dried 

using MgSO4, filtered and concentrated in vacuo to a volume of ∼1 mL. The crude product was 

purified by automated flash column chromatography using heptane/pentene (gradient 100/0 to 

95/5) as eluent. The product was dried in vacuo, yielding the pure olefin-functionalized 

terthiophene 12 as a green solid (160 mg, 33%). 1H NMR (400 MHz, CDCl3) δ = 7.18 (dd, J = 5.1, 

1.2 Hz, 1H, S-CH=CH-CH=C), 7.14 (dd, J = 3.7, 1.2 Hz, 1H, S-CH=CH-CH=C), 7.04 (d, J = 3.8 Hz, 

1H, C=CH-CH=C-C), 7.00 – 6.94 (m, 3H, C=CH-CH=C-C, S-CH=CH-CH=C, CH=CH-C-CH2), 6.67 

(d, J = 5.2 Hz, 1H, CH-C-CH2), 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H, CH2-CH=CH2), 5.09 – 4.96 (m, 

2H, CH2-CH=CH2), 2.80 (t, J = 6.8 Hz, 2H, CH2-CH=CH2), 2.14 (q, J = 6.3 Hz, 2H, C-CH2), 1.78 (p, 

J = 7.5 Hz, 2H, C-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 145.12, 138.16, 137.41, 136.88, 135.70, 

134.77, 127.95, 125.15, 124.59, 124.41, 123.69, 123.64, 123.52, 115.28, 33.13, 30.79, 29.61 ppm. 

 
Thioph3-Si8-thioph3 

Starting from olefin-terminated terthiophene 12 (40 mg, 0.13 mmol, 2.2 eq) and oDMS8 dihydride 

(30 mg, 0.06 mmol), thioph3-Si8-thioph3 was obtained in 1.5 h using the general method. The crude 

product was purified by automated flash column chromatography using heptane/CHCl3 (gradient 

85/15 to 60/40) as eluent. The solvents were removed in vacuo. Additional purification using 

recycling GPC in CHCl3 was necessary. The pure fractions were collected, and the product was 

dried in vacuo, yielding thioph3-Si8-thioph3 as a green solid (25 mg, 36%). 1H NMR (400 MHz, 

CDCl3) δ = 7.20 (dd, J = 5.1, 1.2 Hz, 2H, S-CH=CH-CH=C), 7.16 (dd, J = 3.6, 1.2 Hz, 2H, S-CH=CH-

CH=C), 7.06 (d, J = 3.7 Hz, 2H, S-CH=CH-CH=C), 7.01 (dd, J = 5.1, 3.6 Hz, 2H, C-C=CH-CH=C-

CH2), 6.99 (dd, J = 4.6, 3.7 Hz, 4H, C=CH-CH=C-C), 6.68 (d, J = 3.4, 2H, C-C=CH-CH=C-CH2), 2.79 

(d, J = 7.4 Hz, 4H, CH=C-CH2), 1.69 (p, J = 7.2 Hz, 4H, CH2-CH2-CH2-Si(CH3)2), 1.48 – 1.32 (m, 8H, 

, CH2-CH2-CH2-CH2-Si(CH3)2), 0.60 – 0.51 (m, 4H, CH2-Si(CH3)2), 0.14 – 0.03 (m, 48H, Si(CH3)2); 
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13C NMR (100 MHz, CDCl3) δ = 145.74, 137.46, 137.01, 135.65, 134.62, 127.96, 124.94, 124.61, 

124.40, 123.71, 123.63, 123.52, 32.97, 31.47, 30.30, 23.13, 18.33, 1.73, 1.62, 1.36, 1.26, 1.25, 0.88, 

0.35, 0.15, 0.06 ppm. MS (MALDI-ToF): m/z calc. for C50H82O7S6Si8+: 1210.25 [M+H]+; found: 1210.27 Da. 

Tm (DSC): 19.4 °C, ΔHfus: 20.8 kJ mol-1 

 

Thioph3-Si16-thioph3 

Starting from olefin-terminated terthiophene 12 (100 mg, 0.32 mmol, 2.2 eq) and oDMS16 (170 mg, 

0.14 mmol), thioph3-Si16-thioph3 was obtained in 1 h using the general method. The crude product 

was purified by automated flash column chromatography using heptane/CHCl3 (gradient 85/15 to 

50/50) as eluent. The solvents were removed in vacuo. Additional purification using recycling GPC 

in CHCl3 was necessary. The pure fractions were collected, and the product was dried, yielding 

thioph3-Si16-thioph3 as a green solid (30 mg, 12%). 1H NMR (400 MHz, CDCl3) δ = 7.23 (dd, J = 5.1, 

1.2 Hz, 2H, S-CH=CH-CH=C), 7.18 (dd, J = 5.1, 1.2 Hz, 2H, S-CH=CH-CH=C), 7.08 (d, J = 3.7 Hz, 

2H, S-CH=CH-CH=C), 7.04 (dd, J = 5.1, 3.6 Hz, 2H, C-C=CH-CH=C-CH2), 7.01 (dd, J = 4.9, 3.7 Hz, 

4H, C=CH-CH=C-C), 6.71 (d, J = 4.6 Hz, 4H, C-C=CH-CH=C-CH2), 2.82 (t, J = 7.8 Hz, 4H, CH=C-

CH2), 1.72 (p, J = 7.4 Hz, 4H, CH2-CH2-CH2-Si(CH3)2), 1.49 – 1.35 (m, 8H, CH2-CH2-CH2-CH2-

Si(CH3)2), 0.63 – 0.51 (m, 4H, CH2-Si(CH3)2), 0.09 – 0.01 (m, J = 10.6 Hz, 96H, Si(CH3)2); 13C NMR 

(100 MHz, CDCl3) δ = 145.74, 137.46, 136.99, 135.64, 134.61, 127.97, 124.94, 124.40, 123.63, 123.51, 

32.97, 31.48, 30.29, 23.13, 18.32, 14.27, 1.58, 1.35, 1.24, 1.21, 0.84, 0.34, 0.15 ppm. MS (MALDI-

ToF): m/z calc. for C66H130O15S6Si16+: 1802.40 [M+H]+; found: 1802.42 Da. Tm (DSC): −1.6 °C, ΔHfus: 

15.3 kJ mol-1 

 

 
Scheme 3. Synthesis of antqui-Sin-antqui. Reaction conditions: (a) K2CO3, KI, dry DMF, 80 °C, O/N 

(75%); (b) oDMS8 dihydride or oDMS40 dihydride, DCM, Karstedt’s catalyst, r.t., 2 h (55–81%). 

 
2-(Pent-4-en-1-yloxy)anthraquinone (14) 
2-Hydroxyanthraquinone (13) (0.58 g, 2.57 mmol), K2CO3 (0.71 g, 5.13 mmol, 2 eq) and KI (43 mg, 

0.26 mmol, 0.1 eq) were dissolved in acetone. The mixture was stirred and 5-bromo-1-pentene (2) 

(0.77 g, 5.13 mmol, 2 eq) was added. After full conversion, the mixture was precipitated in water 

and filtered. The residue was dried in vacuo, yielding the olefin-functionalized anthraquinone 14 

as a dark-green solid (0.57 g, 75%).1H NMR (400 MHz, CDCl3) δ = 8.36 – 8.19 (m, 3H, Ant-H), 

7.84 – 7.65 (m, 3H, Ant-H), 7.31 – 7.18 (m, 1H, Ant-H), 5.88 (m, 1H, CH=CH2), 5.06 (m, 2H, 

CH=CH2), 4.17 (t, J = 6.4 Hz, 2H, O-CH2), 2.28 (q, J = 7.1 Hz, 2H, CH2-CH2-CH), 1.97 (p, J = 6.8 Hz, 

2H, CH2-CH2-CH); 13C NMR (100 MHz, CDCl3) δ = 183.35, 182.18, 163.94, 137.48, 135.64, 134.21, 

133.77, 133.71, 133.67, 129.82, 127.21, 127.05, 121.51, 115.70, 110.62, 68.05, 30.08, 28.28 ppm. 

