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A Acceptor 
 Area at the beginning 

 Area at the time i 
AGE Allyl glycidyl ether 
CA Cholic acid 
CHCl3 Chloroform 
CMC Critical micelle concentration 
CNC Cellulose nanocrystal 
CNT Carbon nanotube 
CPP Critical packing parameter 
CVD Chemical vapor deposition 
D Donor 
DCM Dichloromethane 
DLS Dynamic light scattering 
DMF N,N’-Dimethylformamide 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DSC Differential scanning calorimetry 
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FTIR Fourier transformed infrared spectroscopy 

 Gibbs’ free energy 
HFIP 1,1,1,3,3,3-Hexafluoro-2-propanol (Hexafluoroisopropanol) 

 Enthalpy  
HiPCO High-pressure carbon monoxide disproportionation 
LC Liquid crystal 
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MWCNT Multi walled carbon nanotube 
NMR Nuclear magnetic resonance 
OxCNT Oxidized carbon nanotube 
pHEMA Poly(2-hydroxyethyl methacrylate) 
POM Polarized optical microscope 

 Entropy 
SDS Sodium dodecyl sulfate 
SEC Size exclusion chromatography 
SEM Scanning electron microscopy 
SWCNT Single walled carbon nanotube 

 Temperature 
TFA Trifluoroacetic acid 
TEM Transmission electron microscopy 
TGA Thermogravimetric analysis 
UPy 2-Ureido-1[4H]-pyrimidinone 

 Nominal stress 
 True stress



This doctoral dissertation consists of a summary and of the following publications which are 
referred to in the text by their Roman numerals. 

 
I. Myllymäki, T. T. T.; Nonappa; Yang, H.; Liljeström, V.; Kostiainen, M. A.; Malho, J.-M.; 
Zhu, X. X.; Ikkala, O. Hydrogen Bonding Asymmetric Star-Shape Derivative of Bile Acid Leads 
to Supramolecular Fibrillar Aggregates That Wrap into Micrometer Spheres. Soft Matter 
2016, 12, 7159–7165. 

II. Bertula, K.; Nonappa; Myllymäki, T. T. T.; Yang, H.; Zhu, X. X.; Ikkala, O. Hierarchical 
Self-Assembly from Nanometric Micelles to Colloidal Spherical Superstructures. Polym. 2017, 
126, 177–187. 

III. Myllymäki, T. T. T.; Lemetti, L.; Nonappa; Ikkala, O. Hierarchical Supramolecular 
Cross-Linking of Polymers for Biomimetic Fracture Energy Dissipating Sacrificial Bonds and 
Defect Tolerance under Mechanical Loading. ACS Macro Lett. 2017, 6, 210–214. 

IV. Myllymäki T. T. T., Guliyeva, A.; Godinho, M.; Korpi, A.; Hynninen, V.; Kostiainen, M. 
A.; Nonappa; Rannou, P.; Ikkala, O.; Halila, S. Liquid crystals and supramolecular polysaccha-
rides based on monodisperse telechelic sugar oligomers, Submitted to Angew. Chem. Int. Ed. 

 
 
 



Publication I: “Hydrogen Bonding Asymmetric Star-Shape Derivative of Bile Acid Leads to 
Supramolecular Fibrillar Aggregates That Wrap into Micrometer Spheres.” 

The author synthesized 2-ureido-4[1H]-pyrimidinone isocyanate and reacted the cholic acid 
derivative with it, characterized the synthesis products with 1H-NMR, 13C-NMR, FTIR and 
SEC. The author made all the self-assemblies, characterized the self-assemblies with TEM, 
SEM and DLS. The author analyzed the data from experiments, made the images and wrote 
the first draft of the manuscript and finalized it with Olli Ikkala, Nonappa and Mauri 
Kostiainen. 

Publication II: “Self-Assembly from Nanometric Micelles to Colloidal Spherical Superstruc-
tures.” 
 
The author synthesized 2-ureido-4[1H]-pyrimidinone isocyanate and characterized it with 1H-
NMR, 13C-NMR and FTIR. The author further modified the cholic acid derivative to bear amino 
functionalities and characterized it together with Kia Bertula. The author helped with the fina-
lization of the article. 

Publication III: “Hierarchical Supramolecular Cross-Linking of Polymers for Biomimetic 
Fracture Energy Dissipating Sacrificial Bonds and Defect Tolerance under Mechanical Load-
ing.” 
 
The author synthesized 2-ureido-4[1H]-pyrimidinone isocyanate and characterized it with 1H-
NMR, 13C-NMR and FTIR. The author designed the structure and the synthesis of the biomi-
metic nanocomposite and the supramolecularly modified CNTs. The author imaged the mate-
rials with SEM and TEM, analysed the data from experiments, calculated the true stress fig-
ures, made the images, wrote the first draft of the article and finalized it with Olli Ikkala, Non-
appa and Laura Lemetti. 

Publication IV: “Liquid Crystals and Supramolecular Polymers Based on Monodisperse 
Sugar Oligomers.” 

The author synthesized 2-ureido-4[1H]-pyrimidinone (UPy) isocyanate and characterized it 
with 1H-NMR, 13C-NMR and FTIR. The author helped with the synthesis of the permethylated 
maltoheptaose with UPy end groups. The author made the liquid crystal assemblies of the su-
pramolecularly modified maltoheptaoses, characterized them with POM, made the thermo-
gravimetric analyses (TGA, DSC), drew the fibers and analysed them with POM and SEM, an-
alysed the data from experiments, made the original images, wrote the first draft of the article 
and finalized it together with Olli Ikkala, Patrice Rannou and Sami Halila. 

 



 
The Author has also contributed to following publications: 

 
V. Hashmi, S. G.; Martineau, D.; Dar, M. I.; Myllymäki, T. T. T.; Sarikka, T.; Vainio, U.; 
Zakeeruddin, M.; Grätzel, M. High Performance Carbon-Based Printed Perovskite Solar Cells 
with Humidity Assisted Thermal Treatment J. Mater. Chem. A, 2017, 5, 12060-12067. 

VI. Keskiväli, J.; Rautiainen, S.; Heikkilä, M.; Myllymäki, T. T. T.; Karjalainen, J-P.; 
Lagerblom, K.; Kemell, M.; Vehkamäki, M.; Meinander, K.; Repo, T. Isosorbide Synthesis from 
Cellulose with an Efficient and Recyclable Ruthenium Catalyst Green Chem., 2017, 19, 4563-
4570. 

VII. Pietarinen, S.; Myllymäki, T.; Eskelinen, K. 2014. Method for Esterifying Lignin with 
at Least One Fatty Acid. WO 2014029919. 

 



Structurally important biological materials generically show hierarchical structures to allow 
functional properties. They exploit self-assemblies over the length scales by competing inter-
actions and combining tailored supramolecular interactions.  Examples are provided by spider 
silk, nacre, and bone, which show extraordinary mechanical properties, regardless of the weak 
individual building blocks. In these materials, the strength and toughness arise from nanoscale 
toughening mechanisms, where hard and soft domains are connected covalently and by weak 
interactions. They work in synergy to transfer stress from bulk to the reinforcing parts via sac-
rificial bonds and hidden lengths through hierarchical design. 

In this thesis, an overview of the important aspects in biomimetic structural material design 
is given. In the introduction, the theoretical background of supramolecular chemistry, self-as-
sembly, hierarchical structures, and sacrificial bonding are covered. In the results section, four 
articles and their important findings towards novel biomimetic materials are highlighted. The 
four articles in the thesis all combine the supramolecular chemistry of 2-ureido-4[1H]-pyrim-
idinone (UPy) into one or more key aspects of biomimetic material designs, including hierar-
chical structures, sacrificial bonds and hidden lengths, orientation and binding of the building 
blocks. 

Article I, the self-assembly of a cholic acid derivative, is an example of building hierarchical 
superstructures by supramolecular bottom-up synthesis. The resulting spherical aggregates 
are achieved by gradually activating supramolecular interactions by solvent exchange, since 
immediate activation of all the intramolecular interactions would lead to precipitation. 

Article II is a follow-up article of the first one. The molecules were further modified with 
cysteamine to make them more polar. This also allowed to attach the UPy moieties to the amine 
functionalities, instead of the OH groups as in the article I. 

In article III, a carbon nanotube (CNT) reinforced nanocomposite was built. Moreover, the 
adhesion with the CNTs and the polymer matrix was ensured by hydrogen bonding of UPy 
molecules. The resulting CNT reinforced nanocomposite showed fracturing behavior related 
to that of spider silk and nacre. 

Article IV deals with a permethylated maltoheptaose oligomer carrying terminal UPy moie-
ties. The molecule forms liquid crystalline ordering in hexafluoroisopropanol (HFIP), as ob-
served in a polarized optical microscope (POM), and allows drawing of supramolecular fibers 
in the dried state. 

 



Supramolecular chemistry is a field of chemistry, where larger molecular assemblies form from 
smaller subunits via noncovalent interactions. These interactions can include hydrogen bond-
ing, metal coordination, hydrophobic forces, van der Waals forces, π-π interactions, electro-
static effects and combinations thereof.1 Molecular self-assembly, protein folding, molecular 
recognition, host-guest chemistry, mechanically interlocked molecular architectures, and dy-
namic covalent chemistry are all related to supramolecular chemistry.1 

The whole concept can be perceived as ‘chemistry beyond the molecule’. In supramolecular 
systems or materials, new properties can be obtained changing the interactions of the building 
blocks. Well performing supramolecular systems can have synergistic effects from all of its 
components, where the properties of the material are more than a sum of its building blocks. 
The “static” chemistry, such as synthesis of (relatively) stable products, gains another dimen-
sion from interactions between the molecules and their functions by applying dynamic ex-
change between the molecules. Through supramolecular chemistry and holistic view of the 
whole system it’s possible to achieve new properties beyond traditional chemistry.2 

1.2.1 Molecular Recognition 

Molecular recognition involves complexation or a binding event between two or more mole-
cules. In such an event, we consider a molecule (Figure 1a, host) binding to another molecule 
(Figure 1a, guest), forming a guest-host complex, or supramolecule (or supermolecule). The 
hosts can be large molecules or entities, such as enzymes, receptors, proteins or compounds 
with holes or cavities (Figure 1). The guests can be for example cations, anions, or more so-
phisticated molecules such as hormones, pheromones or neurotransmitters. As molecular 
properties, the guests and hosts bear sites that have interactions with other molecules, such as 
hydrogen bond acceptors and donors.3 Selective molecular binding derives from the lock-and-
key principle of enzyme-substrate binding by Emil Fischer, where the enzyme exhibits a bind-
ing site only its specific substrate can attach to.4 

 
 

 

Figure 1.



Apart from guest-host dimerization there are self-complementary systems, where molecules 
form dimers between two similar molecules. These molecules all are both guests and hosts, 
and therefore do not discriminate between receptor and substrate properties. However, the 
binding between self-complementary molecules can be very exclusive, as the binding sites can 
be in subtle configurations. 

A hydrogen bond is an attraction between an electropositive proton and an electronegative 
atom with lone electron pairs, such as nitrogen, oxygen or fluorine. In order to form a hydrogen 
bond, the hydrogen needs to be covalently bound with an electronegative atom. Such an elec-
tropositive hydrogen atom is called a hydrogen bond donor, whereas an electronegative atom 
with a lone electron pair is called a hydrogen bond acceptor. Hydrogen bonds have some fea-
tures of covalent bonds; they are directional and strong compared to other weak interactions. 
Hydrogen bonds, like covalent bonds, reveal shorter interatomic distance than that of non-
bonded atoms, or atoms bonded only via van der Waals forces. The strength of a hydrogen 
bond depends on the properties of the acceptor and the atoms covalently bound to the hydro-
gen. The typical enthalpies in the gas phase vary from weak (8 kJ/mol) bonding between R-N-
H···O-R to strong (161.5 kJ/mol) between R-F-H···F-R.5 

Hydrogen bonds can be intermolecular (between molecules) and intramolecular (within a 
single molecule). Intramolecular hydrogen bonds are, for example, responsible for the for-
mation of the secondary and tertiary structures of proteins and the formation of DNA double 
helices by nucleic acids. Intramolecular hydrogen bonds also help to stabilize molecules to fa-
vor one tautomer over the other. Intermolecular hydrogen bonds can also affect the properties 
in bulk and are responsible for the high boiling point of water, for example. 

1.3.1 Hydrogen Bond Arrays in Supramolecular Dimers 

Many supramolecularly binding systems, such as part of DNA nucleic acids, form triple hydro-
gen bonds. They are capable of forcing the association of DNA single strands into double heli-
ces and preventing their spontaneous dissociation. In these nucleic acids, the array of hydrogen 
bond donors (D) and acceptors (A) are ADA (guest) and DAD (host), respectively (Figure 2). 
Supramolecular assemblies with ADA and DAD triply bonded arrays are well known, exhibit-
ing dimerization constants in the range from 102 to 103 M-1 for adenine and thymine in CHCl3.6 
Other than alternating donor and acceptor arrangements can show even stronger bonding due 
to attractive secondary electrostatic interactions. These arrays include the combination of DDA 
and AAD as in the guanine and cytosine base pair dimer. Here, the attractive secondary elec-
trostatic interactions make the dimer more stable, with approximate dimerization constant 
from 104 to 105 M-1 in CHCl3.7 With three hydrogen bonds, four attractive secondary electro-
static interactions and no repulsive secondary electrostatic interactions, the AAA-DDD array 
is the strongest of triply bonded hydrogen bonding arrays. The dimerization constants for such 
arrays are between 107 and 1010 M-1, depending on the solvent and the interacting pairs.8,9 

 



 

Figure 2.

Quadruply bonded hydrogen bonding molecules have been synthesized to achieve even higher 
binding constants for the dimers. The same principles in the array of donors and acceptors 
apply with four and three complementary hydrogen bonds (Figure 3).10 The arrays of DADA-
ADAD consist of four hydrogen bonds and eight repulsive secondary electrostatic interactions, 
with dimerization constant of 1.9 × 104 M-1.11 The hydrogen bond arrays of AADD-DDAA are 
stronger than ADAD-DADA arrays due to four hydrogen bonds, four attractive secondary elec-
trostatic interactions and only two repulsive secondary electrostatic interactions with a dimer-
ization constant of 6 × 107 M-1 in CHCl3 for UPy12. The strongest array for quadruply hydrogen 
bonded dimers is AAAA-DDDD where there are four hydrogen bonds, six attractive secondary 
electrostatic interactions and no repulsive secondary electrostatic interactions. The AAAA-
DDDD array has been synthesized and the dimerization constant has been measured to be of 
3 × 1012 M-1.13  

 



 

Figure 3.

There are many supramolecular binding molecules14,15, guest-host pairs16–19 and molecular 
recognition systems1, but few are as interesting as the quadruply bonding 2-ureido-4[1H]-py-
rimidinone (UPy) and its dimers.20 UPy dimers have proven to be a useful tool for achieving 
interesting supramolecular constructions, including crosslinking of soft materials21–23, gels24, 
toughening of cellulosic materials25, carbon nanotube constructions26, and as self-assembly di-
recting unit27–29. 

 

 

Figure 4.



1.4.1 Synthesis and Chemistry of UPy 

Due to its strong dimers, easy synthesis, and properties including switchability between dimer-
ized and dissolved state upon solvent change, UPy renders a feasible supramolecule for mate-
rial synthesis aiming for biomimetic materials with supramolecular reinforcements. UPy forms 
strong dimers with dimerization constant exceeding 106 M-1 in CHCl3.20 Later, the dimerization 
constant have been confirmed to be 6 × 107 M-1 in CHCl3 and 6 × 108 M-1 in toluene.12 The strong 
dimerization constant of UPy originates from its array of hydrogen bond donors and accep-
tors.30 In UPy, the donors (D) and acceptors (A) are arrayed as DDAA, which allows four com-
plementary secondary hydrogen bonds, when compared to an array DADA, which has none. 
The UPy dimers can be dissociated by heating in DMSO which will induce keto-enol tautom-
erism in the molecule and thus, make the association less favourable.31 

UPy can be synthesized in several ways. The most prominent synthesis route to functional 
UPy starts from 2-amino-6-methylpyrimidin-4[1H]-one, which is reacted with a large excess 
of 1,6-diisocyanatohexane (Figure 5). For the purposes of material science, this synthesis route 
is favorable as the resulting molecule, 2(6-isocyanatohexylureido)-6-tridecyl-4[1H]-pyrimidi-
none (denoted as UPy-isocyanate, UPy-C6-NCO or UPy-NCO) incorporates an isocyanate func-
tional croup (NCO). Isocyanates can be readily reacted with nucleophiles, such as primary 
amines or, if combined with a tin catalyst, primary hydroxyl groups. Since the reaction between 
isocyanates and primary amines is a click reaction, no extra purifications are needed when 
UPy-NCO is grafted into primary amine bearing material. Furthermore, the addition of isocy-
anates to primary amines yields urea moieties, bearing additional H-bond donors and accep-
tors. 
 

 

Figure 5.