 

Antqui-Si8-antqui 
Starting from olefin-terminated anthraquinone 14 (0.22 g, 0.75 mmol, 2.5 eq) and oDMS8 dihydride 

(0.174 g, 0.30 mmol), antqui-Si8-antqui was obtained in 2 h using the general method. The crude 

product was purified using automated column chromatography using heptane/EtOAc (95/5) as 
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eluent. The product was dried in vacuo, yielding antqui-Si8-antqui as a yellow wax (0.28 g, 81%). 
1H NMR (400 MHz, CDCl3) δ = 8.36 – 8.19 (m, 6H, Ant-H), 7.84 – 7.65 (m, 6H, Ant-H), 7.31 – 7.18 

(m, 2H, Ant-H), 4.13 (t, J = 6.5 Hz, 4H, O-CH2), 1.85 (p, J = 6.8 Hz, 4H, O-CH2-CH2-), 1.56 – 1.52 

(m, 4H, O-CH2-CH2-CH2-CH2), 1.52 – 1.43 (m, 4H, O-CH2-CH2-CH2-CH2), 0.65 – 0.54 (m, 4H, CH2-

Si(CH3)2), 0.11 – 0.04 (m, 48H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 183.42, 182.25, 164.11, 

135.69, 134.23, 133.84, 133.72, 129.84, 127.24, 127.02, 121.57, 110.64, 68.98, 29.79, 28.94, 23.21, 

18.34, 1.35, 1.24 ppm. MS (MALDI-ToF): m/z calc. for C54H86O13Si8+: 1166.42 [M+H]+; found: 

1186.17 Da. Tm (DSC): 12 °C, ΔHfus: 21.9 kJ mol-1 

 

Antqui-Si40-antqui 
Starting from olefin-terminated anthraquinone 14 (62 mg, 0.21 mmol, 2.5 eq) and oDMS40 

dihydride (0.25 g, 0.085 mmol), antqui-Si40-antqui was obtained in 2 h using the general method. 

The crude product was purified using automated column chromatography using heptane/EtOAc 

(95/5) as eluent. The product was dried in vacuo, yielding antqui-Si40-antqui as a yellow oil (0.17 g, 

55%). 1H NMR (400 MHz, CDCl3) δ = 8.36 – 8.19 (m, 6H, Ant-H), 7.84 – 7.65 (m, 6H, Ant-H), 7.31 

– 7.18 (m, 2H, Ant-H), 4.15 (t, J = 6.5 Hz, 4H, O-CH2), 1.93 – 1.77 (m, 4H, O-CH2-CH2-), 1.52 (t, J 
= 7.9 Hz, 4H, O-CH2-CH2-CH2-CH2), 1.47 – 1.39 (m, 4H, , O-CH2-CH2-CH2-CH2), 0.73 – 0.51 (m, 

4H, CH2-Si(CH3)2), 0.11 – 0.04 (m, 240H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 183.48, 182.31, 

164.16, 135.74, 134.26, 133.89, 133.75, 129.88, 127.28, 127.07, 121.62, 110.67, 69.00, 29.80, 28.96, 

23.22, 18.36, 1.34, 1.24, 1.19 ppm. MS (MALDI-ToF): m/z calc. for C118H278O45Si40Na+: 3557.05 

[M+Na]+; found: 3559.08 Da. Tm (DSC): −19 °C, ΔHfus: 12.2 kJ mol-1 

 

 
Scheme 4. Synthesis of acylhydz-Sin-acylhydz. Reaction conditions: (a) K2CO3, acetone, 65 °C, O/N 

(92%); (b) oDMS8 dihydride or oDMS40 dihydride, DCM, Karstedt’s catalyst, r.t., 1–1.5 h (52–83%); 

(c) N2H4·H2O, THF, 70 °C, O/N – 3 days (75%); (d) benzaldehyde, MgSO4, DCM, r.t., O/N (66–86%). 

 

Methyl 4-(pent-4-en-1-yloxy)benzoate (16) 
Methyl-4-hydroxybenzoate (15) (3 g, 19.7 mmol) and K2CO3 (4.08 g, 29.6 mmol, 1.5 eq) were 

dissolved in acetone (40 mL). The mixture was stirred and 5-bromo-1-pentene (2) (2.6 mL, 

21.7 mmol, 1.1 eq) was added. The mixture was heated to 65 °C and stirred overnight. The crude 

mixture was cooled to room temperature and poured into water (50 mL). The mixture was 

transferred to a separation funnel and the product was extracted with diethylether (3 × 40 mL). The 

organic layers were collected, combined and washed with brine (50 mL). The organic layer was 

collected and dried using MgSO4. The solution was filtered, and the crude product was concentrated 
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in vacuo to a volume of ∼10 mL. The crude product was purified by automated flash column 

chromatography using heptane/EtOAc (gradient 95/5 to 40/60) as eluent. The product was dried in 

vacuo, yielding the pure olefin-functionalized methylbenzoate 16 (3.98 g, 92%). 1H NMR 

(400 MHz, CDCl3) δ = 7.98 (d, J = 8.8 Hz, 2H, CH-C-COOCH3), 6.90 (d, J = 8.8 Hz, 2H, CH-C-O-

CH2), 5.85 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H, CH2-CH=CH2), 5.11 – 4.93 (m, 2H, CH2-CH=CH2), 4.02 

(t, J = 6.4 Hz, 2H, CH-C-O-CH2), 3.88 (s, 3H, CH-C-COOCH3), 2.23 (d, J = 6.9 Hz, 2H, CH2-

CH=CH2), 1.91 (p, J = 6.9 Hz, 2H, O-CH2-CH2); 13C NMR (100 MHz, CDCl3) δ = 167.04, 162.99, 

137.71, 131.71, 122.56, 115.53, 114.21, 67.47, 51.98, 30.16 ppm.  