UPy forms self-complementary quadruply hydrogen bonded dimers.11,20 The dimerization 
takes place both in solvents and in the dry state. In the solvent state, the association constant 
depends significantly on the polarity of the solvent. In nonpolar solvents, such as chloroform 
or toluene, the UPy monomers form dimers and in polar solvents, such as DMSO or N,N’-di-
methylformamide (DMF), the dimers dissociate and are dissolved as monomers.12 

The variation of the dimerization constants in different solvents originates from the solvents’ 
ability to stabilize the different tautomers of UPy.31 Since DMSO is a good hydrogen bond ac-
ceptor, it strongly affects the keto-enol-equilibrium favoring the enol over the keto form. The 
enol-tautomer of UPy in DMSO is dissolved because it forms only weak dimers with ADAD-
DADA array of hydrogen bond donors and acceptors, which is easily dissociated. In nonpolar 
solvents, such stabilization of the hydrogen bonds does not occur and therefore, the keto-tau-
tomer is favored. The keto-tautomer is further stabilized by an intramolecular hydrogen bond 
locking the molecule in a planar conformation. 

Regardless of the polarity of water, UPy can also dimerize in water with small modifica-
tions.24,27,32,33 By appending UPy with a hydrophobic moiety, such as a hexyl chain (Figure 5, 
or R=C6H13 in Figure 6), a hydrophobic pocket is created around the UPy dimers, and water 
molecules cannot approach the molecule without sacrificing entropy. In water, the hexyl chains 



might also help the molecules assemble as dimers, as the incompatibility of the hexyl chains 
and the solvent drive the hexyl chains in close proximity to reduce Gibbs’ free energy and hence 
entropy of the system (the “hydrophobic forces”). 

 

 

Figure 6.

Beyond weak interactions, there is an interesting, a relatively new field of supramolecular 
chemistry harnessing reversible covalent bonds. These covalent bonds form and deform until 
they reach an equilibrium. The equilibrium can be altered by changing the environment to fa-
vor either reactants or products to reach tunable systems where the properties of the material, 
for example self-healing polymers34 or switchable hydrogels35, can be adjusted. 

There are several ways to achieve dynamic covalent bonds. Urea bonds, for example, are usu-
ally stable in neutral pH. However, when a urea nitrogen carries bulky alkyl substituents, the 
equilibrium changes towards the reactants, providing dynamic exchange between urea and 
isocyanate states and thus reversibility (Figure 7).34 

 
 



 

Figure 7.

Another example of dynamic covalently bound networks is boronic acids together with 1,2- or 
1,3-diols.36–39 The reversibility of the boronate ester bond is governed by an equilibrium that is 
heavily dependent on the pH of the solution and the pKa of the boronic acid component.35 
Higher pH values than the pKa of the boronic acid favours the boronate ester and lower pH the 
free boronic acid and the free diol (Figure 8). 

 

 

Figure 8.

In self-assembly, a disordered system forms an organized structure via attractive and repulsive 
interactions between particles or molecules without an external direction. The intermolecular 
interactions can be tailored to produce certain morphologies in the bulk and can be tuned by 
varying the choice of solvent, temperature, salt concentration, magnetic field, electric field and 
light. Many biological materials, such as nacre, wood, and spider silk are partially formed via 
self-assembly. 

The driving force of static self-assembly is the minimisation of the free energy of the system. 
The self-assembly can be switchable or responsive to changing environments, for example sol-
vent exchange or a change of temperature. Different kinds of hard and soft functional materials 
have been achieved via molecular, colloidal or polymeric self-assemblies.29 The assembly of 
soap molecules in water is static self-assembly, regardless of the possibility to switch between 
different morphologies when changing the surroundings, for example by differentiating tem-
perature, solvent applying an electric field. 

1.6.1 Surfactant Self-Assembly 

Relevant for this thesis, the self-assembly principles can be illustrated as surfactants in aque-
ous medium. The self-assembled structures at the energy minimum depend on the geometry 
of the molecules and the solubility of the different parts of the surfactant in the solvents.40 The 
different geometries of surfactants can be compared using the critical packing parameter 
(CPP). The CPP is calculated by dividing the volume of the hydrophobic surfactant tail by the 



cross-sectional area of the hydrophilic head group, times the length of the tail (Figure 9a). By 
increasing the CPP, the morphology of the surfactants changes from spherical micelles to cy-
lindrical micelles, vesicles, bilayers and finally inverted micelles (Figure 9d-h).41,42 This applies 
to small surfactants as well as block-copolymers with mutually repulsive blocks. 

Surfactants with a polar head group and a lipophilic tail, form different morphologies de-
pending on the surrounding solvent media. When a small amount of oil exists in water with 
surfactants, the surfactants gather around oil droplets adopting the morphology of micelles. If 
the amount of oil in water is increased until oil is in excess, the micelles transform into inverted 
micelles. At the transition between micelles and inverted micelles neither of them are formed 
representing a microemulsion.43 

Micelle formation is always dependent on the concentration of the surfactants in the liquid. 
The surfactants have a certain critical micelle concentration (CMC) above which the micelliza-
tion occurs. Below the CMC, the surfactant molecules are dispersed in the liquid isotropically.44 

 

 

Figure 9.

Apart from surfactants, polymers and block-copolymers are known to self-assemble in pat-
terned, ordered and even hierarchical self-assemblies. In block-copolymers the covalently con-
nected blocks can be incompatible with other blocks or the solvent and therefore induce self-
assembly in various structures.45–47 Lowering the molecular weight of the polymers can result 
in diminished self-assemblies, but can be achieved with asymmetric star polymers48, rod-coil 
type liquid crystal tectons49, bent-core mesogens50, and giant surfactants51. 

Dynamic self-assembly, also called “dissipative self-assembly”, are out-of-equilibrium pro-
cesses, and therefore need a constant energy feed. Dynamic self-assemblies are for example a 
school of fish trying to avoid predators, a flock of birds creating patterns in the sky or human 
bodies working against entropy. 



1.6.2 Liquid Crystalline Self-Assembly 

Liquid crystals (LCs) are self-assembled molecules or particles that have the properties of liq-
uids and solids. They show orientational order but reduced positional order.52 There are many 
different types of liquid-crystalline phases, which can be distinguished by their different prop-
erties, such as their textures under a polarized optical microscope (POM) or characteristic scat-
tering in X-ray measurements. Under POM different liquid crystal phases have unique textures 
(Figure 10).53 The dark areas in the textures are domains where the molecules are not oriented 
or are oriented in homeotropic way (perpendicular to the substrate). In a birefringent (bright) 
part of the image, the liquid crystals are well-oriented and not homeotropically aligned. De-
pending on the conditions, such as temperature or concentration in a liquid, liquid crystalline 
materials may not show liquid crystalline properties. 

Liquid crystals can be divided into thermotropic and lyotropic liquid crystals.54 Thermotropic 
liquid crystals show LC mesophases in a certain temperature where the vibrational and rota-
tional energy of the molecules are high enough to orientate, but not high enough for them to 
move freely like in liquids. Lyotropic LCs are dissolved or dispersed in a solvent media and 
form LC phases depending on the concentration and temperature. The higher the concentra-
tion of lyotropic LCs in the solvent, the less freedom they have and the more the molecules 
orientate.55 The phase-transition of lyotropic liquid crystals is concentration dependent, 
whereas thermotropic liquid crystals are temperature dependent. 

 

 

Figure 10.

Liquid crystals are used in technological applications, such as liquid crystalline displays (LCD) 
and temperature indicators.56 In nature, lipid bilayers that form cell membranes are liquid 
crystals.57 Also, as spiders generate silk in their spinning duct, the concentrated protein solu-
tion is a liquid crystal before much of the liquids are withdrawn from the dope. 

1.6.3 Thermodynamics of Self-Assembly 

Generally, all self-assembly, including the surfactant self-assembly and liquid crystalline or-
dering, follow the same rules of thermodynamics. Surfactants with polar head and nonpolar 



tail self-assemble around oil droplets in water.58 This happens spontaneously because of the 
surfactants’ amphiphilic property, which causes the nonpolar surfactant tail and the polar head 
locate themselves in the interface between water and oil to reduce the entropy of the system. 
When surfactants are immersed in water, the water molecules organize around the lipophilic 
tail in a way that hydrogens of the water molecule face the lipophilic tail. This ordering of the 
molecules costs the system entropy. If oil is present and the surfactants gather around oil drop-
lets, the lipophilic tail is immersed in oil and the hydrophilic head is immersed in water. When 
the lipophilic tail is immersed in oil, the water molecules gain freedom, and therefore the en-
tropy of the system increases. In other words, by organizing the surfactants and thus loss of 
entropy of the surfactants locally, the water molecules gain more freedom, and the overall en-
tropy of the system increases. 

Carbon nanotubes (CNTs) are allotropes of carbon, belonging to fullerene structural family. 
Carbon nanotubes can generally be classified as single-walled carbon nanotubes (SWCNTs) 
and multi-walled carbon nanotubes (MWCNTs). SWCNTs are one layer of graphene rolled as 
a tube, with inner diameter between 0.4 and 2.5 nm59, whereas MWCNTs are similar, but are 
constructed of several coaxial layers of tubes with spacing of 0.34 nm.59 CNTs are high aspect 
ratio tubes, with lengths up to 18.5 cm.60 There are a few common techniques to produce CNTs; 
electric- arc discharge, laser ablation and chemical vapor deposition (CVD) and high-pressure 
carbon monoxide disproportionation (HiPCO). Different types of CNTs can be produced de-
pending on the selection of the technique. 

Carbon nanotubes are the strongest and stiffest materials discovered thus far in terms of ten-
sile strength and elastic modulus. The tensile strength of a single MWCNT was first determined 
to be 63 GPa61 and later being closer to 100 GPa62. The density of a CNT is low for a solid high 
strength material, between 1300 to 1400 kg/m3. This makes their specific strength (tensile 
strength divided by density) extremely high, compared for example to steel. 

Due to the sp2 hybridization the CNTs have a fully delocalized π-electron network.63 Depend-
ing on the chirality of the tubes, they can have either metallic or semiconductive properties. 
The current can flow from a CNT to another via junctions, and therefore bulk conductive ma-
terials can be created with the help of CNTs.64  

CNTs have different properties depending on their chirality. If CNTs are thought to be formed 
from graphene sheets, the direction in which the tube is rolled determines the chirality of the 
resulting CNT and therefore the electrical properties of the CNT (Figure 11a). Unlike graphene, 
which is a 2D metallic conductor, CNTs can have several conducting modes. All zigzag CNTs 
(Figure 11b) are, apart from a few exceptions, semiconducting. Chiral nanotubes (Figure 11c) 
are rolled in the direction of multiples of a1 and a2 (a1 ≠ a2) and can be quasi-metallic or semi-
conducting. Armchair type carbon nanotubes are rolled in the direction of blue arrows shown 
in the Figure 11d, where a1 = a2 (n = m) results in CNTs with metallic properties.65 

 
 



 

Figure 11.

CNTs have been used in several applications as performance enhancers.63,66,67 Carbon nano-
tubes can enhance the materials electrical conductivity, thermal conductivity and mechanical 
properties. Mixing a small amount of CNTs with carbon fiber composite materials or concrete 
have been shown to increase their mechanical properties. Due to the strength, rigidity and high 
young’s modulus68, CNTs might be ideal reinforcing phase in nanocomposites.69 

During millions of years of evolution, nature has carved some of the most extraordinary mate-
rials known to man.70 These materials, including spider silk, nacre and bone, bear unique prop-
erties beyond the reach of synthetic materials. The imitation of nature when designing novel 
synthetic products is known as biomimetics, or biomimicry. Biomimetics is an interdiscipli-
nary field where engineering, chemistry and biology are applied to the synthesis of materials, 
or machines that have similar properties or functions than those found in nature. 

Natural materials often have a nanocomposite structure with hard and soft domains and, 
depending on the material, varying amounts of organic and inorganic compounds.71 The or-
ganic compounds, such as collagen, are made of proteins of various types. The proteins consist 
of 20 or less amino acids, which are polymerized into polypeptides. With the toolbox of only 
20 amino acid monomers, polypeptides can be programmed to undergo complex self-assem-
blies to fold reliably into their stable 3D structures. As an open, linear chain these polypeptides 
have no remarkable properties compared to any synthetic polymers, but upon formation of the 
final folded morphology with all the structural features, the biological materials beat many 
synthetic materials in terms of mechanical properties and functionality. 



By studying the structures of the biological materials from nanoscale to bulk, we can unravel 
the fundaments of strengthening structures, including sacrificial bonds, hidden lengths and 
hierarchies in the materials. By applying these designs into synthetic materials, it is possible 
to achieve synthetic materials with such nanoscale designs, that increase the mechanical prop-
erties in bulk. By applying the structural features of biological materials into strong synthetic 
materials, the mechanical properties of synthetic materials could surpass those of natural ma-
terials. 

1.8.1 Spider Silk 

Spider silk is protein fiber spun by spiders.57 Spiders use their silk for various purposes, such 
as capturing pray, building nests, suspending down and to glide through the air.72 Spiders spin 
different kinds of silks for different purposes.73 Even spider webs are made of several kinds of 
silks, that all have their distinct properties and function. The strongest type of silk, dragline 
silk, is the fiber spiders use to form the supporting frame for the webs. 4 Some of the strongest 
draglines of Caerostris Darwini spiders can support the weight of over 2.8 m2 web attached to 
trees up to 25 m apart.74 Mechanical properties of the fibers are extraordinary, as the ultimate 
tensile strength goes up to 1.4 GPa, which, related to weight, is higher than that of steel. The 
fiber consists of amino acids that connect to each other via peptide bonds and form large pro-
teins that further self-assemble in amorphous and crystalline structures, depending on the 
amino acid order.75,76 The tightly packed β-sheets act as a reinforcing part, while the amor-
phous areas allow the material to stretch upon elongation.77 The tightly packed, even crystalline 
β-sheets have been shown to strengthen other materials than spider silk also.77–81 

The mechanical properties of spider silk arise from its self-assembled network of hard and 
soft domains combined with extensive hydrogen bonding network (Figure 12).57,75,76,82 The 
hard and soft domains act as a composite structure where the stress is transferred from the 
soft phase to the hard phase.83 The proteins hydrogen bond extensively and form entangled 
structures that can open when elongated. These hidden lengths of the entangled protein chains 
are connected by reversible hydrogen bonds, sacrificial bonds, that can resist the elongation 
and can reform when elongation is ended. 

 

 

Figure 12.



1.8.2 Nacre 

Nacre is a composite material in the inner part of the sea shells, and the outer part of pearls. It 
consists of well-aligned aragonite platelets and a thin layer of elastic proteins between the 
platelets that bind them together by hydrogen a bonding network.71,84–86 When stressed, the 
stress transfers to large areas in the material preventing catastrophic crack propagation.84,87 

Compared to spider silk, which consists primarily of proteins, nacre consists mainly of hex-
agonal calcium carbonate crystals, aragonite (Figure 13). These aragonite platelets are ar-
ranged in a continuous laminate, where the cross-section looks like a brick wall, with the arag-
onite platelets are the bricks and the organics between the platelets the mortar. The structure 
of nacre have inspired several layered materials with rather good mechanical properties.88–91 

 

 

Figure 13.

1.8.3 Bone 

Bone is a rigid material that constitutes the skeleton of the vertebra. The function of the bone 
is to support the body and protect vital organs. Bones can be highly different for different pur-
poses and in different animals. Birds, for example, have a much more lightweight skeleton to 
allow flight, compared to a rhino, which needs extra skeletal protection and strength to support 
the body weight. 
Bone is a composite of hydroxyapatite crystals and an organic matrix made of collagen (Figure 
14).92–98 Rigid crystals such as hydroxyapatite cannot often dissipate much energy and there-
fore the organic matrix, which is mainly collagen, must be involved.99 The combination of the 
hard, porous hydroxyapatite phase and the soft matrix of elastic collagen makes bone rigid and 
tough.100 The hierarchical structure with sacrificial bonds make allow bone to fail in a con-
trolled manner under mechanical load.99 The ability to dissipate energy during fracture and to 
self-heal are some of the desirable features material scientists are looking for when designing 
next generation materials.101 Bone structure is anisotropic, and therefore can withstand higher 
stresses in one direction than others.102 

 

 

Figure 14.



1.8.4 Hierarchical Design of Biological Materials 

Natural materials, such as nacre, bone, silk and wood combine stiff and soft components in 
hierarchical structures. In materials such as silk, the controlled unravelling of the soft phase 
during elongation (the synergy of sacrificial bonds and hidden lengths) acts as a toughening 
mechanism. The hierarchical structure along with the dynamicity of the interactions result in 
structural toughening mechanisms, which manifest as mechanically desirable features, such as 
fracture toughness, crack deflection and constrained microcracking. It therefore seems that 
nature’s hierarchical design approach is an effective path towards combining high strength and 
toughness.87,103 

1.8.5 Sacrificial Bonds and Hidden Lengths 

Biological materials constituting of hard and soft moieties, such as bones and spider silk, in-
volve excessive hydrogen bonding networks, that can deform and reform upon loading, and by 
that action dissipate energy.99,104 It is suggested that the inherent toughness of these materials 
originate from their ability to sacrifice some of the reversible bonds in order to prevent cata-
strophic damage to the covalently bound backbones of the material.75 These so-called sacrificial 
bonds can open and close dynamically, and even though one such bond have only small binding 
energy, millions of them increase the work needed to fracture the material significantly (Figure 
15). 