 

Methylbenzoate-Si8-methylbenzoate (17a) 
Starting from olefin-terminated methyl benzoate 16 (0.80 g, 2.1 mmol, 2.2 eq) and oDMS8  

dihydride (0.55 g, 0.95 mmol), methylbenzoate-Si8-methylbenzoate (17a) was obtained in 1.5 h 

using the general method. The crude product was purified by automated flash column 

chromatography using heptane/DCM (gradient 40/60 to 0/100) as eluent. The solvents were 

removed in vacuo, yielding pure product 17a as an oil (0.80 g, 83%). 1H NMR (400 MHz, CDCl3) 

δ = 7.89 (d, J = 8.6 Hz, 4H, CH-C-COOCH3), 6.89 (d, J = 8.6 Hz, 4H, CH-C-O-CH2), 3.99 (t, J = 6.6 

Hz, 4H, CH-C-O-CH2), 3.88 (s, 6H, CH-C-COOCH3), 1.80 (p, J = 6.9 Hz, 4H, O-CH2-CH2), 1.59 – 

1.31 (m, 8H, (CH2)2-CH2-Si(CH3)2), 0.64 – 0.47 (m, 4H, CH2-Si(CH3)2), 0.09 (s, 48H, Si(CH3)2); 13C 

NMR (100 MHz, CDCl3) δ = 167.04, 163.09, 131.69, 122.45, 114.18, 68.30, 51.94, 29.81, 29.01, 23.20, 

18.33, 1.60, 1.33, 1.23 ppm. MS (MALDI-ToF): m/z calc. for C42H82O13Si8Na+: 1041.39 [M+Na]+; 

found: 1041.39 Da. 

 

Methylbenzoate-Si8-methylbenzoate (17b) 
Starting from olefin-terminated methyl benzoate 16 (0.25 g, 1.1 mmol, 2.2 eq) and oDMS40 

dihydride (1.5 g, 0.95 mmol), methylbenzoate-Si40-methylbenzoate (17b) was obtained in 1 h using 

the general method. The crude product was purified by automated flash column chromatography 

using heptane/DCM (gradient 80/20 to 0/100) as eluent. The solvents were removed in vacuo, 

yielding pure product 17b as an oil (0.89 g, 52%). 1H NMR (400 MHz, CDCl3) δ = 7.98 (d, J = 8.8 Hz, 

4H, CH-C-COOCH3), 6.90 (d, J = 8.7 Hz, 4H, CH-C-O-CH2), 4.00 (t, J = 6.5 Hz, 4H, CH-C-O-CH2), 

3.88 (s, 6H, CH-C-COOCH3), 1.80 (p, J = 6.8 Hz, 4H, O-CH2-CH2), 1.56 – 1.32 (m, 8H, (CH2)2-CH2-

Si(CH3)2), 0.65 – 0.51 (m, 4H, CH2-Si(CH3)2), 0.08 (s, 240H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) 

δ = 167.06, 163.12, 131.71, 122.49, 114.21, 68.33, 51.95, 29.84, 29.04, 23.22, 18.36, 1.57, 1.34, 1.24, 

1.20 ppm. MS (MALDI-ToF): m/z calc. for C106H274O46Si40Na+: 3409.99 [M+Na]+; found: 3410.93 Da. 

 

Benzohydrazide-Si8-benzohydrazide (18a) 
Hydrazine monohydrate (0.48 mL, 9.8 mmol, 20 eq) was added to a solution of methylbenzoate-

Si8-mehtlbenzoate (17a) (0.5 g, 0.49 mmol) in THF (5mL). The mixture was heated to reflux and 

stirred overnight. The crude product was concentrated in vacuo to a volume of ∼2 mL, and purified 

by automated flash column chromatography using DCM/MeOH (gradient 100/0 to 90/100) as 

eluent. The product was dried in vacuo, yielding the pure benzohydrazide-Si8-benzohydrazide 

(18a) as a yellow oil (0.38 g, 75%). 1H NMR (400 MHz, CDCl3) δ = 7.62 (d, J = 8.7 Hz, 4H, CH-C-

CO), 7.34 (s, 2H, CO-NH-NH2), 6.83 (d, J = 8.8 Hz, 5H, C-O-CH2), 4.02 (s, 4H, CO-NH-NH2), 3.91 

(t, J = 6.5 Hz, 4H, CH-C-O-CH2), 1.72 (p, J = 6.8 Hz, 4H, O-CH2-CH2), 1.45 – 1.21 (m, 8H, (CH2)2-

CH2-Si(CH3)2), 0.57 – 0.40 (m, 4H, CH2-Si(CH3)2), 0.06 – 0.01 (m, J = 11.5 Hz, 48H, Si(CH3)2); 13C 

NMR (100 MHz, CDCl3) δ = 168.54, 162.25, 128.74, 124.72, 114.55, 68.33, 29.82, 29.02, 23.20, 18.33, 
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1.61, 1.34, 1.24 ppm. MS (MALDI-ToF): m/z calc. for C40H82N4O11Si40Na+: 1041.41 [M+Na]+; found: 

1041.39 Da. 

 
Benzohydrazide-Si40-benzohydrazide (18b) 
Hydrazine monohydrate (0.48 mL, 9.8 mmol, 20 eq) was added to a solution of methylbenzoate-

Si40-mehtlbenzoate (17b) (0.5 g, 0.49 mmol) in THF (5 mL). The mixture was heated to reflux and 

stirred for 3 days. The product was dried in vacuo, yielding benzohydrazide-Si8-benzohydrazide 

(18b) as a yellow oil (product was used without further purification). 1H NMR (400 MHz, CDCl3) 

δ = 7.62 (d, J = 8.4 Hz, 4H, CH-C-CO), 7.26 (s, 2H, CO-NH-NH2), 6.84 (d, J = 8.5 Hz, 4H, CH-C-O-

CH2), 3.91 (t, J = 6.5 Hz, 4H, C-O-CH2), 1.73 (p, J = 6.9 Hz, 4H, O-CH2-CH2), 1.50 – 1.26 (m, 8H, 

(CH2)2-CH2-Si(CH3)2), 0.58 – 0.44 (m, 4H, CH2-Si(CH3)2), 0.08 – 0.00 (m, 240H, Si(CH3)2); 13C NMR 

(100 MHz, CDCl3) δ = 168.55, 162.27, 128.73, 124.73, 114.57, 68.34, 29.82, 29.02, 26.20, 23.21, 

18.34, 1.56, 1.33, 1.22, 1.19 ppm. MS (MALDI-ToF): m/z calc. for C104H274N4O43Si40Na+: 3410.01 

[M+Na]+; found: 3410.11 Da. 

 

Acylhydz-Si8-acylhydz 
Benzohydrazide-Si8-benzohydrazide (18a) (0.36 g, 0.35 mmol) and benzaldehyde (0.08 mL, 

0.78 mmol, 2.2 eq) were dissolved in DCM (5 mL). MgSO4 (0.85g, 7.1 mmol, 20 eq) was added and 

the suspension was stirred overnight. After full conversion of the hydrazide, the mixture was 

filtered to remove the MgSO4. The filtrate was concentrated in vacuo to a volume of ∼2 mL, and 

purified by automated flash column chromatography using DCM/EtOAc (gradient 100/0 to 0/100) 

as eluent. The product was dried in vacuo, yielding acylhydz-Si8-acylhydz as a white solid (0.37 g, 

86%). 1H NMR (400 MHz, CDCl3) δ = 10.29 (s, 2H, CH=N-NH), 8.34 (s, 2H, CH=N-NH), 7.84 (s, 

4H, CH-C-CH=N), 7.57 (d, J = 7.0 Hz, 4H, NH-CO-C-CH), 7.22 (s, 5H, CH-CH-CH-C-CH=N), 6.79 

(s, 4H, CH-C-O-CH2), 3.85 (s, 4H, C-O-CH2), 1.70 (d, J = 6.1 Hz, 4H, O-CH2-CH2), 1.45 – 1.26 (m, 

8H, (CH2)2-CH2-Si(CH3)2), 0.54 – 0.46 (m, 4H, CH2-Si(CH3)2), 0.10 – 0.01 (m, 48H, Si(CH3)2); 13C 

NMR (100 MHz, CDCl3) δ = 171.31, 162.30, 148.54, 133.99, 130.30, 129.56, 128.71, 127.73, 125.14, 

114.38, 68.29, 29.82, 29.04, 23.22, 18.33, 1.71, 1.61, 1.35, 1.24 ppm. MS (MALDI-ToF): m/z calc. for 

C54H90N4O11Si8Na+: 1217.48 [M+Na]+; found: 1217.49 Da. Tm (DSC): 54.1 °C, ΔHfus: 13.9 kJ mol-1. 