Along with sacrificial bonds, biological materials involve so-called hidden lengths to enable 
the material to elongate without permanent damage to covalently bound matrix. The hidden 
lengths are loops of loose polymeric chains that can elongate while working against the con-
formational entropy as well as the deformations of the sacrificial bonds’ hydrogen bonding en-
ergies, thus increasing toughness.105 

 

 

Figure 15.

There are several examples of model materials where supramolecular sacrificial bonds and 
polymeric hidden lengths have been involved in synthetic materials.106,107 Materials with hid-
den lengths and sacrificial bonds show increased toughness25,90, self-healing properties108,109 
and increased fail tolerance23. 



1.8.6 Fracturing Behavior of Biological Materials 

Biological materials with structural purpose, such as bone, silk and nacre, are not only tough, 
but also dissipate energy during a fracture. The fracture toughness mechanics of biological ma-
terials is not completely understood, but seems that the properties arise from hierarchical 
structure from nanoscale to bulk, as well as from hidden lengths and sacrificial bonds in the 
material.87,103 When hierarchies, sacrificial bonds and hidden lengths work in synergy, the frac-
ture of the material is non-catastrophic, and fracture propagation dissipates energy. Construct-
ing hierarchies in synthetic nanomaterials has been shown to increase toughness and fracture 
tolerance.23,25,83 

1.8.7 Materials of the Future 

With lessons from nature and the recent developments in nanotechnology and supramolecular 
chemistry a new path opens for material scientists. Combining the structures that are respon-
sible for the exceptional mechanical properties of biological materials with the strongest na-
noscale building blocks such as carbon nanotubes (CNTs) or cellulose nanocrystals (CNCs) 
could result in materials where the mechanical properties are beyond anything ever built. A 
single CNT tensile strength can be up to 100 GPa61, but transferring that property in bulk ma-
terial is difficult. 

The stress transfer and the compatibility of the different strong and elastic phases can possi-
bly be overcome by supramolecular chemistry. Having two otherwise incompatible phases that 
both are decorated with supramolecularly dimerizing groups the adhesion and compatibility 
could be ensured. One such dimerizing molecule is hydrogen bonding 2-ureido-4[1H]-pyrim-
idinone (UPy). Applying the nature inspired sacrificial bonding, supramolecular constructs, 
hidden lengths and alignment into composite materials that are built from strong building 
blocks could be the next material revolution.
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In the introduction chapter, the design of biological materials and the chemistry and physics 
behind their properties were discussed. In this chapter, we will take a closer look into the re-
search of this thesis, and how this research help material scientists to create materials with 
structures and properties beyond current synthetic materials. Instead of merely highlighting 
the key findings of the articles, the original hypotheses, and how the research plan changed for 
each article during the process is also revealed. 

As a scientist, it is important to make decisions that are based on facts instead of feeling, or 
poorly informed opinions. However, when starting a research project, one often steps on the 
unknown. Despite having hypotheses strongly backed up by previous publications from the 
same field, the hypotheses are sometimes wrong. Once the data from measurements start to 
accumulate one needs to compare the data with the hypothesis, and in case of mismatch, 
change the original hypothesis to match the data. Sometimes this can lead into even dramatic 
changes in the research plan and the published article may have only some parts of the original 
idea left. This does not, however, lead into less valuable publications, but can instead bring up 
new opportunities if the scientists are ready and willing to pivot their focus according to data 
and publish their unexpected findings. That’s how science works. 

Publications I and II are about self-assembly of soft matter – a very important aspect for 
several kinds of nanoengineered structures, such as hierarchies in biomimetic materials. Pub-
lication III is about carbon nanotube reinforced nanocomposite, where several levels of hier-
archy work in synergy with sacrificial bonds to enhance fracture toughness and defect tolerance 
under mechanical loading. 

Publication IV is about liquid crystalline ordering of a supramolecularly modified sugar oli-
gomer and supramolecular polymers that can be drawn into fibers in dry state. 

With publications I-IV we have covered the important concepts in the synthesis of biomi-
metic materials and improved the knowledge in self-assembly, sacrificial bonding, hidden 
lengths, hierarchies and ordered structures. With further development and research in each of 
the covered areas, novel materials with new properties could perhaps be produced. 

 
 
 



2.1.1 Hypothesis and Preliminary Results 

Cholic acids (CAs) are facially amphiphilic surfactants, that can be modified from one side only 
due to asymmetrically positioned hydroxyl groups.44 With proper modification, they could al-
low a new way to bind functional units on carbon nanotubes (CNTs).110  CNTs are high aspect 
ratio tubes with extraordinary mechanical properties and electrical conductivity, depending on 
their chirality.61 They can be dispersed in a solvent by surface modification (for example by 
oxidation) of the CNTs, or with the help of surfactants, such as sodium dodecyl sulfate (SDS).111 
Numerous examples of using dispersed CNTs as reinforcing phase of nanocomposites ex-
ists.112–114 

Apart from nanocomposites, there could be a way to create CNT aerogels with very low pol-
ymeric fraction with help of functional surfactants. If surfactants could be used to disperse 
CNTs in a solvent, followed by crosslinking of the solvent and thus locking the CNTs in their 
morphology in dispersion we could have conductive, very high surface area CNT aerogels after 
the removal of the solvent. Such materials could be used as supercapacitors or intelligent fil-
ters.66 

The meet the criteria of functionality and disperse CNTs into a polar solvent the surfactant 
should have 1) a nonpolar part which would attach the CNT surface in a solvent, 2) polar part 
to allow the solubilization of CNTs into the solvent and 3) free crosslinkable sites to freeze the 
morphology. Additionally, the surfactant could have switchable interactions that could be 
turned on by stimulus to direct the self-assembly and turn the solution into a gel by partially 
locking the disperser network of CNTs. 

To synthesize the surfactant meeting the requirements, CA 1 (Figure 16a) was grafted with 
four oligo(allyl glycidyl ether) (AGE) chains, leading to CA((AGE)6)4 2, as reported in the liter-
ature previously.110 UPy-isocyanate (UPy-NCO) was synthesized by reacting 2-amino-4-hy-
droxy-6-methylpyrimidinone with a large excess of hexamethylene diisocyanate. CA((AGE)6)4 
was then reacted with an excess of UPy-NCO in the presence of tin catalyst in CHCl3, and finally 
purified by precipitating in hexane, centrifugation and dialysis in CHCl3. 

The surfactant CA(AGE6-UPy)4 3 consists of a lipophilic (nonpolar), rigid, cholic acid core (A 
block) promoting micellar aggregates and self-assembly on CNT surface in polar solvents. 
There are four short asymmetrically grafted (AGE)6 chains (B block), which are soluble in polar 
solvents, such as DMSO, and the UPy moieties (C block) act as supramolecular binding units 
via directional hydrogen bonding. Important for the present case is that the neighboring UPy 
groups within the same molecule cannot form quadruple hydrogen bonded assemblies due to 
geometric restrictions. The AGE oligomer chains are simply too short to bend to make the UPys 
dimerize intramolecularly, hence their dimerization is allowed only between UPy’s of different 
molecules, thus selectively promoting strong intermolecular interaction in proper selection of 
solvents. 



 

Figure 16.

CA(AGE6-UPy)4 was mixed with CNTs in DMF/Toluene mixtures with the help of sonication 
to disperse them properly. While the concentration of CNT was kept at 0.1 mg/ml the solvent 
composition, sonication time and the concentration of CA(AGE6-UPy)4 was varied. The varia-
bles working the best were 1 mg/ml of CNTs, 5 mg/ml of CA(AGE6-UPy)4 in DMSO/toluene 
(50/50 v/v), sonicated for 2 min with a horn sonicator at room temperature. Longer sonication 
time led to degraded CNTs and the solubility of CA(AGE6-UPy)4 became an issue at higher 
concentrations. 

The dispersion was transferred into a TEM grid and imaged after drying. The dispersion was 
rather uniform and evenly coated with a layer of the polymeric surfactants CA(AGE6-UPy)4 
(Figure 17). The TEM images were taken from the dispersed supernatant. With closer inspec-
tion the dispersion contained some undispersed CNT particles at the bottom of the vial. These 
particles could be entangled CNT particles that could not be dispersed in the solvent without 
physically opening the entanglements. 

Increasing the concentration of the CNTs led in an increase of the undispersed fraction of the 
CNTs, despite efforts where the sample was heated or the use of co-surfactants, such as cholic 
acid, SDS or pyrene derivatives. The final conclusion was that either the CNTs were of poor 
quality, bearing a lot of entangled aggregates, or the CA(AGE6-UPy)4 ability to disperse the 
CNTs was poor. Without increasing the amount of CNTs there was no way we could achieve 
CNT aerogels or mechanically robust filters with such low fraction of dispersed CNTs.  