 

Acylhydz-Si40-acylhydz 
Benzohydrazide-Si40-benzohydrazide (18b) (0.79 g, 0.23 mmol) and benzaldehyde (0.09 mL, 

0.92 mmol, 4 eq) were dissolved in DCM (5 mL). MgSO4 (0.55 g, 4.6 mmol, 20 eq) was added and 

the suspension was stirred overnight. After full conversion of the hydrazide, the mixture was 

filtered to remove the MgSO4. The filtrate was concentrated in vacuo to a volume of ∼2 mL, and 

purified by automated flash column chromatography using DCM/EtOAc (gradient 100/0 to 0/100) 

as eluent. The product was dried in vacuo, yielding acylhydz-Si40-acylhydz as a white solid (0.54 g, 

66%). 1H NMR (400 MHz, CDCl3) δ = 9.13 (s, 2H, CH=N-NH), 8.29 (s, 2H, CH=N-NH), 7.86 (s, 4H, 

CH-C-CH=N), 7.74 (s, 4H, NH-CO-C-CH), 7.40 (s, 5H, CH-CH-CH-C-CH=N), 6.95 (d, J = 8.6 Hz, 

4H, CH-C-O-CH2), 4.01 (t, J = 6.5 Hz, 4H, C-O-CH2), 1.81 (p, J = 6.7 Hz, 4H, O-CH2-CH2), 1.52 – 

1.39 (m, 8H, (CH2)2-CH2-Si(CH3)2), 0.64 – 0.50 (m, 4H, CH2-Si(CH3)2), 0.13 – -0.02 (m, 240H, 

Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 171.28, 162.23, 148.44, 133.83, 130.21, 129.46, 128.86, 

127.74, 125.16, 114.36, 68.38, 29.84, 29.05, 23.23, 18.35, 1.56, 1.34, 1.23, 1.19 ppm. MS (MALDI-

ToF): m/z calc. for C118H282N4O43Si40Na+: 3586.08 [M+Na]+; found: 3586.05 Da. Tm (DSC): 30.5 °C, 

ΔHfus: 4.8 kJ mol-1. 

 



Scope and limitations of end-functionalized siloxanes for the bulk assembly of 2D and 1D nanostructures│ 

193 

 

 
Scheme 5. Synthesis of benzacid-Sin-benzacid. Reaction conditions: (a) KHCO3, benzyl bromide, 

DMF, 40 °C, 2 h (85%); (b) K2CO3, 5-bromo-1-pentene (2), acetone, 65 °C, O/N (90%); (c) oDMS8 

dihydride or oDMS40 dihydride, DCM, Karstedt’s catalyst, r.t., 30 min (92%); (d) Pd/C (10 wt%), 

EtOAc, H2, r.t., 2 – 3 h (20–53%). 

 

Benzyl 2,4-dihydroxybenzoate (20) 
To a solution of 2,4-dihydroxy benzoic acid (19) (1.0 g, 6.5 mmol) and KHCO3 (2.27 g, 22.7 mmol, 

3.5 eq) in DMF (65 mL), benzyl bromide was added (2.3 mL, 19.5 mmol, 3 eq). The mixture was 

heated to 40 °C and stirred for 2 h. The mixture was diluted with EtOAc (100 mL), transferred to a 

separation funnel and washed with water (100 mL). The organic layer was collected and the 

aqueous layer was extracted with EtOAc (3 × 50 mL). The organic layers were collected, combined 

and dried using MgSO4. After filtration, the crude product was concentrated in vacuo to a volume 

of ∼5 mL and purified by automated flash column chromatography using heptane/EtOAc (gradient 

90/10 to 50/50) as eluent. The product was dried in vacuo, yielding benzyl protected acid 20 as a 

colorless liquid (1.34 g, 85%). 1H NMR (400 MHz, CDCl3) δ = 10.95 (s, 1H, C-C(OH)), 7.78 (d, J = 8.7 

Hz, 1H, C(OH)-CH-C(OH)), 7.49 – 7.32 (m, 5H, Bz-H), 6.40 (d, J = 2.4 Hz, 1H, CH-CH-C(OH)), 

6.36 (dd, J = 8.7, 2.5 Hz, 1H, CH-CH-C(OH)), 5.46 (s, 1H, CH-CH-C(OH)), 5.35 (s, 2H, O-CH2-Bz); 
13C NMR (100 MHz, CDCl3) δ = 169.83, 163.94, 162.13, 135.63, 132.17, 128.82, 128.61, 128.36, 

107.97, 106.07, 103.29, 66.82 ppm. 

 

Benzyl 2-hydroxy-4-(pent-4-en-1-yloxy)benzoate (21) 
To a solution of benzyl 2,4-dihydroxybenzoate (20) (1.03 g, 4.2 mmol), K2CO3 (1.17 g, 8.4 mmol, 

2 eq) and KI (0.07 g, 0.4 mmol, 0.1 eq) in acetone (20 mL), 5-bromo-1-pentene (2) was added 

(0.47 mL, 4.0 mmol, 0.95 eq). The mixture was heated to 65 °C and stirred overnight. The mixture 

was allowed to cool to room temperature and diluted with EtOAc (100 mL). The mixture was 

transferred to a separation funnel and washed with water (100 mL). The organic layer was collected. 

The aqueous layer was extracted with EtOAc (3 × 50 mL). The organic layers were collected, 

combined and washed with brine (50 mL). The organic layer was collected and dried using MgSO4. 

After filtration, the crude product was concentrated in vacuo to a volume of ∼5 mL and purified 

by automated flash column chromatography using heptane/CHCl3 (gradient 60/40 to 0/100) as 

eluent. The product was dried in vacuo, yielding olefin-functionalized product 21 as a colorless 

liquid (1.18 g, 90%). 1H NMR (400 MHz, CDCl3) δ = 10.95 (s, 1H, C-C(OH)), 7.78 (d, J = 8.6 Hz, 1H, 
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O-C-CH-C(OH)), 7.50 – 7.30 (m, 5H, Bz-H), 6.43 (s, 1H, CH-CH-C-O), 6.41 (s, 1H, CH-CH-C-O), 

5.84 (ddt, J = 16.9, 10.0, 6.7 Hz, 1H, CH2-CH=CH2), 5.35 (s, 2H, O-CH2-Bz), 5.12 – 4.92 (m, 2H, 

CH2-CH=CH2), 3.99 (t, J = 6.4 Hz, 2H, C-O-CH2), 2.23 (q, J = 7.2 Hz, 2H, CH2-CH=CH2), 1.90 (p, 

J = 6.9 Hz, 2H, CH2-CH2-CH=CH2); 13C NMR (100 MHz, CDCl3) δ = 169.79, 165.21, 163.91, 137.49, 

135.61, 131.29, 128.66, 128.41, 107.99, 105.28, 101.14, 67.42, 66.56, 31.89, 29.99, 28.12, 22.70, 14.12 ppm. 