 



 
 

 

Figure 17.

While trying new batches of CNTs we also tried to coaggregate the CNTs with CA(AGE6-UPy)4 

by dialyzing the dispersion of CNT and CA(AGE6-UPy)4 from DMSO to water. To our surprise, 
the CNT and CA(AGE6-UPy)4 did not coaggregate, but we observed CA(AGE6-UPy)4 had 
formed spheres over 1 μm in diameter upon the dialysis. 

2.1.2 Findings Leading into the Publication 

The article describes a low molecular weight asymmetric star-shape polymer, with a rigid am-
phiphilic disc-like cholic acid core, asymmetrically grafted by four oligo(allyl glycidyl ether) 
chains, terminated with ureido-4[1H]pyrimidinone (UPy) supramolecular groups. In DMSO 
they self-assemble into micelles, but interestingly, upon dialyzing to water, they first form nan-
ofibers, which upon continued dialysis against water wrap into micrometer scale spheres. They 
have low-density cores, as revealed by transmission electron microscopy tomography 3D re-
constructions. The UPys play central role in the hierarchical assembly, where their hydrogen 
bondings become activated upon solvent exchange triggers. The system suggests general ap-
proaches to hierarchical self-assemblies by sequentially activating supramolecular interac-
tions.  

In DMSO, 3 forms small aggregates or micelles, as seen in TEM images (Figure 18a). The size 
of an average particle was 16.2 ± 2.7 nm in diameter. The micelles in DMSO are expected, due 
to the conical shape of 3, where low polar CA is on one side and the soluble AGE6-UPy chains 
on the other. Upon dialyzing against water, different structures are observed for 3. Upon the 
addition of water, fibers with lateral dimension of 20-50 nm are observed (Figure 18b). As the 
water content is further increased, the fibers start wrapping into spheres (Figure 18c). Upon 
complete solvent change to water, the amount of separate fibers is decreased, and the wrapped 
spheres become dominant (Figure 18d). The average diameter of the spheres is in the microm-
eter range and many of them are physically connected by fibers. The fibers in DMSO/water 
seem to be metastable, as the fraction of nanofibers is reduced during prolonged storage. 

 



 

Figure 18.

Also SEM shows small particles (Figure 18e), which upon addition of water form fibrillar ag-
gregates (Figure 18f) and eventually micrometer sized spheres (Figure 18g and Figure 18h). 
However, in DMSO, the particle sizes appear larger using SEM than using TEM. The reason 
for the different particle size might be in sample preparation, as the SEM samples were pre-
pared by dropcasting 10 μL of solution on SEM stub followed by evaporation to dryness. During 
the evaporation the concentration of CA(AGE6-UPy)4 gradually increases, potentially resulting 
changes in the self-assembly. Also, upon drying the DMSO-water mixtures, water evaporates 
first, resulting in concentrated DMSO. Therefore, SEM studies are to be considered only qual-
itatively. 

TEM tomography was used to image the three-dimensional structure of the particles. TEM 
tomography is a technique where the TEM grid, the imaging plane, is tilted between 69 ° and 
-69 °, and the sample is imaged at 3 ° steps. These images can then be combined in a tilt series 
video that shows the sample from different angles and gives a three-dimensional impression. 
The image sequence can be further processed to form a 3D reconstruction of the sample, which 
can be very insightful since it allows to form the cross-sectional view of the particles to access 
the inside structure of the sample. The TEM tomography shows that the particles have low 
density cores, and they are formed of individual fibers entangled together (Figure 19). 

 



 

Figure 19.

The article shows the feasibility of UPy as a self-assembly promoting unit, which combined to 
the switchable dimerization of UPy provide an interesting toolbox for different kinds of self-
assemblies from nanoscale to bulk. Considering biomimetic materials, where the properties in 
bulk are a result of the nanoscale mechanistic properties, the combination of different kinds of 
interactions, that are applied sequentially, could lead into fascinating hierarchically con-
structed materials. 

We were particularly attracted by the possibility to “switch on” interactions gradually leading 
to self-assemblies that could not have been possible should all the interactions been turned on 
simultaneously. By changing the environment and thus modify the intermolecular interactions 
of the molecules we were able to achieve hierarchical self-assemblies, similar to block-copoly-
mer assemblies115,116 or spider silk spinning82. 

 
 
 
 
 
 
 
 
 
 
 



The geometry and the functionality of the cholic acid derivatives used in the article I can be 
tuned relatively easily, thanks to the allyl groups within the AGE oligomers. By changing the 
geometry of the building blocks, the morphologies that are formed upon self-assembly can 
change radically. In the second article, we modified the geometry of the cholic acid derivative 
from the first article, by reacting the allyl groups with cysteamine hydrochloride. UPy-NCO 
was then reacted with the amines, instead of hydroxyl groups, resulting in building blocks with 
different solubility, different geometry and different position for forming UPy-UPy dimers 
(Figure 20c). 

 

 

Figure 20.

The synthesis of 4, the amine functionalized cholic acid derivative (Figure 20a), started from 
CA((AGE)6)4 (2), which was dissolved in methanol, reacted with 5 eq cysteamine and 0.5 eq 
azobisisobutyrolitrile (AIBN) per double bond. After refluxing the reaction for 48 h, methanol 
was evaporated and NaOH pellets were added. The liquids were extracted with CHCl3 and the 
solids were dissolved in water, made basic and extracted with CHCl3. The CHCl3 phases were 
combined and washed with water, dried with Mg(SO4), filtered and dried. Next, to synthesize 
5, 4 was dissolved in CHCl3 and UPy-NCO, which was also dissolved in CHCl3, was added 
slowly, and the reaction mixture was refluxed for 24 h. 

When dissolved in DMSO, and dialyzed against water, the molecules undergo self-assembly 
in spheres, similar, but larger than in the self-assembly of the molecule 3. Upon solvent change, 
the molecules first form micelles, which, upon change in the environment, start to aggregate 



as UPy starts to dimerize in water. The micelle aggregates then form spheres in water. In water, 
the observed spheres are polydisperse, and the morphology is greatly affected by the amount 
of UPy in the molecule. Interestingly, when a surface, such as mica or silicon wafer, is added 
into the dialysis tube, the spheres form on the surface with less polydispersity (Figure 21). 

 

 

Figure 21.

The self-assembly of 3 (the cholic acid derivative without the amine functionalities) and 5 (the 
cholic acid derivative with the amine functionalities) proceeds in a different way because of 
several reasons. Firstly, as the geometry of the molecules are different, and therefore the dif-
ferent packing parameter of the molecules, the possible self-assembly patterns are different. 
The geometry of the molecule 3 seems to be right in the borderline of micellar and fibrillar 
assemblies. This will result in a possibility of tuning the final morphology of the self-assembly, 
by changing the surroundings of the molecules into less solvating solvent, and therefore forcing 
the molecule to assume a more tightly packed confirmation, and hence tighter geometry. On 
the contrary, the molecule 5 seems to keep its geometry regardless of the solvent, and therefore 
the morphology of the self-assembly at the lowest level of hierarchy remains as spherical mi-
celles. Upon solvent change, however, the molecules start to aggregate upon the activation of 
the UPy-UPy dimers (Figure 22). 

 



 

Figure 22.

The article shows that small modifications into the geometry of the self-assembling molecules, 
or into the location of the self-assembly directing UPy groups can have drastic effects on the 
final constructs of the particles. Also, self-assembly in liquid media results in more polydis-
perse superstructures, than self-assembly on a surface. Control of the self-assembly could be 
even better, if the surface was replaced by nanoparticles well dispersed in the solvent, since 
they might act as nucleation points and allow the more uniform growth of the spheres. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Biological materials with structural purpose, such as spider silk, nacre, wood, bones and ten-
dons show how even the use of weak building blocks can result in remarkable mechanical prop-
erties with proper design.22,70,74,76,82,87,117 This has led material scientists to pursue bioinspired 
nanostructured synthetic materials to combine toughness with stiffness and strength.21,25,106 In 
many biological materials such as spider silk, the mechanical properties arise from their self-
assembled nanoscale structures, where stiff reinforcements are connected to a soft, energy-
dissipative matrix, involving hidden lengths and non-covalent sacrificial bonds.57,75,77,82,103 The 
sacrificial bonds, together with hidden lengths allow materials, for example spider silk, to 
stretch without breaking covalent bonds, therefore not causing any permanent dam-
age.57,75,82,103 Several types of nanocomposites with biomimetic design have been realized, in-
cluding different kinds of combinations of hard and soft domains connected via covalent and 
non-covalent interactions.25,85,88–91 These nanocomposites have allowed good mechanical 
properties, but combining high strength and elasticity into fracture toughness and fault toler-
ance have been more challenging. Therefore, novel molecularly engineered designs to create 
nanocomposites are needed. 