 
Bz-benzacid-Si8-benzacid-Bz 
Starting from olefin-terminated benzyl benzoate 21 (0.28 g, 0.73 mmol, 2.4 eq) and oDMS8 

dihydride (0.18 g, 0.31 mmol), Bz-benzacid-Si8-benzacid-Bz was obtained in 30 minutes using the 

general method. The crude product was purified by automated flash column chromatography using 

heptane/DCM (gradient 60/40 to 0/100) as eluent. The solvents were removed in vacuo, yielding 

pure Bz-benzacid-Si8-benzacid-Bz as a transparent oil (0.38 g, 92%). 1H NMR (400 MHz, CDCl3) 

δ = 10.95 (s, 2H C-C(OH)), 7.77 (d, J = 8.7 Hz, 2H, O-C-CH-C(OH)), 7.58 – 7.30 (m, 10H, Bz-H), 

6.46 – 6.33 (m, 4H, CH-CH-C-O), 5.35 (s, 4H, O-CH2-Bz), 3.96 (t, J = 6.6 Hz, 4H, C-O-CH2), 1.78 

(p, J = 7.1 Hz, 4H, O-CH2-CH2), 1.55 – 1.32 (m, 8H, (CH2)2-CH2-Si(CH3)2), 0.65 – 0.48 (m, 4H, CH2-

Si(CH3)2), 0.13 – 0.02 (m, 48H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 169.94, 165.47, 164.07, 

135.77, 131.40, 128.79, 128.54, 108.15, 105.32, 101.25, 68.42, 66.68, 32.04, 29.79, 28.90, 22.85, 14.27, 

1.71, 1.34, 1.24 ppm.  

 

Bz-benzacid-Si40-benzacid-Bz 
Starting from olefin-terminated benzyl benzoate 21 (0.13 g, 0.41 mmol, 2.4 eq) and oDMS40 

dihydride (0.50 g, 0.17 mmol), Bz-benzacid-Si40-benzacid-Bz was obtained in 30 minutes using the 

general method. The crude product was purified by automated flash column chromatography using 

heptane/DCM (gradient 100/0 to 0/100) as eluent. The solvents were removed in vacuo, yielding 

Bz-benzacid-Si40-benzacid-Bz, contaminated with olefin start material (product was used without 

further purification). 1H NMR (400 MHz, CDCl3) δ = 10.94 (s, 2H, C-C(OH)), 7.77 (d, J = 7.6 Hz, 

2H, O-C-CH-C(OH)), 7.47 – 7.32 (m, 10H, Bz-H), 6.47 – 6.34 (m, 4H, CH-CH-C-O), 5.35 (s, 4H, 

O-CH2-Bz), 3.97 (t, J = 6.4, 4H, C-O-CH2), 1.77 (p, J = 7.1 Hz, 4H, O-CH2-CH2), 1.50 – 1.32 (m, 8H, 

(CH2)2-CH2-Si(CH3)2), 0.61 – 0.51 (m, 4H, CH2-Si(CH3)2), 0.14 – -0.04 (m, 240H, Si(CH3)2). 
 

Benzacid-Si8-benzacid 

Bz-benzacid-Si8-benzacid-Bz (337 mg, 0.28 mmol) was dissolved in EtOAc (3 mL) and Pd/C 

(10 wt%) (15 mg, 0.05 eq) was added. The solution was bubbled through with nitrogen gas for 

5 minutes. The flask was equipped with a hydrogen balloon and the mixture was stirred for 2 hours 

at room temperature. After full conversion, the mixture was filtered over celite, rinsing the filter 

cake with EtOAc (3 × 20 mL). The filtrate was dried in vacuo, yielding pure benzacid-Si8-benzacid 

as a white solid (180 mg, 53%). 1H NMR (400 MHz, CDCl3) δ = 7.76 (s, 2H, O-C-CH-C(OH)), 6.38 

(s, 4H, CH-CH-C-O), 3.92 (s, 4H, C-O-CH2), 1.75 (s, 4H, O-CH2-CH2), 1.53 – 1.31 (m, 8H, (CH2)2-

CH2-Si(CH3)2), 0.64 – 0.43 (m, 4H, CH2-Si(CH3)2), 0.27 – 0.01 (m, 48H, Si(CH3)2); 13C NMR (100 

MHz, CDCl3) δ = 170.42, 163.52, 162.05, 132.58, 108.01, 105.31, 101.29, 68.40, 29.79, 28.93, 23.21, 

18.33, 1.34, 1.24, 1.18 ppm. MS (MALDI-ToF): m/z calc. for C40H78O15Si8Na+: 1045.35 [M+Na]+; 

found: 1045.54 Da. 

 

Benzacid-Si40-benzacid 

Bz-benzacid-Si40-benzacid-Bz (475 mg, 0.13 mmol) was dissolved in EtOAc (3 mL) and Pd/C 

(10 wt%) (7 mg, 0.05 eq) was added. The solution was bubbled through with nitrogen gas for 
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5 minutes. The flask was equipped with a hydrogen balloon and the mixture was stirred for 3 hours 

at room temperature. After full conversion, the mixture was concentrated in vacuo to a volume of 

∼3 mL, and purified by automated flash column chromatography using DCM/MeOH (gradient 95/5 

to 0/100) as eluent. The product was dried in vacuo yielding pure benzacid-Si40-benzacid as a 

viscous oil (90 mg, 20%). 1H NMR (400 MHz, CDCl3) δ = 7.75 (s, 2H, O-C-CH-C(OH)), 6.38 (s, 4H, 

CH-CH-C-O), 3.93 (s, 4H, C-O-CH2), 1.76 (s, 4H, O-CH2-CH2), 1.54 – 1.33 (m, 8H, (CH2)2-CH2-

Si(CH3)2), 0.65 – 0.49 (m, 4H, CH2-Si(CH3)2), 0.07 (s, 240H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) 

δ = 170.12, 163.29, 161.95, 132.39, 108.17, 105.23, 101.33, 68.43, 29.82, 28.96, 23.23, 18.34, 1.56, 

1.33, 1.22, 1.19 ppm. MS (MALDI-ToF): m/z calc. for C104H270O47Si40Na+: 3413.95 [M+Na]+; found: 

3415.35 Da. 

 

 
Scheme 6. Synthesis of (Si11)3-(S)-BTA. Reaction conditions: (a) oDMS11 monohydride, DCM, 

Karstedt’s catalyst, r.t., 2 h (20%); (b) Pd/C, EtOAc, H2, r.t., 3 h (80%); (c) TBTU, DIPEA, CHCl3, 

RT, O/N (52%). 

 

(S)-Methylundecene-amine-Si11 (23) 
Starting from (S)-methylundecene-amine (22) (100 mg, 0.55 mmol, 1.1 eq) and oDMS11 

monohydride (410 mg, 0.50 mmol), (S)-methylundecene-amine-Si11 was obtained in 2 h using the 

general method. The crude product was purified by automated flash column chromatography using 

DCM/MeOH (gradient 100/0 to 0/100) as eluent. The product was dried in vacuo, yielding pure 

(S)-methylundecene-amine-Si11 23 as a liquid (100 mg, 20%). 1H NMR (400 MHz, CDCl3) δ = 

5.36 – 5.22 (m, 2H, CH2-CH=CH-CH2), 2.65 (s, 2H, CH2-NH2), 2.10 – 1.83 (m, 4H, CH2-CH=CH-

CH2), 1.57 (s, 2H, NH2), 1.43 (s, 2H, CH2-CH(CH3)), 1.31 – 1.20 (m, 6H, CH2-CH2-NH2, (CH2)2-CH2-

Si(CH3)2), 1.16 – 1.03 (m, 1H, CH-CH3), 0.82 (d, J = 6.4 Hz, 3H, CH-CH3), 0.47 (m, 2H, CH2-

Si(CH3)2), 0.03 – -0.06 (m, 69H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 130.00, 129.89, 37.28, 

37.18, 33.66, 33.51, 30.33, 30.20, 27.17, 24.85, 23.11, 19.65, 18.35, 18.27, 1.94, 1.58, 1.34, 1.30, 1.23, 

1.21 ppm. 

 

(S)-Methylundecane-amine-Si11 (24) 
(S)-methylundecene-amine-Si11 (23) (200 mg, 0.2 mmol) was dissolved in EtOAc (3 mL) and Pd/C 

(10 wt%) (21 mg, 0.1 eq) was added. The flask was equipped with a hydrogen balloon and stirred 

for 3 h. The mixture was filtered over celite and the filter cake was rinsed with EtOAc (3 × 10 mL). 

The filtrate was dried in vacuo, yielding pure (S)-methylundecane-amine-Si11 24 as a liquid 

(160 mg, 80%). 1H NMR (400 MHz, CDCl3) δ = 2.96 (s, 2H, CH2-NH2), 1.75 (s, 2H, NH2), 1.54 (s, 

2H, CH2-CH2-NH2), 1.38 – 1.18 (m, 14H, (CH2)7-CH2-Si(CH3)2), 1.13 (s, 1H, CH-CH3), 0.90 (d, J = 
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5.8 Hz, 3H, CH-CH3), 0.53 (t, J = 7.6 Hz, 1H, CH2-Si(CH3)2), 0.13 – 0.01 (m, 37H, Si(CH3)2); 13C 

NMR (100 MHz, CDCl3) δ = 38.45, 36.81, 35.29, 33.67, 30.81, 30.13, 29.82, 29.62, 27.05, 23.41, 

19.33, 18.45, 1.94, 1.57, 1.33, 1.29, 1.21 ppm. 

 
(Si11)3-(S)-BTA 
Benzene-1,3,5-tricarboxylic acid (25) (8 mg, 0.04 mmol) was dissolved in CHCl3 (1 mL) and cooled 

to 0 °C using an ice bath. TBTU (45 mg, 0.14 mmol, 3.5 eq) and DIPEA (31 mg, 0.24 mmol, 6 eq) 

were added and the mixture was stirred 10 minutes at 0 °C. (S)-methylundecane-amine-Si11 (24) 

was added dropwise to the reaction mixture and the mixture was allowed to heat to room 

temperature by removing the ice bath. The reaction mixture was stirred for 3 h at room 

temperature. After full conversion, the mixture was diluted with CHCl3 (15 mL), transferred to a 

separation funnel and washed with 1M HCl (10 mL). The organic layer was collected and washed 

with 1M NaOH (10 mL), followed by water (10 mL) and then brine (10 mL). The organic layer was 

collected and dried using MgSO4. After filtration, the crude product was concentrated in vacuo to 

a volume of ∼1 mL, and purified by automated flash column chromatography using 

DCM/(EtOAc/MeOH 9/1) (gradient 100/0 to 90/10) as eluent. The product was dried in vacuo, 

yielding pure (Si11)3-(S )-BTA as a white solid (65 mg, 52%). 1H NMR (400 MHz, CDCl3) δ = 8.26 (s, 

3H, C-CH-C), 6.29 (t, J = 5.6 Hz, 3H, NH), 3.42 (dq, J = 7.9, 5.8 Hz, 6H, NH-CH2), 1.62 – 1.53 (m, 

6H, NH-CH2-CH2), 1.50 – 1.41 (m, 1H, CH2-CH(CH3)), 1.32 – 1.13 (m, 36H, (CH2)6-CH2-Si(CH3)2), 

1.10 (q, J = 8.8 Hz, 3H, CH-CH3), 0.87 (d, J = 6.5 Hz, 9H, CH-CH3), 0.45 (t, J = 7.5 Hz, 6H, CH2-

Si(CH3)2), 0.13 – -0.05 (m, 207H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) δ = 165.66, 135.40, 128.00, 

38.70, 37.10, 36.82, 33.66, 30.95, 30.20, 29.83, 29.60, 27.13, 23.40, 19.61, 18.44, 1.94, 1.33, 1.30, 1.21 

ppm. MS (MALDI-ToF): m/z calc. for C117H291N3O33Si33Na+: 3172.31 [M+Na]+; found: 3171.85 Da. 

Tm (DSC): 217.2 °C, 7.1 kJ mol-1. 

 

 
Scheme 7. Synthesis of (Si11)3-BTA. Reaction conditions: (a) DCM, Et3N, r.t., O/N (72%); (b) oDMS11 

monohydride, DCM, Karstedt’s catalyst, r.t., 4 h (46%). 

 

BTA-(undecene)3 (28) 
Amino-undecene (27) (3.19 g, 18.83 mmol, 5 eq) and Et3N (4 mL, 22.60 mmol, 6 eq) were dissolved 

in DCM (5 mL) and stirred under argon atmosphere. The mixture was cooled to 0 °C using an ice 

bath, followed by the dropwise addition of benzene-1,3,5-tricabornyl trichloride (26) (1.0 g, 

3.77 mmol) in DCM (10 mL). The ice bath was removed, and the reaction mixture was stirred 

overnight at room temperature. After full conversion, the solution was dried in vacuo and dissolved 

in CHCl3 (50 mL). The mixture was transferred to a separation funnel and washed with 1M HCl 

(50 mL). The organic layer was collected and washed with water (50 mL), followed by brine (50 

mL). The organic layer was collected and dried using MgSO4. After filtration, the crude was 

concentrated in vacuo to a volume of ∼10 mL, and purified by automated flash column 

chromatography using CHCl3/EtOAc (gradient 90/10 to 50/50) as eluent. The product was dried in 
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vacuo, yielding pure BTA 28 as a white solid (1.8 g, 72%). 1H NMR (400 MHz, CDCl3) δ = 8.27 (s, 

3H, C-CH-C), 6.76 (t, J = 5.6 Hz, 3H, NH), 5.81 (ddt, J = 16.9, 10.1, 6.7 Hz, 3H, CH=CH2), 5.07 – 

4.80 (m, 6H, CH=CH2), 3.43 (q, J = 7.3, 6H, NH-CH2), 2.04 (q, J = 7.4 Hz, 6H, CH2-CH=CH2), 1.59 

(p, J = 7.3 Hz, 6H, NH-CH2-CH2), 1.42 – 1.31 (m, 36H, NH-CH2-CH2-(CH2)6); 13C NMR (100 MHz, 

CDCl3) δ = 166.99, 139.23, 135.57, 127.50, 114.27, 40.38, 33.95, 29.67, 29.58, 29.51, 29.31, 29.24, 

29.09, 27.22, ppm.  