In the article III, we explored toughening by the improved defect tolerance of a nanocompo-
site by supramolecular cross-linking at different scales. The components of the nanocomposite, 
the hierarchical structure and the different types of interactions are shown in Figure 23. The 
native pHEMA chains have only weak OH hydrogen bonds (Figure 23a). Therefore, incorpo-
rating a small fraction of UPy repeat units in pHEMA provides additional stronger supramo-
lecular interactions, effectively forming supramolecular cross-links to the polymer matrix 
(Figure 23b, p(HEMA-co-UPyMA)). The OH groups of oxidized MWCNTs were reacted with 
UPy-NCO to provide crosslinking between p(HEMA-co-UPyMA) and MWCNT-UPy, thus im-
proving the adhesion between the reinforcing phase and the matrix. 

The composite material was prepared by dissolving pHEMA with UPy modifications 
p(HEMA-co-UPyMA) and UPy modified MWCNTs into DMF. The ratio of the p(HEMA-co-
UPyMA) matrix and the reinforcing MWCNT-UPy was 99/1 (wt/wt) while the total dissolved 
or dispersed content in DMF was 30.4 mg/ml. The dispersion was stable in DMF for months. 
Upon evaporation of DMF in 80 °C, black uniform films were achieved. 



 

Figure 23.

Figure 24 shows the tensile stress-strain curves of the nanocomposite films with different com-
ponents. The pristine pHEMA shows a modulus of 32 MPa, a clear yielding at ca. 2 MPa and 
beyond that the ultimate strength of 3.7 MPa at the elongation of 217 % (Figure 24a). Im-
portantly, the fracture is brittle. By including stronger UPy hydrogen bonding motifs as supra-
molecular cross-linkers, p(HEMA-co-UPyMA) showed increased modulus to 54 MPa and in-
creased yield strength of 3.3 MPa, after which considerable yielding was observed. The maxi-
mum elongation was reduced in comparison to pristine pHEMA, but most importantly, the 
material demonstrated noncatastrophic crack propagation. Upon a typical tensile test, several 
cracks were formed and the cracks propagated slowly. Finally, the two-component nanocom-
posite p(HEMA-co-UPyMA)/OxMWCNT-g-UPy at the composition 99/1 wt/wt also showed 
promoted yield strength of ca. 4 MPa, which was close to that of p(HEMA-co-UPyMA), but 
with larger ultimate strength (5.6 MPa). The modulus was considerably increased to 135 MPa. 
The increase in the strength upon addition of OxMWCNT-g-UPy and the decoration of pHEMA 
with UPy was not surprising, as CNTs have been previously used to increase the strength of 
polymeric materials.41,42 

Along with the increased mechanical properties, the UPy bearing materials broke in a related 
manner as biological, structurally important materials, such as spider silk, nacre and tendons 
do. Biological model materials fail noncatastrophically, and the fracturing dissipates energy 



throughout the process. The fracture toughness of these materials is due to the modular struc-
ture, sacrificial bonds and hidden lengths that work in synergy to give rise to the mechanical 
properties. When the materials UPy bearing nanocomposites were elongated in a typical ten-
sile test situation, the material developed initial small fractures at the beginning of the strain. 
The initial fractures slowly propagated upon further elongation of the sample, and in case of 
some samples, the initial fracture discontinued propagation, and another crack formed next to 
the initial crack. 

Normally, the tensile strength of a given material is reported using nominal stress (engineer-
ing stress) σn, which is achieved by dividing the force needed to elongate the sample (F) by the 
initial cross-sectional area of the sample (A0), according to the equation (2). This method is 
consistent and gives comparable results for wide variety of materials. However, for high-per-
formance materials, plastics and elastomers that show significant necking, fracture toughness 
or slow crack propagation, the test doesn’t reflect the true mechanical properties close to the 
fracture. For materials with negative poisson ratio, nominal stress σn can be much smaller than 
true stress σt. 

 
σ    (2) 

 
True stress takes the changes in the cross-sectional area into account during the tensile 
strength measurement. The changes in the cross-sectional area can be monitored for example 
from a video recorded during the measurement. The true stress σt is then calculated by dividing 
the force needed to elongate the sample (F) by the prevailing, true cross-sectional area (Ai) as 
seen from the equation (3). With true stress it is possible to compare the actual mechanical 
properties of materials close to fracture, as several toughening phenomena, such as the orient-
ing of the polymers or fibers, can vastly affect the mechanical properties of the material during 
elongation. 

 
σ    (3) 

 
As seen from Figure 24a, the nominal yield strength was roughly twice as much and the nom-
inal ultimate strength of the composite material roughly 1.4 times as much than that of the 
pHEMA. Moreover, upon maximum elongation the failure of the composite material was non-
catastrophic; the initial cracks propagated slowly and dissipated energy throughout the failure. 
As contrast, the pHEMA polymer that was modified to create the nanocomposite matrix, failed 
catastrophically, in a brittle manner, upon maximum elongation. 

The slow crack propagation of the nanocomposite allows to monitor the decrease in the cross-
sectional area of the sample during the tensile test and therefore achieve the true stress of the 
material. In figure Figure 24c there is strain of the composite material plotted against true 
stress at the fracture. Despite the nominal tensile strength of the material decreases close to 
the fracture, as seen from the figure Figure 24a, when the reduced cross-sectional area is con-
sidered the true tensile strength of the material increases vastly close to the fracture. For the 
composite material, the true ultimate tensile strength, depending on the sample, can reach 
values up to 60 MPa at over 110% strain, compared to pHEMA polymers nominal ultimate 
tensile strength of 4 MPa. For pHEMA, or other materials with brittle fractures, true stress at 
fracture cannot be measured due to catastrophic failure and rapid crack propagation. 

 



 

Figure 24.

In the article III, we have shown that decorating pHEMA with a small fraction of hydrogen 
bonding 2-ureido-4[1H]-pyrimidinone (UPy) containing repeat units, converts the polymer 
tough in the solid state, demonstrating slow and noncatastrophic crack propagation. At the 
same time, the modulus and yield strength increase ca. 245 % and ca. 200 %, correspondingly. 
The increase in the ultimate tensile strength was achieved by mimicking the naturally occur-
ring tough materials’ modular structure from nanoscale to microscale, and by applying strong 
adhesion by supramolecular interactions (UPy) between the reinforcing part (MWCNTs) and 
the matrix. Furthermore, UPy was also acting as a sacrificial bond mediator within the matrix, 
allowing energy dissipation during fracture. For high performance nanomaterials of the future, 
CNTs allow great potential as single CNT tensile strength can reach over 100 GPa62. To harness 
the full potential of the CNT tensile strength the stress transfer from the matrix binding the 
CNTs together should be very strong. Works like this pave the way for synthetic materials with 
stress transfer tuned to match their biological counterparts, and maybe in the future we can 
have bulk materials almost as strong as a single carbon nanotube. 

 
 
 
 
 
 
 
 



Creating defined structures via self-assembly requires well defined building blocks to mini-
mize the defects in the bulk assembly.118,119 Despite several examples of lyotropic cholesteric 
liquid crystals by modified cellulosics120–124, using renewable feedstocks to create perfectly de-
fined building blocks has been challenging, due to differences in the starting materials. Syn-
thesis or isolation of even short sugar oligomers into monodisperse fractions is difficult. Even 
more challenging is to functionalize them selectively at the reducing end, at the non-reducing 
end, or both, to achieve functionalities, as all the reactive sites have roughly the same reactivity. 
In the article IV we revealed a synthesis strategy to achieve monodisperse oligosaccharides, 
where both ends have been functionalized with supramolecularly dimerizing functional moie-
ties, to enable end-to end connectivity and thus supramolecular ordering and drawing of su-
pramolecular fibers. 

The synthesis started by reacting commercially available permethylated β-cyclodextrin 6 
with perchloric acid to open the ring and expose the two OH groups, one in the both ends of 
the now linear sugar 7. The exposed OH groups in the ends of the sugars were then reacted 
with an isocyanate derivative of UPy 8 (UPy-NCO), to achieve methylated maltoheptaose, 
where both ends have been appended with UPy 9. The telechelically modified sugar was called 
UPy-C6-MeMH-C6-UPy. 