 
(Si11)3-BTA 
Starting from BTA 28 (150 mg, 0.23 mmol) and oDMS11 monohydride (663 mg, 0.81 mmol, 3.6 eq), 

(Si11)3-BTA was obtained in 4 h using the general method. The crude product was purified by 

automated flash column chromatography using DCM/EtOAc (gradient 100/0 to 80/20) as eluent. 

The solvents were removed in vacuo, yielding pure (Si11)3-BTA as a wax (320 mg, 46%). 1H NMR 

(400 MHz, CDCl3) δ = 8.34 (s, 3H, C-CH-C), 6.60 (t, J = 5.7 Hz, 3H, NH), 3.44 (q, J = 7.3 Hz, 6H, 

NH-CH2), 1.60 (p, J = 7.4, 7.0 Hz, 6H, NH-CH2-CH2), 1.38 – 1.26 (m, 48H, NH-CH2-CH2-(CH2)8) 

0.57 – 0.46 (m, 6H, CH2-Si(CH2)2), 0.15 – 0.00 (m, 207H, Si(CH2)2); 13C NMR (100 MHz, CDCl3) δ = 

165.87, 135.45, 128.10, 40.59, 33.67, 29.86, 29.80, 29.77, 29.75, 29.60, 29.54, 27.22, 23.41, 18.44, 

2.23, 1.64, 1.58, 1.29, 1.21, 1.19, 0.84, 0.35, 0.33 ppm. MS (MALDI-ToF): m/z calc. for 

C111H279O33Si33Na+: 3135.25 [M+Na]+; found: 3129.21 Da. Tm (DSC): 198.3 °C, 21.4 kJ mol-1. 

 

 
Scheme 8. Synthesis of (Si11)2-BTA-Si16-BTA-(Si11)2. Reaction conditions: (a) LiOH, water, MeOH, 

r.t., O/N (97%); (b) TBTU, DIPEA, DMF/DCM (1/1 vol%), r.t., O/N (46%); (c) oDMS16 dihydride, 

DCM, Karstedt’s catalyst, r.t., 2 h (35%). 

 

5-(Undec-10-en-1-ylcarbamoyl)isophthalic acid (30) 
Dimethyl 5-(undec-10-en-1-ylcarbamoyl)isophthalate (29) (300 mg, 0.77 mmol) was dissolved in 

MeOH (7 mL). LiOH (70 mg, 1.62 mmol, 2.1 eq) was dissolved in water (1 mL) and added to the 

reaction mixture. The turbid reaction was stirred overnight, forming a clear solution after full 

conversion. MeOH was removed in vacuo and the crude mixture was acidified using 3M HCl 

(20 mL). The mixture was transferred to a separation funnel and extracted with EtOAc (4 × 30 mL). 

The organic layers were collected, combined and washed with brine (30 mL). The organic layer 
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was collected and dried using MgSO4. After filtration, the product was dried in vacuo, yielding pure 

compound 30 (270 mg, 97%). 1H NMR (400 MHz, DMSO-d6) δ = 13.51 (s, 2H, COOH), 8.91 (t, 

J = 5.6 Hz, 1H, NH), 8.69 (d, J = 1.6 Hz, 2H, CH-C-COOH), 8.62 (t, J = 1.6 Hz, 1H, CH-C-CO-NH), 

6.00 – 5.65 (m, 1H, CH=CH2), 5.17 – 4.75 (m, 2H, CH=CH2), 3.32 (t, J = 6.6, Hz, 2H, NH-CH2), 2.04 

(q, J = 6.6, 5.3, 1.5 Hz, 2H, CH2-CH=CH2), 1.59 (p, J = 7.0 Hz, 2H, NH-CH2-CH2), 1.44 – 1.25 (m, 

12H, NH-CH2-CH2-(CH2)6); 13C NMR (100 MHz, DMSO-d6) δ = 167.40, 165.60, 140.03, 136.76, 

133.27, 133.11, 132.75, 115.83, 34.38, 30.14, 30.09, 30.02, 29.93, 29.71, 29.48, 29.18 28.96, 28.73, 

27.66 ppm. MS (MALDI-ToF): m/z calc. for C20H27NO5Na+: 385.19 [M+Na]+; found: 384.21 Da.  

 

Undecene-BTA-(Si11)2 (32) 
BTA precursor 30 (40 mg, 0.11 mmol) was dissolved in dry DMF/DCM (1/1 mL). TBTU (75 mg, 

0.23 mmol, 2.1 eq), DIPEA (14 mg, 0.11 mmol, 1 eq) and the amine-siloxane 31 (230 mg, 0.23 mmol, 

2.1 eq) were added and the reaction mixture was stirred overnight. The DCM was evaporated and 

EtOAc (20 mL) was added. The mixture was transferred to a separation funnel and washed with 

water (2 × 20 mL), followed by brine (20 mL). The organic layer was collected and dried using 

MgSO4. After filtration, the crude product was concentrated in vacuo to a volume of ∼1 mL and 

purified by automated flash column chromatography using (DCM+1%IPA)/EtOAc (gradient 100/0 

to 80/20) as eluent. The product was dried in vacuo, yielding pure BTA 32 (116 mg, 46%). 1H NMR 

(400 MHz, CDCl3) δ = 8.34 (s, 3H, C-CH-C), 6.53 (q, J = 5.4 Hz, 3H, NH), 5.80 (ddt, J = 16.9, 10.2, 

6.7 Hz, 1H, CH=CH2), 5.07 – 4.81 (m, 2H, CH=CH2), 3.45 (q, J = 7.3, 5.8 Hz, 6H, NH-CH2), 2.03 (q, 

J = 6.7, 5.4, 1.4 Hz, 2H, CH2-CH=CH2), 1.60 (q, J = 7.3 Hz, 6H, NH-CH2-CH2), 1.47 – 1.16 (m, 44H, 

aliphatic-H), 0.58 – 0.46 (m, 4H, CH2-Si(CH3)2), 0.12 – 0.02 (m, 138H, Si(CH3)2); 13C NMR (100 

MHz, CDCl3) δ = 165.80, 139.32, 135.40, 128.07, 114.28, 40.59, 40.55, 33.94, 33.64, 29.85, 29.77, 

29.75, 29.73, 29.69, 29.61, 29.56, 29.51, 29.43, 29.24, 29.06, 27.20, 27.14, 23.40, 18.43, 2.23, 1.93, 

1.57, 1.32, 1.29, 1.20, 1.14, 0.83, 0.47, 0.34, 0.14 ppm. MS (MALDI-ToF): m/z calc. for 

C88H209N3O23Si22+: 2292.02 [M+H]+; found: 2289.96 Da. 

 

(Si11)2-BTA-Si16-BTA-(Si11)2 
Starting from BTA 32 (60 mg, 0.026 mmol, 2.1 eq) and oDMS16 dihydride (15 mg, 0.013 mmol), 

(Si11)2-BTA-Si16-BTA-(Si11)2 was obtained in 2 h using the general method. The crude product was 

purified by automated flash column chromatography using DCM/IPA (gradient 99/1 to 90/10) as 

eluent. The solvents were removed in vacuo yielding pure (Si11)2-BTA-Si16-BTA-(Si11)2 (25 mg, 

35%). 1H NMR (400 MHz, CDCl3) δ = 8.34 (s, 6H, C-CH-C), 6.48 – 6.34 (m, 6H, NH), 3.46 (q, 

J = 6.7 Hz, 12H, NH-CH2), 1.72 – 1.48 (m, 30H, NH-CH2-CH2), 1.42 – 1.21 (m, 96H, aliphatic-H), 

0.64 – 0.45 (m, 12H, CH2-Si(CH3)2), 0.20 – -0.07 (m, 372H, Si(CH3)2); 13C NMR (100 MHz, CDCl3) 

δ = 165.72, 135.40, 128.03, 40.58, 33.64, 29.84, 29.77, 29.75, 29.73, 29.59, 29.56, 29.51, 27.20, 23.40, 

18.43, 1.94, 1.58, 1.33, 1.30, 1.21, 1.15 ppm. MS (MALDI-ToF): m/z calc. for C192H484N6O61Si60+Na+: 

5554.11 [M+Na]+; found: 5580.84 Da. Tm (DSC): 163.0 °C. 

8.6.3 Metal complexation procedures 

Acylhydz-Si8-acylhydz and acylhydz-Si40-acylhydz were dissolved separately in CHCl3/MeOH       

(1 mL/1 mL) and 1 equivalent of Ni(OTf)2 was added to each end-functionalized siloxane solution. 

Benzacid-Si8-benzacid was dissolved in DMF/EtOH (1 mL/1 mL) and 5.5 equivalents of Cu(acetate)2 

was added. The solutions were stirred overnight at room temperature and filtered, collecting the 

residue as pure metal-coordinated product.  
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Summary 

The self-assembly of block copolymers (BCPs) and liquid crystals (LCs) generate 

hierarchically ordered nanostructures via phase segregation and supramolecular driving 

forces. These two separate fields of research started to merge with the development of low 

molecular weight (MW), discrete block co-oligomers (BCOs). The interplay of 

supramolecular interactions, crystallization and phase segregation in these blocky 

molecules gives rise to long-range order and well-defined nanodomains. However, the 

balance between the entropic and enthalpic forces for the bulk assembly is poorly 

understood. This makes it difficult to predict which nanostructure is formed based on the 

molecular structure and thereby it remains a challenge to predict the material function. In 

this thesis, the complex interplay between molecular driving forces for bulk assembly is 

investigated to find structure-property relationships in the area that merges BCOs and LCs. 

In Chapter 1, concepts of BCP and LC assembly are introduced, highlighting the 

analogies between them. We review the most important findings on the self-assembly of 

discrete BCOs – a field that merges BCP and LC assembly. First, synthesis methods to obtain 

discrete length BCOs are briefly discussed. Next, the self-assembly of BCOs, driven by only 

phase segregation is reviewed. Finally, the role of crystallization and supramolecular 

interactions on the self-assembly of discrete nanophase-segregated macromolecules is 

discussed. 

The large-scale synthesis of discrete length oligodimethylsiloxane (oDMS) using an 

iterative stepwise approach is described in Chapter 2. Oligomers containing up to 40 

repeating units are developed in high purity. The hydroxy, hydride, methyl and chloride 

end-groups are detected by silicon NMR. Lastly, the Karstedt catalyzed hydrosilylation of 

hydride end-functionalized oDMS to olefin-functionalized oligomers or molecules is 

described generally, with a special focus on byproduct formation that can be reduced by 

low catalyst loadings and dry reaction conditions.  

In Chapter 3, we describe the complex interplay of aggregation and phase segregation 

in both bulk and solution. Hereto, amphiphilic oDMS-oligoproline di- and triblock co-

oligomers with varying block lengths and proline end-groups are prepared which all form 

crystallization-driven, lamellar nanostructures in the bulk. Most of the oligomers assemble 

into disordered micelles in methylcyclohexane while one oligomer forms a network 

structure and organogel as a result of multiple assembly pathways and conformations. Thus, 

subtle changes in the molecular structure result in major differences in the supramolecular 

nanostructure and therefore change the physical properties of the materials. 

Chapter 4 describes the pathway control in the assembly of hydrazone end-

functionalized oDMS into one- (1D) or two-dimensional (2D) nanostructures. Depending 

on the block composition and processing conditions, a thermodynamic, crystalline, 2D 

nanostructure or kinetic, 1D morphology is formed. Moreover, we show how a MW 

distribution in the oDMS block, obtained by synthesis, gives rise to a loss of morphological 
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order. Mixing the discrete oligomers also gave a MW distribution but resulted in an 

unprecedented control of the nanostructure dimensions and feature sizes when the 

difference between the largest and smallest oligomer was not larger than 24 repeating units. 

In Chapter 5, the effect of mixing two different oDMS conjugates is investigated. 

Combinations of oDMS-pyrene and oDMS-NDI conjugates and oDMS-azobenzene and 

oDMS-hydrazone conjugates are examined. Bulk co-assembly is observed for pairs of 

homotelechelic oDMS-pyrene and oDMS-NDI as a result of charge transfer interactions 

when the alkyl linker lengths of both molecules match. Heterotelechelic NDI-oDMS-

pyrene forms the charge transfer complex more efficiently, resulting in a 

thermodynamically stable, crystalline nanostructure composed of stacked NDI-pyrene 

dimers alternated with amorphous siloxane, giving lamellar nanostructures with 3.1 nm 

feature sizes. Self-sorting of azobenzene and hydrazone homo- and heterotelechelic 

oDMS is always obtained due to the lack of specific interactions between the two rod-

like, peripheral blocks. 

The consequences of molecular architecture on the supramolecular assembly of discrete 

amorphous-crystalline BCOs are presented in Chapter 6. Hereto, ureidopyrimidone-

urethane-oDMS oligomers are synthesized with oDMS present as the main-chain or as 

pendant grafts. The main-chain supramolecular BCPs form poorly ordered lamellar 

structures due to the competition between phase segregation and crystallization. The 

grafted analogue forms highly ordered lamellar nanostructures due to a larger driving force 

for crystallization. The morphology strongly influences the material properties as the main-

chain supramolecular BCP forms flexible, plastic films while the grafted oligomers formed 

crystalline, micrometer-sized 2D sheets. 

The knowledge of supramolecular assemblies in an amorphous, discrete siloxane matrix 

is utilized in Chapter 7 for the formation of non-covalently crosslinked 

polydimethylsiloxane (PDMS). A disperse PDMS is grafted with three different 

supramolecular motifs that vary in supramolecular bond strength. Thereby, three different 

recyclable plastics are obtained with properties ranging from viscous to thermoplastic 

elastomeric and brittle materials. 

Although the above chapters have given a considerable insight into the structure-property 

relationships and molecular driving forces in nanostructured oDMS-based materials, design 

rules for the nanostructures are still elusive. Therefore, we explore the scope and limitations 

of end-functionalized oDMS in Chapter 8 and link the molecular structures to the 

nanostructure to increase the understanding of the balance between molecular driving forces 

for bulk assembly. Combining insights from a variety of molecules, we find that competition 

between phase segregation and crystallization is a result of an imbalance between diffusion 

and crystallization kinetics or destabilization of the 3D crystal structure due to breaking of 

one direction in the crystal upon covalent attachment of a siloxane. Finally, we concluded 

that the order in bulk, supramolecular assembled systems is strongly enhanced by the 

synergistic effect between phase segregation, geometry and supramolecular interactions. 
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