The original idea was to start the synthesis by protecting OH-groups of β-cyclodextrin (seven 
glucose units connected to each other by 1,4-α-glycosidic bonds) by benzoyl protecting groups 
and follow the synthesis through. At the very last step, the benzoyl protections would be re-
moved to achieve similar product as UPy-C6-MeMH-C6-UPy 9, but with free OH groups in the 
sugar for lateral H-bonding between the molecules. Despite all efforts, we never achieved the 
desired product due to synthetic challenges. 
 

 

Figure 25.



According to the original hypothesis, we could easily achieve lyotropic liquid crystals by dis-
solving the rod-like UPy-C6-MeMH-C6-UPy 10 into a polar solvent, such as DMSO or DMF, 
which suppresses the UPy dimerization. Then, we could spin fibers of the prealigned LC dope 
by simply extruding the fibers through a needle into a coagulation bath of nonpolar solvent, or 
even water, to have UPy dimerize and form supramolecular fibers with perfectly aligned build-
ing blocks. 

The dissolution properties and the LC formation from UPy-C6-MeMH-C6-UPy were subtle. 
The molecules dissolve in polar solvents such as DMSO, DMF, MeOH, EtOH and acetone. Sur-
prisingly, it also dissolves in nonpolar solvents, such as CHCl3, DCM and toluene, despite the 
UPy dimerization in these solvents. However, no LC formation in any of these solvents were 
observed in any tried concentration. Halogenated acids, such as trifluoroacetic acid (TFA), al-
low lyotropic liquid crystallinity of methylcellulose and methylated amylose, whose chemical 
structures are closely related to the present methylated sugar derivative.125–128 However, the 
acidity of TFA (pKa = 0.3) could cause degradation of the sugars. Therefore, we tried a halo-
genated alcohol, 1,1,1,3,3,3-hexafluoro-2-propanol (Hexafluoroisopropanol, HFIP) for the LC 
formation as the OH group is not too acidic (pKa = 9.3), so no problems with degradation 
should occur. HFIP is also a very strong hydrogen bond donor due to high electronegativity of 
the fluorine atoms connected the α-position of the OH, so it will dissolve UPy. Moreover, HFIP 
have been previously used to dissolution of several polymeric ethers, including methylated sug-
ars and hydrocarbons.129 However, there are two adverse properties, the safety and especially 
the high volatility. The high vapor pressure at room temperature (16 kPa at 20 °C) and the low 
boiling point (58.2 °C) makes it exceedingly difficult to prevent the solvent from evaporating 
and maintaining the desired concentrations. This limited severely quantitative characteriza-
tions. 

The lyotropic liquid crystallinity of UPy-C6-MeMH-C6-UPy in HFIP was studied using polar-
ized optical microscopy (POM). Typically, the sample was first dissolved in HFIP (500 mg/ml), 
after which the viscous solution was placed in between two glass slides and sealed with ther-
mosetting acrylic glue to reduce the solvent evaporation rate. A full λ-plate was used to enhance 
the colors and to better highlight the textures. The sample was isotropic in the beginning 
(Figure 26a), but upon slow evaporation of HFIP through the polyacrylate sealant between the 
glass plates, a birefringent texture started to evolve after 18h (Figure 26b). After 5 days, the 
birefringent LC texture covered the whole sample area (Figure 26c). After removing the cover 
slip and evaporating all the solvent, the sample showed hardly any birefringence (Figure 26d). 
Also, TEM image of the dried isotropic sample before the evolution of LCs show no order 
(Figure 26e). 

 
 
 
 
 
 
 
 



 

Figure 26.

λ

Figure 26b shows a spherulitic texture with smooth domains of a fluid columnar mesophase, 
nucleating from the lower concentration isotropic areas which appears black under crossed 
polarizers. Worth noticing is the uniaxial symmetry of these defects with bright (orange and 
blue) colored domains separated by sharp (black) isogyres defining large size (up to ca. 100 μm 
in diameter) of Maltese crosses which follow the extinction of the analyzer/polarizer (A/P) di-
rections. This reveals a high quality orthogonal alignment of columnar aggregates radiating 
from the melatope of the Maltese crosses. Interestingly, the long-range order of the columnar 
self-assembly remained in the higher concentration spherulitic textures as seen in Figure 26c. 
The full λ-wave plate discriminated the columnar aggregates aligned perpendicular and along 
the wave plate axis by retarding (by one full wavelength) the green component (λ = 540 nm) of 
the polarized white light. Figure 26f and g illustrate the orthogonal orientations of the axes of 
columnar aggregates which manifest through the inversion of orange and blue domains of the 
Maltese crosses when rotating the full λ-wave plate by 90 °. 

To probe the role of the end-group UPy on the observed mesomorphic behaviors, reference 
compounds were studied. Maltoheptaose with free OH groups MH 11 (Figure 27a) was not 
soluble in HFIP but was soluble in water. It did not form LCs in water in any concentration. 
Permethylated maltoheptaose with OH-end groups, MeMH 2, and permethylated maltohep-
taose with hexyl end-groups without self-associating UPy moieties, C6-MeMH-C6 12, were sol-
uble in the same solvents as UPy-C6-MeMH-C6-UPy 5. None of the reference samples formed 
lyotropic LCs in any tried solvent, in any tried concentration. Notably, C6-MeMH-C6 12 formed 



crystals in HFIP at concentration of ca. 500 mg/ml (Figure 27d). It appears that UPy self-as-
sembling moieties in UPy-C6-MeMH-C6-UPy are needed to suppress the crystallization and to 
regulate the lyotropic LC behavior. 

 

 

Figure 27.

According to the original hypothesis, the LC dope was transferred into a syringe and extruded 
into coagulation bath through a needle. Water was used as a coagulant as the UPy-C6-MeMH-
C6-UPy in many other solvents. Due to hexyl linkers, the UPy can dimerize even in water, hence 
the supramolecular fibers were expected. Despite many efforts, the UPy-C6-MeMH-C6-UPy did 
not form fibers of any sort but formed a powder into the coagulation bath- 

Interestingly, UPy-C6-MeMH-C6-UPy allowed to extract fibers by tweezers, (Figures 4b and 
c), which we would not expect if the molecules were not supramolecularly connected. The fi-
bers were brittle, probably due to weak lateral connections between the methylated sugar. In 
this sense, it would be desirable to be able to synthesize the sugar without the methylations to 
enable lateral hydrogen bonds between the sugars. 

 

 

Figure 28.



In conclusion, we synthesized monodisperse telechelic permethylated maltoheptaose, where 
both ends were functionalized using quadruple UPy motifs allowing access to supramolecular 
polysaccharides as UPy allows supramolecular polymerization by hydrogen bonding upon sol-
vent removal. Even if we did could not yet achieve the desired goal to allow LC spinning of 
cellulosics, the observations are exiting. The supramolecular connectivity of the sugar units in 
principle allow high alignment of the sugars in the drawn fibers, as the polymeric entangle-
ments and cholesteric LCs do not hinder the alignment. The next step would be to search for 
routes to allow cleavable protection groups to allow the end-functionalization of MH with free 
OH groups, possibly by using larger cyclodextrins to allow more space for the benzoyl protec-
tions inside the CD ring. 
 



In this thesis, the key concepts of biomimetic material design have been shown. The articles I 
and II show feasibility of self-assembly directing units to achieve delicate self-assemblies upon 
changes in the environment. The article III shows the importance of adhesion between the 
reinforcing phase and polymer matrix in a nanocomposite, and how supramolecularly dimer-
izing molecules can improve it. The article III also deals with hierarchical structures, similar 
to the materials found in nature, as it combines the typical OH hydrogen bonds with more 
robust UPy dimers, and finally CNT reinforcements. The article IV shows the importance of 
extremely well defined, or even monodisperse building blocks to achieve sugar-based ordered 
structures. 

Modern synthetic techniques make it possible to achieve complex molecules, polymers and 
materials with covalently connected atoms. Recently, we have started to understand the role 
of weak interactions and their relation for the mechanical properties, responsivity and tuna-
bility of materials. We need to learn more about the role of weak interactions in material prop-
erties, and how to harness them to create better materials. 

Modular design of materials leads into interesting material properties, as shown by nature. 
Synthetically, this can be achieved by block-co-polymers or graft polymers, where the repeti-
tive blocks are grafted to the polymer. These materials have still a lot to offer in the future. 

One of the major challenges in material science is to harness the single molecule, or single 
building block properties in bulk. A single CNT tensile strength can be 100 GPa,62 but all the 
CNT reinforced bulk materials are well below 100 GPa in tensile measurement. The stress 
transfer from bulk to the nanoreinforcements need to be vastly improved in order to achieve 
materials that come even close to the mechanical properties of single CNTs or cellulose nano-
crystals (CNCs). This could be achieved by supramolecularly improved adhesion between the 
polymer matrix and the reinforcements, and hierarchical design from nanoscale to bulk.
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